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A new family of dual-curable poly(hydroxyamine)-poly(ether) thermosets based on off-stoichiometric
amine-epoxy formulations has been prepared and characterized. The first curing stage was a self-limiting click
epoxy-amine polycondensation with an excess of epoxides and the second stage was an anionic homopolymerization of the unreacted epoxy groups, initiated by a latent base. The curing process was sequential with
storage stable intermediate materials. The latency of these partially-cured intermediate materials was established not only by a thermally activated base generator, but also by the vitrification of the formulations. The
intermediate and final materials exhibit a wide range of properties depending on the relative contribution of
both curing stages. Intermediate materials can either be shape conformable solids, or liquids that are applicable as adhesives. Fully cured materials exhibit shape-memory effect.
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1. Introduction
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rials are easily handled, show high latency in reactivity, are conformable (above the gel point), or show adhesive properties (below
the gel point). On the other hand, if the second stage is thermally triggered, the dual curing may cease to be sequential with unstable intermediate materials.
A new dual-curing system based on off-stoichiometric thiol-epoxy
formulations was recently developed in order to increase the glass
transition temperature and rigidity of base-catalyzed click thiol-epoxy
thermosets [23]. Sequential two-step process could be achieved using a tertiary amine catalyst thanks to the selectivity and faster kinetics of thiol-epoxy polycondensation over epoxy homopolymerization.
Materials were stable in the intermediate state, after thiol-epoxy reaction, allowing safe storage and manipulation until the second curing stage was initiated. In the same way, the use of an epoxy excess
in epoxy-amine or epoxy-anhydride formulations was demonstrated.
The epoxy excess helps further crosslinking by epoxy homopolymerization at higher temperatures, but the two curing stages overlapped
partially or totally [24–26]. Morancho et al. described the dual curing
of off-stoichiometric diethylenetriamine-diglycidyl ether of bisphenol
A using 2-methylimidazole as anionic initiator for high temperature
homopolymerization of the epoxy excess [26]. After the first curing
stage, formulations showed latency and could be safely stored below
their glass transition temperatures. However a certain part of the epoxide excess reacted during epoxy-amine condensation (first stage of
curing).
Controlled curing sequences can be achieved by using latent catalysts that are activated upon irradiation or temperature. Since 1987,
when the first photogenerator was introduced, many new photobases
were described [27–29]. Recently tetraphenylborate salts of different
bases [30,31] were presented as novel photolatent catalysts of differ
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Dual-curing is a methodology in which two different polymerization processes take place sequentially or simultaneously during curing
of thermosetting resins. Sequential dual curing presents significant advantages in terms of control of the process and the formed network.
Materials can be partially cured before their storage, processing or assembly. Final properties can be achieved whenever desired by using
heat or UV light in order to cure the materials fully. Recently, sequential curing is being used with different chemistries for various high
added-value applications where custom-tailored materials, processing
flexibility and intermediate latency and conformability are required
[1,2].
The most prominent applications of dual-curing processing are
shape memory polymers [3–6], dry adhesive bonding [7], optical materials [8,9], photolithography [3,10], structured surface topologies
[11–14], and holographic materials [15,16].
Among the various strategies employed in dual-curing systems,
many recent papers investigate the use of off-stoichiometric formulations [8,17–22]. In these systems, the first curing stage is a self-limiting step-growth reaction with an excess of one monomer that can react during the second stage via a photoinitiated or thermally initiated
chain-growth polymerization. In general, all systems prepared with
this methodology reach practically complete conversions and the resulting materials exhibit a wide array of properties. Usually, when the
second step is triggered by means of UV light, the intermediate mate
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Scheme 1. Molecular structures of the chemicals used: (a) DGEBA, (b) Jeffamine and (c) 1MI·HBPh4 and the compounds formed in its thermal decomposition.

