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ARTICLE INFO ABSTRACT

Keywords: A series of polyimine-epoxy vitrimers has been synthesized using commercially available monomers using a two-

Vltri‘me-rs step synthetic route to maximize the content of imine groups in the resulting structures. The first step consists of

E"lylmmes the synthesis of amine terminated polyimine oligomers, which were synthesized by a condensation reaction of
poxy

terephthalaldehyde (TA) with different proportions of diethylenetriamine (DETA) and a polyetheramine (Jeff-
amine D-230 or D-400). After that, the obtained viscous oligomers were cross-linked with bisphenol A diglycidyl
ether (DGEBA). The design of network architectures using this approach is a powerful tool that allows controlling
the concentration of imine groups, the dimensions of the intermediate polyimine oligomer and the polarity and
mobility of its chains, confirming that it is an effective way to tune the thermal, mechanical and thermo-
mechanical properties of the final materials. Furthermore, this work confirmed that an accurate design of the
network architecture allows simultaneously improving the two main requirements of vitrimers by increasing the
content of imine groups: fast stress relaxation processes and high creep resistance. Stress relaxation curves
proved that these polyimine vitrimers could relax the 63 % of the initial stress in less than 9.6 min at 160 °C
without any added catalyst. Besides, replacing Jeffamine D-400 with Jeffamine D-230 in the imine oligomer
increases the material’s resistance to creep at service temperatures. All the materials prepared present high
thermal stability and showed Tgs between 31 and 93 °C.

Creep resistance
Stress-relaxation
Chemical degradation

1. Introduction

High mechanical performances and lack of recyclability and
malleability are representative and inseparable binomials of thermosets.
From this point of view, Covalent Adaptable Networks (CANs) could
represent the key to unlocking these features and obtaining materials
without compromising performance, processability, and environmental
impact [1]. In particular, CANs are polymeric materials that exhibit a
covalent tridimensional structure that, differing from common ther-
mosets, can be triggered by applying a specific stimulus (for instance,
temperature, light, solvent, pH) switching from a permanent to a dy-
namic network [2]. The dynamism of the network depends on the
presence of chemical bonds that can undergo equilibrium reactions,
determining a rearrangement of the 3D structure by cleavage of the
existing bonds and forming new ones [3]. Without the proper stimuli,
the process rate (i.e., the reaction rate) is very low, and the materials can
be considered fully covalent, and their properties are comparable to a
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classic thermoset [4-6].

Based on the exchange mechanism, it is possible to divide CANs into
two main categories. CANs in which the exchange reaction occurs
stepwise, where the original bond first breaks and then the new bond is
formed, are called dissociative. In contrast, CANs in which the exchange
reaction occurs in a concerted way are called associative [7]. The nature
of the exchange mechanism strongly affects the viscoelastic behavior of
the material. It becomes evident by considering that a dissociative
mechanism determines a drop in the cross-link density of the network
when a stimulus is applied. However, the cross-link density can be
considered constant in materials where the exchange reaction occurs
through an associative path [5,6,8,9]. Consequently, the associative
CANs exhibit a wide rubbery phase when heated over their glass tran-
sition temperature (Tg), while dissociative CANs are characterized by a
solid-to-liquid transition [10]. Moreover, as first reported by Leibler
et al., chemically associative CANs exhibit an Arrhenius-like dependence
between viscosity and temperature, analogous to that of vitreous silica
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[11]. For this reason, they refer to these materials as vitrimers.

Several organic groups like disulfide bonds [12-14], esters [15-17],
imines [18,19], boronic esters [20-22], vinylogous urethanes [23,24]
and so forth, have been object of investigation as promising dynamic
units for the synthesis of vitrimeric materials. Among them, imines
represent an engaging chemical platform because of their reactivity and
ease of synthesis by reacting aldehydes or ketones with primary amines
in mild conditions. Imines are involved in three different equilibrium
processes: Imine hydrolysis, transimination, and imine metathesis [25].
Transimination and imine metathesis occur even in the absence of a
catalyst following a concerted mechanism and, for this reason, can
determine the vitrimeric behavior of the material [26]. As demonstrated
by Hu and coworkers, the imine hydrolysis reaction is catalyzed by acid
and can be exploited for degradation purposes [27]. Two main strategies
have been commonly adopted to produce polyimine vitrimers. The first
one provides for the formation of the network directly by the reaction of
a dialdehyde with a combination of a diamine and a triamine to obtain a
fully polyimine network. Zhang and coworkers deeply investigated this
kind of material [28-30]. Higher thermo-mechanical performance has
been obtained using m-xylylene diamine and m-xylylene diamine dimer,
thanks to the effects of conjugation structures in the network [31]. The
second strategy involves the synthesis of an imine bond containing
precursor that can be cured, as usually made in the production of
traditional thermosets. In particular, the cited precursor can be a
monomer containing imine groups, as synthesized by Zhao and co-
workers from vanillin and 4,4-methylenedianiline, using it as a curing
agent for epoxidized soybean oil [32]. Besides, Roig and coworkers
synthesized a diimine-diglycidyl monomer and then cured it with
different polyether amines [33]. A different approach has been adopted
by Liang and coworkers that prepared an imine containing NH,-termi-
nated linear prepolymer as the precursor and trimethyl citrate as
cross-linker [34]. Through a similar strategy, Liu and coworkers ob-
tained materials characterized by fast stress relaxations and superior
tensile strength, Young modulus and thermal stability by using aromatic
amines in the synthesis of the poly-imine curing agent and an
off-stoichiometric ratio of curing agent and epoxy in the preparation of
the materials [35].

Despite their promising properties, vitrimers have an Achilles’ heel
related to their susceptibility to creep under use conditions [36].
Although, even if at a temperature below the topological freezing tem-
perature (Tv), the exchange reaction rate is low to the point that the
exchange process can be considered negligible, many studies demon-
strated that creep is also present in these conditions [37,38]. The
introduction of permanent cross-links in a dynamic network represents a
well-studied approach to suppressing creep. Torkelson and coworkers
determined an upper limit for the proportion of permanent cross-links
that is possible to introduce without compromising the dynamic prop-
erties of the material in terms of stress relaxation, degradability, and
reprocessability [36]. Moreover, they developed a model that fits the
experimental data and permits the prediction of the fraction of perma-
nent cross-links that can be introduced. For fractions lower than this
critical content, the formation of a fully permanent network that per-
colates the system cannot occur, and the overall dynamicity of the ma-
terial is preserved. A kinetic modelling approach applied to CANs with
different functionalities of the monomers, and the presence of perma-
nent cross-links has been published recently by Konuray et al. [39]. This
approach reveals great flexibility in the design of materials based on
CANs with a broad range of vitrimer-like capabilities.

In the present work, our research aims are to develop an imine-based
system capable of achieving rapid stress relaxation processes and high
creep resistance by tuning the architecture and composition of the
network. In view of all this, we have synthesized a series of polyimine-
epoxy vitrimers starting from commercially available monomers as
terephthalaldehyde (TA), diethylenetriamine (DETA), two different
polyether amines (Jeffamine D-230 and D-400) that differ on the num-
ber of propylene oxide units, and bisphenol A diglycidyl ether (DGEBA).

_ (€9nH,
Y (eqCHO

Polymer Testing 135 (2024) 108465

Jeffamines have been selected as amines since it is reported that polar
groups enhance relaxation abilities in imines [40]. We report a pro-
cedure in which amine-terminated polyimine oligomers are synthesized
by the reaction of TA with different combinations of DETA and Jeff-
amine D-230 or D-400. Then, the obtained linear oligomers were
cross-linked by reaction with a stoichiometric amount of DGEBA. The
thermal stability of the polyimine-epoxy vitrimers was evaluated by
thermogravimetry, and the thermomechanical properties and vitrimeric
behavior by dynamic mechanical thermal analysis (DMTA). Chemical
degradation has also been tested, revealing that almost full degradation
could be reached by tuning the material composition. In this sense, the
novelty of this approach has been to report that by using this method-
ology, we can tailor the concentration of imine groups in the final net-
works, which in turn defines the vitrimeric behavior, thermomechanical
characteristics and creep resistance.

2. Materials and methods
2.1. Materials

The following chemicals were purchased from Sigma-Aldrich:
diethylenetriamine (DETA, 99 %), poly(propylene glycol) bis(2-
aminopropyl ether) (Jeffamine D-230, M;230 g/mol), tereph-
thalaldehyde (TA, 99 %). Bisphenol A diglycidyl ether (DGEBA, trade
name ARALDITE GY240, 5.51 eq/kg) and poly(propylene glycol) bis(2-
aminopropyl ether) (Jeffamine D-400, M;z430 g/mol) were purchased
from Huntsman. 2-Propanol (i-PrOH) was purchased from Carlo Erba,
and tetrahydrofuran (THF) from Scharlau. All chemicals were used as
received.

2.2. General procedure for the synthesis of polyimine oligomers

A typical procedure for the synthesis of polyimine oligomers is the
following. In a round bottom flask equipped with a magnetic stirrer and
reflux condenser, the corresponding amounts of TA, DETA and Jeff-
amine D-230 (or D-400) were dissolved in a mixture of THF and i-ProH
(3/1 v/v). The reaction mixture was magnetically stirred and main-
tained at 60 °C for 2 h. After that, the mixture of solvents was eliminated
in the rotary evaporator, and the samples were dried under vacuum at
80 °C for 24 h. The oligomers are coded as “X a/b y%”, where X refers to
the Jeffamine used in the synthesis (D-230 or D-400), a indicates the
percentage in mol of DETA, while b is the % in mols of Jeffamine.
Finally, y corresponds to the excess of amine used in the synthesis
calculated using the following formula:

1> -100 (Equation 1)

where eqnp, is the number of equivalents of -NH; groups and eqcro is
the number of equivalents of aldehyde groups. For example, the code
D230 50/50 40 % refers to an oligomer synthesized using an equimolar
amount of DETA and Jeffamine D-230, with a 40 % mol excess of total
amine in the reaction. Table 1 details the composition in mols of each
compound used in the synthesis of the oligomers.