and c) enhancement of the thermomechanical properties of click
epoxy-amine thermosets.
The kinetics of both curing stages, the conversion achieved and
the latency after stage 1 were studied by calorimetry and FTIR spectroscopy. Gelation during epoxy-amine condensation was determined
by thermomechanical analysis. The materials obtained were characterized by calorimetric, dynamomechanical and thermogravimetric
analyses. All materials were stable after stage 1 and they exhibited a
wide array of properties depending on the relative contribution of both
curing stages. Gelled intermediate materials were highly conformable
and shape memory behaviour was observed in complete cured materials.
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ent reactions such as Michael additions [32], thiol-isocyanate reaction
and thiol-epoxy reaction [32–35] and were used in several dual-curable systems (e.g. thiol-acrylate-epoxy or thiol-acetoacetate-acrylate)
[36,37]. Kim and Chun cured a naphthalene-based epoxy resin using 2-ethyl-4-methyl imidazolium tetraphenyl borate as latent catalyst [38]. Imidazolium ionic liquids containing alkyl chains and dicyanamide, tetrafluoroborate, or chloride anions were as latent hardeners of bisphenol A-based epoxy resin by Maka et al. [39]. Konuray el
al. [33] have described the use of 1,5,7-triazabicyclo[4.4.0]dec-5-ene
tetraphenylborate as photobase generator in epoxy-thiol curing and
they demonstrated that the photobase can be activated either thermally
or by UV light. Whereas UV activation could take place at room temperature, thermal activation needs temperatures higher than 100 °C.
These results suggest the potential of this type of latent bases in dual
curing systems. In these systems, the uncatalyzed first curing stage
would take place at low temperatures. This would be followed by an
intermediate storage period during which the materials would have reactive stability. Finally, the second stage can be activated in a controlled manner at higher temperatures.
Taking all of this into account, in the present publication we report
the preparation and characterization of a new family of thermosets
based on off-stoichiometric amine-epoxy formulations. A new, thermally activated base generator 1-methylimidazolium tetraphenylborate was prepared and used. The first stage of curing (stage 1) was
an autocatalyzed epoxy-amine polycondensation at a relatively low
temperature and the second stage (stage 2) was epoxy anionic homopolymerization of the excess of epoxy groups at a higher temperature. Stage 2 was catalyzed by 1-methylimidazole released by the
base generator. The objective of this work was three-fold: a) development of a new dual-curing concept based on the combination of two
thermal curing processes at different temperatures for flexible processing and tailoring of intermediate and final materials, b) exploration of the use of tetraphenylborate salts as thermal base generators

2. Materials and methods
2.1. Materials
Diglycidyl ether of bisphenol A (DGEBA, Mw = 374 g/mol or
Mw = 187 g/ee, Epikote™) (DG hereafter) was kindly supplied by Hexion speciality Chemical B.V. and dried in vacuum before use.
Poly(propylene glycol) bis(2-aminopropyl ether) (Jeffamine,
Mw = 400 g/mol) (JEF hereafter), 1-methylimidazole (1MI) and
sodium tetraphenylborate (NaBPh4) were supplied by Sigma-Aldrich
and used as received. Methanol (MeOH) and chloroform (CHCl3)
were supplied by VWR and were used as received (see Scheme 1).
1M1·HBPh4 (BG hereafter) was prepared using the procedure outlined in Ref. [31]. Firstly, 1MI was solubilized in H2O slightly acidified with 36% HCl solution (10 mmol 1MI in 2,6 mL H2O and 1 mL
HCl). NaBPh4 was also solubilized in H2O (11 mmol in 10 mL H2O)
and stirred until homogeneous. The two solutions were mixed and
the stirring maintained until the white salt formed as precipitate. The
salt was filtered, washed thoroughly with distilled water and MeOH,
recrystallized from a 4:1 mixture of MeOH and CHCl3, filtered and
dried under mild temperature and vacuum. To analyze its purity,
its melting point was measured in a DSC thermal scan and was
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Table 1
Notation and composition of the formulations studied in this work. The bottom of the
table shows the formulations studied only in the preliminary study.
ra

eq. base/
ee

Wstage 1/Wtotd
(%)

Wstage 2/Wtotd
(%)

Wbase/Wtotd
(%)

DGJEF
DGJEF_0.25_BG4
DGJEF_0.5_BG4
DGJEF_0.75_BG4
DGJEF_0.9_BG4
DG_BG4
DGJEF_0.5_1MI2
DGJEF_0.5
DG_1MI2

1
1.33
2
4
10
–
2
2
–

–
0.100b
0.047b
0.028b
0.022b
0.019c
0.057
–
0.046

100
79
58
33
14
–
59
60
–

–
17
38
63
82
96
39
40
98

–
4
4
4
4
4
2

Ratio between epoxy groups and reactive amine hydrogens.

F

In order to monitor the dual-curing process and to verify the degree of cure, a Bruker Vertex 70 FTIR spectrometer equipped with
an attenuated total reflection (ATR) accessory (GoldenGate™, Specac
Ltd.) was used. Spectra were collected in absorbance mode with a resolution of 4 cm−1 in the wavelength range from 4000 to 600 cm−1 averaging 20 scans for each spectrum. The spectra were corrected taken
into account the dependence of the penetration on the wavelength and
normalized using the area of the phenyl group at 1509 cm−1. The disappearance of the absorbance peak at 915 cm−1 (epoxy bending) [40]
was used to monitor the epoxy conversion. According to DSC results,
it was observed in all formulations that the conversion was complete
at the end of both curing stages. As an example, Fig. 1 shows some
spectra collected during reaction at 90 °C of formulation DGJEF (only
stage 1) and the calculated conversion. It can be observed the complete disappearance of the epoxy band at 915 cm−1.
2.4. Gelation
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Formulation

2.3. Fourier infrared spectroscopy (FTIR)
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Samples were prepared in 5 mL vials in 1–2 gr batches using the
following procedure: BG was weighed and added to DG and was
kept under agitation at 90 °C for 15 min at complete solubilization.
The mixture was left to cool down to room temperature after which
the required amount of JEF was added, quickly stirred and immediately sent to analysis or sample preparation. For comparison purposes, some formulations with 1MI and without initiator were also
prepared. In these cases, all the liquid components were mixed directly at room temperature. We coded our epoxy-mixtures as DGJEF_x_BG4, where x indicates the fraction of epoxy groups that undergo
homopolymerization at stage 2, and 4 is the BG content in weight percentage (%) with respect to the total mass of mixture. As an example,
DGJEF_0.5_BG4 is a formulation in which one half of epoxy equivalents react with amine hydrogens and the other half homopolymerizes at stage 2, and contains 4 (%, w/w) of BG. Neat formulations
were coded as DGJEF (stoichiometric epoxy-amine formulation without initiator) and DG_BG4 (pristine DG with 4 (%, w/w) of BG). For

OO

2.2. Sample preparation

comparison purposes, in our preliminary study we also prepare the following formulations: DG_1MI2 (pristine DG with a 2 (%, w/w) of
1MI), DGJEF_0.5_1MI2 and DGJEF_0.5 (formulation without initiator). Table 1 shows the composition of the different formulations.
Intermediate and fully cured samples for dynamic mechanical
analysis and thermal analysis assays were prepared in a polypropylene
mould with dimensions about 1 × 13 × 20 mm3. The liquid formulations
were poured into the mould and kept in an oven at 90 °C for 240 min
to carry out the epoxy-amine condensation. Some of these samples
were subsequently cured at 180 °C for 240 min to carry out the anionic epoxy homopolymerization. By means of a dynamic postcuring
in a DSC it was checked that the curing was complete at the end of
both curing stages. Intermediate formulations showed a residual heat
proportional to the epoxy excess and final materials did not show any
residual heat.

PR

found to be similar to what is reported by other equivalent salts
[30,33].

3

2

Equivalents of 1MI/Equivalents of epoxy excess.

c

Equivalents of 1MI/Equivalents of epoxy groups.

d

Weight fractions (%) of stage 1, stage 2 and base respect to the total weight.
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A Mettler thermo-mechanical analyzer SDTA840 was used to determine the gel point during epoxy-amine polycondensation (stage 1).
A silanized glass fiber disc about 5 mm in diameter was impregnated
with the liquid (uncured) formulation and sandwiched between two

Fig. 1. Evolution of FTIR spectra at 90 °C for DGJEF monitored during epoxy-amine polycondensation for 240 min. Inset shows epoxy conversion versus time for the same formulation.