2.3. General procedure for the preparation of vitrimeric samples

The polyimine-epoxy vitrimers were obtained according to the
following procedure. In a glass vial, the polyimine oligomer was mixed
with DGEBA in stoichiometric proportions (Table 1). Then, the mixture
was degassed under vacuum at 40 °C and poured into a rectangular
Teflon mold of 30 x 5 x 1.5 mm>. The samples were cured in an oven
using the following schedule: 3 h at 100 °C, 2 h at 150 °C, and 2 h at
180 °C. The cured materials are coded by adding “C” at the end of the
corresponding oligomer code.
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Table 1
Composition of the oligomers and the mixtures, molecular parameters and rheological data obtained for all the formulations.
Sample TA DETA D230 D400 Excess of DGEBA Theoretical M, [Imine] b [PPO] ¢ n d tgel ¢
(mmol) (mmol) (mmol) (mmol) amine” (% mol) (meq.) (g/mol) (meq/g) (meq/g) (Pa-s) (s)
D230 50/50 8.50 5.95 5.95 - 40 19.54 1982 2.67 2.23 27.33 380
40%-C
D230 25/75 8.50 2.98 8.93 - 40 16.57 2280 2.74 3.43 13.30 813
40%-C
D230 50/50 8.50 4.89 4.89 - 15 9.99 4319 3.98 2.67 171.93 136
15%-C
D230 25/75 8.50 2.44 7.33 - 15 7.54 4942 4.11 4.12 255.12 1355
15%-C
D400 50/50 8.50 5.95 - 5.95 40 19.54 2782 2.25 4.62 10.23 896
40%-C
D400 25/75 8.50 2.98 - 8.93 40 16.57 3480 2.13 6.57 9.04 2029
40%-C
D400 50/50 8.50 4.89 - 4.89 15 9.99 5954 3.24 5.36 279.69 9209
15%-C
2 Excess of amine used in the synthesis of the polyimine oligomers with respect to aldehyde.
Y Theoretical concentration of imine groups in the cured materials.
¢ Theoretical concentration of polypropylene oxide units in the cured materials.
d Viscosity of the formulations, as prepared, measured at 30 °C.
¢ Gel time of the formulations measured at 100 °C.
2.4. Characterization techniques equation:
1 13 : : o _ Ea .
H NMR and “°C NMR spectra were recorded in a Varian VNMR-S400 In(t)= RT™ In(A) (Equation 3)

NMR spectrometer. CDCl3 was used as the solvent. All chemical shifts
are quoted on the § scale in part per million (ppm) using residual pro-
tonated solvent signal as the internal standard (*H NMR: CDCl3 = 7.26
ppm; 3C NMR: CDCl; = 77.16 ppm).

The viscosity of each formulation was measured using an ARES-G2
rheometer (TA Instruments) equipped with an electrically heated plate
device (EHP) and parallel plate geometry. Each sample was conditioned
at 30 °C for 3 min. Experiments were conducted applying a scan of shear
rate between 0.1 s * and 10 s~! and sampling the value of the stress 5
times per decade. The viscosity (1) of the mixture was calculated by
interpolating the obtained data using the following equation:

T=1ny (Equation 2)
where 7 is the stress, 7 is the shear rate, and 7 is the viscosity, which is
given by the slope of the linear relationship between 7 and .

The gelation during curing was evaluated with the same instrument.
For these samples, dynamic tests at a frequency of 1 Hz, with 0.1 %
oscillation strain were performed to investigate the evolution of the
storage and loss modulus (G' and G" respectively). The experimental
procedure was defined to simulate the curing reaction in the oven at
100 °C for 3 h. The gelation time was identified as the time at which the
crossover of the G' and G" curves occurred.

The thermal stability of the materials was evaluated using a Mettler
Toledo TGA 2 thermobalance. Cured samples weighing around 10 mg
were degraded between 30 and 600 °C at a heating rate of 10 °Cmin ! in
N, atmosphere with a flow rate of 50 cm® min~".

The thermomechanical properties were studied using a DMTA Q800
(TA Instruments) equipped with a film tension clamp. Prismatic rect-
angular samples with dimensions of around 30 x 5 x 1.5 mm® were
analyzed from —10 to 180 °C at 1 Hz, with 0.1 % strain at a heating rate
of 2°C min 1. Tensile stress-relaxation tests were conducted in the same
instrument using the film tension clamp on samples with the same di-
mensions as previously defined. The samples were first equilibrated at
the relaxation temperature for 5 min, and a constant strain of 1 % was
applied, measuring the consequent stress level as a function of time. The
materials were tested only once at one temperature. The relaxation-
stress o(t) was normalized by the initial stress 6o, and the relaxation
times (t*) were determined as the time necessary to relax 0.370y, (i.e., ¢
= 1/ecp). With the relaxation times obtained at each temperature, the
activation energy values (E;) were calculated using an Arrhenius-type

where t* is the time needed to attain a given stress-relaxation value
(0.3709), A is the pre-exponential factor, T is the absolute temperature,
and R is the universal gas constant.

Creep tests were conducted in the same DMTA Q800 instrument. The
sample was equilibrated at 20 °C for 5 min, after which the stress (¢) was
applied for 30 min and then released. The strain (¢) was measured as a
function of time during the application of the stress and for an additional
30 min for the stress recovery. The applied stress was chosen ensuring
that each material was in its viscoelastic range. The temperature of 20 °C
was chosen as representative of common service condition.