4
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network in their cured or uncured states, depending on the curing stage
analyzed.
Calorimetric degree of conversion was determined as the quotient
between the reaction heat released up to a temperature and the total reaction heat.

where r is the epoxy/hydrogen amine equivalent ratio, f = 2 the epoxy
monomer functionality and g = 4 the amine functionality.

2.7. Thermogravimetric analysis (TGA)

OO

Thermogravimetric analysis was carried out with a Mettler TGA/
SDTA 851e/LF/1100 thermobalance. Samples, obtained by dual curing, with an approximate mass of 10 mg were degraded between 30
and 800 °C at a heating rate of 10 °C/min in N2 atmosphere
(50 cm3/min measured in normal conditions).
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Calorimetric analyses were carried out on a Mettler DSC822e
(dynamic experiments) or on a Mettler DSC821 thermal analyzer
(isothermal experiments). Both calorimeters were calibrated using an
indium (heat flow calibration and temperature calibration) and zinc
(temperature calibration) standards. DSC was either used to monitor
reactions heats and residual reaction heats or to determine glass transition temperatures (Tg). Samples of approximately 10 mg were placed
in aluminium pans with pierced lids and analyzed under N2 atmosphere. Dynamic curings, postcurings and Tg determinations were performed by choosing a temperature ramp of 10 °C/min from −100 °C to
300 °C.
Tg's were determined as the temperature of the half-way point of
the jump in the heat capacity (ΔCp) when the material changed from
glassy to the rubbery state under N2 atmosphere and the error was
estimated as ± 1 °C. ΔCp’s of intermediate and final materials were
also measured. The Tg of samples in the intermediate state was analyzed after isothermal cure for 240 min at 90 °C (stage 1) and that of
the fully cured material was determined after stage 1 and subsequently
isothermal cure for 240 min at 180 °C (stage 2). Tg's of the intermediate and final materials were also estimated using the copolymer rule
given by Fox equation [43], the weight compositions and the experimental Tg of both epoxy-amine network and epoxy homopolymer

Fully-cured materials were analyzed using a TA Instruments DMA
Q800 device. Prismatic rectangular samples (about 1 × 13 × 20 mm3)
were analyzed by DMA using a single cantilever clamp at a frequency
of 1 Hz and 0.05% strain at 3 °C/min from −50 °C up to a temperature
sufficiently high for complete network relaxation. The peak temperatures of tanδ curves were taken as α-relaxation temperatures, related
with the glass transition temperatures.
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2.5. Differential scanning calorimetry (DSC)

2.6. Dynamic mechanical analysis (DMA)

F

aluminium discs. The sample was placed at 90 °C for 240 min and subjected to an oscillatory force from 0.005 to 0.1 N with an oscillation
frequency of 0.083 Hz. The gel time, tgel, was taken as the onset in the
decrease of the oscillation amplitude measured by the probe. The conversion of epoxy groups at the gel point, αgel, was determined as the
conversion reached in the DSC at the gel time.
The theoretical conversion of epoxy groups at the gel point, αgel,
during epoxy-amine condensation (stage 1) was calculated assuming
ideal random step-wise reaction, using the well-known Flory-Stockmayer equation [41,42]:

2.8. Latency test

The latency tests were performed for all formulations. After stage
1 (240 min at 90 °C), samples were stored in a thermostatic oil bath at
controlled temperatures of 30 °C. Tg's and residual heats of intermediate materials at different times of storage were measured by DSC.
Intermediate materials will be reactively stable as long as their Tg and
residual heats stay constant (and equal to the reaction heat of Stage 2).
3. Results and discussion
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3.1. Preliminary results
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First of all, we investigated the possibility of using 1MI as initiator of the epoxy homopolymerization in order to obtain a sequential
dual curable system. DGJEF, DG_1MI2 and DGJEF_0.5_1MI2 formulations were dynamically cured at 10 °C/min (see Fig. 2a). The reaction heats of all three systems were close to 100 kJ/ee, a value simi