The chemical degradation of the vitrimeric materials was conducted
by first weighing the sample of the cured material and then soaking the
sample in a 1 M HCI and THF solution (2/8 v/v) for 72 h at 50 °C under
stirring. Then, the solutions were filtered, and the residues were washed
with acetone and dried at 100 °C until they reached constant weight.
The mass of the dried residue (%r) was calculated in terms of percentage
as follows:

m, .
%r=—100 (Equation 4)
mgy
where m, is the mass of the dried residue, and my is the initial sample
mass.

3. Results and discussion
3.1. Synthesis of the polyimine oligomers

Polyimine oligomers were synthesized by condensation reaction of
terephthalaldehyde (TA) with diethylenetriamine (DETA) and either
Jeffamine D-230 or D-400 at 60 °C for 2 h in a mixture of THF and 2-
propanol (3/1 v/v) (Scheme 1). The composition of the mixtures is
given in Table 1. Setting out stoichiometric reaction conditions is
fundamental to ensure the formation of oligomers with the required end
groups. Specifically, the syntheses were carried out using an excess of
amine to promote the formation of amine-terminated telechelic oligo-
mers with imine groups along the chains.

The oligomers were characterized by NMR spectroscopy. Fig. S1
shows the 'H NMR spectrum of D230 50/50 40 % in CDCls, which
presents broad signals in the aliphatic region between 0.8 and 4.2 ppm.
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Scheme 1. General scheme of the synthesis of polyimine oligomers.

This corroborates the formation of macromolecular structures.

In addition to the aromatic protons of the TA unit, a complex peak
centered at 8.23 ppm appears. This peak corresponds to the imine pro-
tons from the condensation of the primary amines with the aldehyde,
which can be affected by the cis/trans isomerism. The total absence of
the aldehyde protons (expected at 10.4 ppm) confirms that the reaction
has been completed and that the telechelic oligomer has only amines as
end-groups.

Due to the high complexity of the oligomers with a copolymeric
structure, we prepared the corresponding homooligomers for both
amines and recorded the '3C NMR spectra (Figs. S2 and S3). With these
data, we could assign most of the signals that appear in the spectra of the
copolymeric oligomer.

Fig. 1 shows the *C NMR spectrum of the oligomer D230 50,/50 40
% with the corresponding assignments. First of all, the signals at 161.6
and 161.2 ppm are attributed to the imine carbons formed by the re-
action of DETA and TA (indexed as 5 and 5/, for terminal and central
imine units, respectively) while the signal at 159.9 ppm belongs to imine
carbons originated by the reaction of Jeffamine and TA (11 and 11°).
The peaks between 143.3 and 128.0 ppm are related to the aromatic
carbons of the TA units.

Moving upfield in the spectrum, the region between 78.2 and 72.6
ppm includes the signals belonging to the carbons of the polypropylene
oxide (PPO) chain of the Jeffamine units overlapped with the deuterated
solvent. Moreover, the signal observed at 66.2 ppm confirms that the
reaction between Jeffamine and TA took place since it is assigned to the
tertiary carbon of the PPO chain contiguous to the nitrogen of an imine
group in the resulting structure (10 and 10°). At 46.4 ppm, the signal of
the same tertiary carbon contiguous to -NHj terminal groups (6) is still
visible due to the excess of amine added.

Regarding DETA units, two signals can be attributed to the carbons
bonded to nitrogen of the formed imine groups. These signals, which
appear at 55.9 and 53.4 ppm (4 and 4’), are associated with an imine
group DETA at the end chain and double condensed DETA, respectively.
Analogously, the methylene carbon contiguous to the secondary amine
next to carbon 4 (3 and 3’) can be observed at 49.8 and 48.4 ppm,
respectively. The peaks at 44.9 ppm and 41.7 ppm are related to the
methylene carbons contiguous to the primary amine and secondary
amine of DETA end groups (2 and 1). The low intensity of signal 1 could
indicate that DETA is mainly located in the central units of the oligomer
chains, which means that both primary amine groups of DETA have
reacted with TA. The presence of unreacted primary amine as end-
groups from both DETA and Jeffamine units in the spectrum indicates

\J {_l_\11 (J\/()}/ N11
10’ . ‘—'—,5‘

=
3
/N\/\N
4 H
1

Ny
2 3 N
HN A~y SN
T NT S
HZNY\(‘)\rN§/©/\

Oligomer
end groups

N NH,

X

Jeffamine
moieties

11,117

PPO (Polypropylene oxide) chain: 6°,7°, 8,8’, 9, 9".

Ar PPO

cocl,

"
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Chemical Shift (ppm)
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Fig. 1. 3C NMR spectrum of the oligomer D230 50/50 40 % in CDCls.
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that the oligomer predominantly exhibits a random sequence.

The peaks observed at 83.2, 61.2, 61.0 and 46.8 ppm belong to the
carbons of the imidazolidine structure formed by the nucleophilic attack
of the secondary amine present in the DETA units to the intermediate
carbinolamine instead of the generation of the expected imine (Scheme
S1) [41].

Finally, three peaks between 19.6 and 17.1 ppm are assigned to the
methyl carbons of the Jeffamine (7, 7’ and 7"). The methyl group near an
amine end group appears at 19.6 ppm (7). The peak at 18.7 ppm (7") is
assigned to the methyl close to the inner imine groups, while the peak at
17.1 ppm (7°) is attributed to the methyl carbons of the PPO repetitive
unit.