Fig. 2. DSC thermograms corresponding to the dynamic curing at 10 °C/min of (a) DGJEF, DGJEF_0.5_1MI2 and DG_1MI2 (effect of 1MI) and (b) DGJEF, DGJEF_0.5 and DGJEF_0.5_BG4 (effect of BG and epoxy excess on epoxy-amine condensation).
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could have a synergistic effect in terms of reaction kinetics because of
the generation of hydroxyl groups by the epoxy-amine condensation
[25,47,48].
Finally we studied the isothermal sequential curing of DGJEF_0.5_BG4 formulation. According to the DSC results given in Fig.
3, curing times and temperatures were selected sufficiently low to ensure: a) that the epoxy excess does not react during stage 1, b) the
stability of intermediate material and c) that thermal degradation does
not take place during stage 2. Samples were cured at different curing
times and temperatures (stage 1 between 70 and 100 °C and stage 2
between 140 and 180 °C), in order to achieve complete conversion of
epoxy groups at the end of both curing stages. Fig. 4 shows, the conversions achieved in DSC during the two consecutive curing stages:
240 min at 90 °C followed by 240 min at 180 °C. It can be observed that
both curing stages reach completion, indicated by a fractional conversion of 0.5 and 1 at the end of stage 1 and stage 2, respectively.
This result was confirmed by FTIR and also by a subsequent DSC
scan during which no residual heat was detected up to 300 °C. Although latency was tested systematically at a later phase in the study,
it was already evident that the intermediate materials can be safely
stored, since stage 2 can only be activated by heating to a significantly
higher temperature. Similar results to those shown in Fig. 4 were obtained for all formulations. Taking into account all these preliminary
results, a new dual-curable family of poly(hydroxyamine)-poly(ether)
thermosets with a broad range of properties after both stages of curing (see Table 1) were prepared. The same curing schedule as in Fig.
4 was used to prepare the thermosets.
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lar to the one reported for the polymerization of similar epoxy systems
[44,45]. This indicates that epoxides reacted almost completely. Fig.
2a shows that 1MI accelerated the epoxy-amine polycondensation but
a sequentiality in curing could not be achieved, since DG homopolymerizes in the presence of 1MI in the same temperature range with the
epoxy-amine reaction. This is caused in part by the lower reactivity of
JEF in comparison with other aliphatic amines such as diethylene triamine or hyperbranched poly(ethyleneimine)s [46]. Moreover, epoxy
homopolymerization takes places faster than epoxy-amine polycondensation, contrary to what is desired. Consequently 1MI was ruled
out and the latent base (BG) was used for dual curing.
Secondly, we studied the influence of BG and the excess of epoxy
groups on epoxy-amine polycondensation kinetics (stage 1). It can be
observed (Fig. 2b) that BG and epoxy excess barely modified the curing profile of DGJEF and only a shoulder, associated to the BG decomposition/activation, appeared at 180 °C. In the absence of added
catalyst, DGJEF_0.5 formulation did not experience further curing after completion of the epoxy-amine polycondensation.
Thirdly, stage 2 and the dual curing were investigated for the DGJEF_0.5 formulation. Fig. 3 shows how DGJEF_0.5_BG4 exhibits a
sequential dual-curing profile. The three peaks are associated, in increasing temperature, to epoxy-amine condensation, BG activation,
and homopolymerization of epoxy excess. These processes can be easily identified by comparing DGJEF_0.5_BG4 formulation with DGJEF_0.5 (neat stage 1) and DGJEF_0.5_BG4 (neat stage 2). This last
formulation was previously cured 240 min at 90 °C (safely below stage
2 temperature) in order to complete the epoxy-amine condensation.
Stage 1, stage 2 and the dual process exhibit reaction heats of 50,
52 and 101 kJ/ee, respectively. This indicates that all epoxy groups
have reacted completely. The curing of DG_BG4 formulation was
also studied (see inset Fig. 3). Compared to this formulation, it can be
observed that epoxy homopolymerization takes places at lower temperatures in the presence of JEF (observe the thermogram for DGJEF_0.5_BG4, dual). It can be hypothesized that hydroxyls and tertiary
amines formed during epoxy-amine reaction can accelerate the activation of BG and the consequent homopolymerization. It is known
that the initiation of epoxy homopolymerization with tertiary amines is
favoured by the presence of proton donors. Rozenberg suggested that
the use of amines together with tertiary amines in epoxy formulations