Moreover, the extent of the excess amine added is crucial for the final
number average molecular weight (M) of the oligomer, which can be
estimated by first calculating the degree of polymerization using the
following equation [42]:

r+1

P nip o

(Equation 5)

where DP, is the number-average degree of polymerization, r is deter-
mined by the following quotient: r = }\\{C;’O , where N¢yo is the number of
moles of aldehyde, Ngpin is the total number of mols of amine, and p is
the extent of the reaction, considered equal to 1 when the reaction is
completed.

The theoretical M, is then calculated by using the next equation:

M, =2M, + DP,M, (Equation 6)
where M, is the average molecular weight of the end groups of the
oligomer, and M, is the average molecular weight of the repeating units.
It is essential to underline that this theoretical estimation of the M,
considers the proportion of each amine in the monomers’ mixture.
Variations associated with the reactivity of the monomers are not
considered.

Observing the values of the M, calculated for each oligomer
(Table 1), it is possible to note a slight increase in the molecular weight
when increasing the proportion of Jeffamine to the proportion of DETA
from 50 to 75 % mol. On the other hand, reducing the excess of amine
employed in the synthesis of the oligomers from 40 to 15 % causes a
more pronounced increase of the M,.

3.2. Study of the curing procedure

The prepared oligomers were used stoichiometrically as hardeners
for DGEBA. The molecular parameters and rheological data of the
analyzed samples are presented in Table 1. The concentration of imine
and PPO groups was determined for each formulation. The viscosity of
the initial formulation of polyimine oligomer and DGEBA was investi-
gated at 30 °C following the evolution of the shear stress as a function of
the shear rate for all the compositions (Fig. S4). This temperature was
chosen on the assumption that it is the lower limit in the liquid molding
processes commonly used in the manufacture of thermosets. As ex-
pected, the viscosity of the mixtures is strongly affected by the molecular
weight of the polyimine oligomers, with formulations prepared with the
highest molecular weight oligomers exhibiting the highest viscosity
values.

The determination of gel time is crucial when curing the formula-
tions from both scientific and technological points of view. The time
needed to reach the gel point for each formulation was determined by
curing at 100 °C, as it is done in the oven, in a rheological oscillatory
shear test. The gel time values in Table 1 show that gelation is already
reached during the curing process at 100 °C in less than 35 min. Notably,
a reduction in the proportion of DETA leads to longer gelation times.
This is evident when comparing 25/75 with 50/50 formulations. The
presence of secondary amine groups in the DETA moieties can easily
explain this tendency, considering that they can also react with DGEBA,

Polymer Testing 135 (2024) 108465

increasing the amine functionality and forming a more cross-linked
network.

Regarding the reaction of the -NH; end groups of the polyimine
oligomer with DGEBA, it must be considered that the stoichiometry of
the reaction is equal to 2:1 in terms of equivalents of -NH; and epoxy
groups, respectively. On the other side, the secondary amines of DETA
units in the oligomer react with a stoichiometry equal to 1:1 with epoxy
groups. In light of this, the ring-opening addition of amine to the epoxy
ring determines the formation of linear permanently bonded chains,
where the reaction of DGEBA with a primary amine is responsible for the
growth of the chain, while the reaction with a secondary amine from a
DETA unit determines the interruption of the chain elongation. There-
fore, as schematically illustrated in Fig. 2, the cured material can be
depicted as composed of covalent non-dynamic chains linked to each
other by dynamic polyimine chains. The network architecture obtained
is directly related to the synthetic strategy employed to obtain the
materials.

3.3. Thermal stability of the materials

The thermal stability of the vitrimeric materials was determined by
thermogravimetry. Table 2 presents the most significant data extracted
from TGA curves, and Fig. S5 shows the TGA curves and their derivatives
for the prepared materials. DTGA curves show that thermal degradation
occurs via two-step weight loss with a similar stability pattern. The
resulting vitrimers are stable up to 269 °C, the lower temperature at
which a loss of 1 % of the weight was detected. These results ensure safe
reprocessability until 220 °C. Furthermore, replacing Jeffamine D-230
with Jeffamine D-400 reduces the final char yield of the vitrimer.

3.4. Thermomechanical characterization of the materials

The thermomechanical properties of the materials were investigated
by DMTA. Fig. 3 shows the evolution of storage modulus and loss
tangent (tan 6) with temperature for all the prepared materials and
Table 2 collects the most characteristic data. Furthermore, Fig. S6 shows
the plot of loss modulus against the temperature for all the materials.

First of all, it was observed that the storage modulus E’ in the glassy
and in the rubbery states and the position of the tan 6 peak (Tg.an 5) Vary
considerably depending on the sample analyzed, confirming the fine
tunability of the system. The different proportions of Jeffamine used, as
well as its polyether chain length, determine the flexibility of the poly-
mer chains and the thermomechanical properties of the resulting
networks.

By comparing the Tj.¢qn 5 values with the concentration of PPO units,
it is observed that an expected increase in mobility caused by the
introduction of a higher proportion of polyether units (either by adding
a longer Jeffamine or a larger amount of this diamine) affects the short-
range molecular motion associated with the glass transition reducing the
Tg.tan 5 (Fig. 4a). In other words, an increase in the content of PPO units
leads to a decrease in the cross-linking density since these units act as
spacers between the cross-linking points. A similar correlation is found
between the concentration of PPO units and the storage modulus in the
rubbery state (Fig. 4b). This result agrees with the well-known rela-
tionship existing between E’rppery and the cross-link density of the ma-
terial [2]:

E,

‘Rubbery 6 .
d= R 1+ 40 (Tg-mn n 40) 10 (Equation 7)
where d is the cross-linking density, E’rupbery is the storage modulus in
the rubbery state (in Pa), R is the gas constant, and Ty 5 is the tem-
perature of the maximum of the tan § curve.
Regarding the storage modulus in the glassy state (E’giassy), it is
observed that it varies significantly (1662-2672 MPa) in the prepared
materials. No linear correlation was found with any specific parameter
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Fig. 2. Schematic illustration of the network architecture. Red lines represent the permanent linear chains while blue lines represent the dynamic polyimine-based
chains. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 2

Thermal and creep resistance, thermomechanical and vitrimeric properties of the prepared materials.

Sample Tro," Char Yield Tgtan s E’ Glassy d E’Rubbery Cross-link density t* ¢ E, (kJ/ T, " de/dt’ % Residual
Q) " (%) Q) (MPa) (MPa) / (mol/m?) (min) mol) Q) deformation /

D230 50/50 269 21.3 93.2 1662 19 1812 7.0 85+10 86+7 6.8107° 0.51
40%-C

D230 25/75 278 25.0 87.7 1854 14 974 4.8 55+6 46 + 11.1-10°3 0.46
40%-C 10

D230 50/50 274 28.0 80.6 2181 18 1762 4.4 51+9 40+ 6.910°% 0.19
15%-C 15

D230 25/75 272 29.3 60.0 2485 9 967 1.2 33+1 -31+ 7.2.1073 0.14
15%-C 4

D400 50/50 279 18.3 55.3 1910 13 1152 9.6 60 + 10 62 + 37.1.1072 0.84
40%-C 12

D400 25/75 269 19.1 31.4 2672 7 845 1.4 28+5 —53 + 34.9.1072 0.85
40%-C 14

D400 50/50 276 24.5 45.2 2616 11 1191 1.8 46+10 10+ 118.9:10°3 1.86
15%-C 17

# Temperature of 1 % of weight loss.

b Char residue at 600 °C.

¢ Temperature at the maximum of tan & peak at 1 Hz.

4 Storage modulus in the glassy state (at Tg-tan s - 50 °C).

¢ Storage modulus in the rubbery state (at Tg-tan 5 + 50 °C).

f Cross-link density calculated from the storage modulus in the rubbery state.

& Time to reach a value of 6/69 = 0.37 at 160 °C except D400 25/75 40%-C, which has been measured at 150 °C.

h Topology freezing temperature obtained from the Arrhenius relationship.

! Determined from the slope of the steady-state region of the creep curve/ Determined after 30 min of releasing the stress.

of the system, suggesting that these macroscopic properties are the result
of a combinatorial effect of more than one microscopic event. For
example, the imine groups, PPO units, and hydroxyl groups formed by
the ring-opening reaction of the oxirane groups during the curing
contribute to increasing the polarity of the polymer chains and to the
formation of hydrogen bonds and, consequently, the intermolecular
interactions that affect E’gjassy-

3.5. Study of the vitrimeric behavior

The polymer networks have imine bonds that can undergo equilib-
rium exchange reactions. Therefore, these networks are expected to
rearrange above a certain temperature toward a relaxed structure when
mechanical stress is applied, determining an attenuation of the stress
response.

The kinetics of an exchange reaction in a polymeric matrix can be
rationalized with the same criteria applied to a reaction that occurs in a
condensed phase, for instance, in solution. At a given temperature, the
reaction rate depends on the concentration of the reagents, considering
that it affects the frequency of collisions by which the bimolecular
events of the reaction take place. The efficiency of these events depends
on the activation energy of the reaction that, in turn, is strongly influ-
enced by the solvent. In the same way, it can be assumed that the
network architecture and its composition affect the activation energy of
the exchange process in a vitrimeric material. Moreover, the vitrimeric
matrix can be considered as a condensed phase over the Ty, character-
ized by very high viscosity. Therefore, the mobility of the moieties
involved in the exchange reaction becomes decisive for the overall
process rate in the same way as diffusive processes are in solution [43].

In this specific work, the stoichiometric reaction of the polyimine
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Fig. 3. Evolution of storage modulus and tan § with temperature for all
the materials.
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oligomer with DGEBA during the curing process ensures that the ex-
change process is associated with imine metathesis reactions since no
free amines are present. The vitrimeric properties of the prepared
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materials have been investigated by DMTA. Stress relaxation experi-
ments were performed at different temperatures above the Ty (i.e. Ty.tan
) for all the prepared materials. The resulting stress relaxation curves
for each material are shown in Fig. 5 (materials prepared with Jeffamine
D-230) and Fig. S7 (materials prepared with Jeffamine D-400), while the
main data extracted are summarized in Table 2.

It should be noted in the figures that the relaxation curves for the
different materials are recorded in different temperature ranges because
their Tgs are different, and the stress relaxation analysis has to be per-
formed in the rubbery region. The curves show the rapid relaxation of
these materials as they reach the reference relaxation value (0.37 6/6¢p =
1/e) in a few minutes at 160 °C, and for some materials, even at lower
temperatures.

The stress-relaxation capabilities of the prepared materials were
firstly analyzed by representing the relaxation curves with stretched
exponential functions in accordance with the Kohlrausch—Williams—-
Watts (KWW) model. The obtained stretching parameters resulted close
to 1, confirming that the experimental data fit well to the simpler
Maxwell model. Thus, the Arrhenius plot was then constructed, repre-
senting the times necessary to reach 0.37 ¢/0¢ against the inverse ab-
solute temperature, including the confidence intervals for the linear
regression adjustment (Fig. S8 and Table S1). As expected, the calcu-
lated Egs (Table 2) were found to decrease by increasing the

a) b)
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R?=0.99 Rewi058
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Fig. 6. Correlation between: a) E, and imine concentration; and b) T, and imine
concentration.
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Fig. 5. Normalized stress relaxation curves as a function of time for the materials prepared with Jeffamine D-230 at different temperatures.



T. Telatin et al.

concentration of exchangeable imine groups when the cross-linking
density was kept almost constant (Fig. 6a).

According to the Arrhenius equation, the topology freezing temper-
ature (T,) was also calculated. T, is defined as the temperature at which
the material reaches a viscosity of 10'2 Pa s, and it is considered the
temperature at which chemical interchanges start to occur. However, if
T, is lower than T, the vitrimeric exchange only occurs when T; is
overpassed, and the chains of the network have sufficient mobility to
interact with each other.

As observed for E,, T, also exhibits a linear decrease with increasing
the concentration of imine groups (Fig. 6b). It is reasonable to assume
that, as mentioned above, the exchange process can be considered as a
common chemical reaction, and therefore, an increase in the reagents’
concentration implies an increase in the frequency of the molecular
collisions through which the reaction takes place. These observations
are in agreement with the results reported by Miao and co-workers [44],
who investigated the relationship between the content of exchangeable
groups and the dynamic behavior in trans-carbamoylation-based vitri-
mers. Thus, the linear dependence of E, and T, on the concentration of
dynamic groups is still valid in the present imine-based vitrimeric sys-
tems, which also have the advantage that the dynamic change can be
tuned simply by modulating the molecular weight of the telechelic
oligomer.

3.6. Creep resistance

Creep recovery experiments were performed to evaluate the visco-
elastic response of all the vitrimers at 20 °C. The resulting normalized
strain vs. time curves are shown in Fig. 7 while the creep rate and the
residual deformation of all the tested materials are collected in Table 2.

Fig. 7 shows that samples prepared with Jeffamine D-230 exhibit
good creep resistance at 20 °C, while the creep deformation is higher in
samples prepared with Jeffamine D-400. Thus, the use of a polyether-
amine with a shorter PPO chain, such as Jeffamine D-230, can improve
the creep resistance. The extremely low creep resistance of samples
D400 25/75 40%-C and D400 50/50 15%-C compared to the other
sample prepared with this Jeffamine can be attributed to their loss
modulus values, which at 20 °C are very close to their maximum
(Fig. S6). However, the material shows a consistent strain recovery upon
stress relief, as expected for a viscoelastic recovery process, with a re-
sidual normalized strain after 30 min of stress relief of 0.849 and 1.864,
respectively. This behavior is categorized as primary creep [45] since
the presence of a high amount of PPO units in the network increases the
mobility of the chains and, consequently, their conformational freedom.
The tendency of these samples to recover the strain after the release of

ar
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Fig. 7. Creep experiments at 20 °C for all the prepared materials.
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the stress demonstrates that the imine metathesis is negligible at 20 °C.
Therefore, in the absence of external stimuli, the network returns to the
initial conformation.

Moreover, sample D400 50/50 40%-C, in which the proportion of
Jeffamine D-400 is the lowest of this family of samples, but the con-
centration of imine groups is similar to that of sample D400 25/75 40%-
C, exhibited a lower total creep deformation but a similar secondary
creep. It confirms that in these systems, the high content of PPO units
has a relevant impact on the primary creep, which is the main respon-
sible of their creep behavior. On the other hand, the creep rates, which
can be considered proportional to the inverse of the materials’ viscos-
ities, are similar for these two materials according to the comparable
content of imine groups, whose reactivity determines the emergence of
vitrimers fluid-like behavior. The extremely high creep rate of sample
D400 50/50 15%-C is due to the loss modulus of the material, which is at
its maximum value at the temperature tested (20 °C). From this point of
view, the effect of any exchange reactions involving the imine groups of
the material is negligible.

On the other hand, samples prepared with Jeffamine D-230 do not
show significant differences in creep resistance. The concentration of the
aromatic imine moieties influences the creep behavior. Comparing the
samples D230 50/50 40%-C and D230 50/50 15%-C, which have a
concentration of imine groups equal to 2.549 meq/g and 3.711 meq/g,
respectively, it is observed that the higher the content of rigid imine
groups the lower the primary creep and the higher the strain recovery.
This could be attributed to the high rigidity that imines impart to the
polymer chains and the consequent low conformational freedom. It
would be expected that as the proportion of Jeffamine increases, the
creep deformation would also be much more significant. However,
sample D230 50/50 40%-C does not follow the expected behavior and
shows a slightly higher primary creep than D230 25/75 15%-C. This
could be attributed to the lower proportion of imine moieties and the
resulting less rigid network structure. In fact, primary creep is also the
main reason for the different behavior of these two materials in this case.
In contrast, the different concentration of imine groups does not affect
the creep rate, indicating that exchange reactions are negligible at 20 °C
for these systems. Finally, D230 25/75 40%-C differs from the other D-
230-based samples, exhibiting a slightly higher primary creep due to the
higher content of PPO units. Thus, in general, a reduction in the creep at
20 °C can be observed as the PPO content decreases and the concen-
tration of imine moieties increases.

However, the negligible rate of the imine metathesis reaction at
20 °C is determined by the higher T, values of the prepared materials. As
mentioned before, Ty is lower than Ty, for all the materials except D400
50/50 40%-C, and therefore T, represents the temperature limit below
which the chains of the network have not enough mobility to interact
with each other. Consequently, at a temperature lower than the glass
transition temperature imine metathesis reaction does not affect the
mechanical properties of the materials and the creep behavior is only
attributable to the loss modulus.

3.7. Chemical degradation

It is known that imine bonds can be hydrolyzed under acidic con-
ditions. In this study, the chemical degradability of the polyimine-based
vitrimers was investigated at 50 °C for 72 h using a mixture of 1 M HCIL
and THF (2/8 v/v). The combination of the acid solution with an organic
solvent has a synergistic effect that facilitates the penetration of the
H50™ into the cross-linked network since, in this case, THF increases the
wettability of the polymer surface, favoring its erosion by the hydro-
chloric acid [46]. The results obtained during the chemical degradation
tests for all the vitrimeric materials are shown in Fig. 8 and summarized
in Table S2. As illustrated in Fig. 2, these networks are composed of
linear epoxy chains bonded to a dynamic structure. Therefore, higher
degrees of degradation were expected for all the samples. Nevertheless,
the lower chemical degradability observed for many of the samples
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Fig. 8. Chemical degradation of all the prepared vitrimers: a) D230 50/50 40%-C; b) D230 25/75 40%-C; ¢) D230 50/50 15%-C; d) D230 25/75 15%-C; €) D400 50/

50 40%-C; f) D400 25/75 40%-C; and g) D400 50/50 15%-C.

could be related to several reasons: a) Segregation of DETA units mainly
in the central part of the oligomer chains compared to Jeffamine due to
their different reaction rate with the dialdehyde, which could imply that
highly cross-linked microdomains are formed by the reaction of sec-
ondary amines with DGEBA. Besides, these microdomains are charac-
terized by a very tight tridimensional structure that is impenetrable by
the acidic solution, and b) Length of the oligomer, which correlates with
the length and the amount of the Jeffamine used. From the values in the
table, it can be seen that the lower the molecular weight of the Jeffamine
and the lower the amount of this diamine we use, the less the material
degrades. As evidence of this fact, the sample D230 50/50 40%-C
practically does not degrade. Besides, the low polarity of these materials
is responsible for the poor accessibility of the acidic mixture within the
tridimensional structure of the vitrimers. When more polar solvents such
as dimethyl formamide were used, the degradation could not be
improved because a permanent network was still present in the solution
despite the hydrolysis of the imine bonds.

4. Conclusions

A series of polyimine-epoxy vitrimers were synthesized by a two-step
procedure. First, an amine-terminated oligomer was prepared by a
condensation reaction of terephthalaldehyde with diethylenetriamine
and Jeffamine D-230 or D-400 in different proportions. These oligomers
were characterized by NMR spectroscopy. This methodology allowed us
to build up well-defined oligomers with known imine groups.

The oligomers were further reacted with DGEBA to obtain a cross-
linked network. The resulting materials exhibited a high thermal sta-
bility with an initial degradation temperature above 260 °C. This sta-
bility allows safe reprocessing of the polyimine vitrimers.

Thermomechanical properties, such as E” and T4, 5, Were found to
be directly correlated with the content of PPO units in the network
opening the possibility of designing materials with selected properties
simply by adjusting the composition of the oligomer precursor during
the synthesis step. The tan & temperatures of the prepared materials
ranged from 31 to 93 °C, demonstrating the high tunability of the
system.

Due to the associative character of the imine metathesis exchange
mechanism adopted, the relaxation times followed an Arrhenius
dependence with the temperature. This relationship allowed us to
calculate the activation energies (between 28 and 85 kJ/mol) and the
topology freezing transition temperature (T,) between —53 and 86 °C.
Since this temperature is lower than T, the materials must reach the
latter temperature before being reshaped or recycled. Moreover, a linear
correlation of E; and T, with respect to the concentration of exchange-
able groups was found.

As a general trend, materials prepared with Jeffamine D-230 showed
good creep resistance at 20 °C, while the creep deformation was higher
in samples prepared with Jeffamine D-400. Thus, creep was strongly
dependent on the content of PPO units in the network and the mobility
of the chains formed.

Furthermore, the results evidenced that increasing the imine con-
centration simultaneously improves the creep resistance and the stress
relaxation properties at 20 °C, while the reduction of the relaxation time
is usually accompanied by a higher creep deformation.

An almost complete chemical degradation of these polyimine-based
vitrimers could be achieved by tuning the material composition: the
amount of DETA and Jeffamine employed; and the type of Jeffamine
used, which also revealed the advantages of the synthetic strategy
adopted in this research work.
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