5

3.2. Dual-curing and thermal properties of epoxy-amine mixtures
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As explained in the experimental section, the new epoxy-amine
materials were isothermally dual-cured in the DSC. Samples for DMA
were cured in an oven. Table 2 shows some characteristic parameters of the curing and the glass transition temperatures and heat capacity changes for uncured, intermediate and fully cured materials. In
general, it can be observed that parameters change as a function of
composition. The similarity between the total reaction heats (values
close to 100 kJ/ee) and those reported for similar epoxy systems indicates that epoxides reacted almost completely [44,45]. Moreover, the
reaction heats associated with stages 1 and 2 are proportional to the

Fig. 3. DSC thermograms corresponding to the dynamic curing at 10 °C/min of DGJEF_0.5 (neat stage 1), DGJEF_0.5_BG4 (dual) and DGJEF_0.5_BG4 (neat stage 2). Inset shows
the dynamic curing of DG_BG4 formulation.
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the homopolymerization of the excess of epoxy groups. By modifying the stoichiometry of the formulations, thermal characteristics of
the intermediate and final materials can be tuned, resulting in properties that range from loosely to tightly crosslinked thermosets. Furthermore, as it will be discussed later, the materials at the end of stage
1 may be above or below the gel point. The former materials are
shape-conformable, whereas the latter are suitable as adhesives. Fig. 5
also shows that experimental Tg are in good agreement with those calculated using the Fox equation [43].
3.3. Gelation of epoxy-amine mixtures
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amount of total epoxy groups present in the formulations. This result
demonstrates the high efficiency of click epoxy-condensation and the
ability of the BG to promote the epoxy homopolymerization.
Unreacted materials have decreasing Tg and increasing ΔCp with
increasing JEF content, due to the high flexibility of this amine
monomer. It can be observed that the Tg after epoxy-amine polycondensation decreases with increasing DG content, due to the plasticizing effect of the DG excess. Accordingly, ΔCp increases with increasing DG content. For all formulations, a significant increase in Tg takes
place during stage 2 due to the homopolymerization of the excess of
epoxides. This increase is higher in epoxy-rich formulations.
The fully cured materials have increasing Tg and decreasing ΔCp
with increasing DG content. This behaviour can be related to the
lower mobility of poly(ether) network in comparison with poly(hydroxyamine), caused by the presence of aromatic rings that prevent
free bond rotations and with the higher crosslinking density of
poly(ether) network. Although JEF in epoxy-amine condensation and
DG in epoxy homopolymerization have the same functionality (f = 4)
the concentration of crosslink points (proportional to the crosslinking
density) is higher in poly(ether) network. Theoretical concentration of
crosslinking points was calculated as 1.74 and 5.14 mol/kg for DGJEF and DG_BG4, respectively, taking into account the functionality
of the monomers, the composition and that all epoxy groups reacted
completely.
In Fig. 5, the Tg of the intermediate and final materials as a function of weight compositions are shown for all formulations. As mentioned before, two different trends are seen: a) the Tg of the intermediate materials increase with increasing weight fraction of stage 1, due
to the decreasing amount of unreacted epoxy excess at the end of this
stage and b) in contrast, the Tg of the final materials increases with decreasing weight fraction of stage 1, due to the higher contribution of

PR

Fig. 4. DSC epoxy conversion during isothermal curing at 90 °C (Stage 1) and later at
180 °C (Stage 2) DGJEF_0.5_BG4.

The gelation during epoxy-amine reaction was studied by isothermal DSC/TMA combined experiments at 90 °C and the results are
summarized in Table 3.
The conversion at gel point, αgel, is strongly affected by composition and monomer functionality, as predicted by the Flory-Stockmayer
equation. Amine-rich formulations reach gelation at higher conversions than DG-rich formulations due to the higher functionality of JEF
(g = 4) compared to DG (f = 2 in epoxy-amine condensation). Table
3 shows that the theoretical conversion at gel point
, and the
experimental values
, show similar trends and have similar values. This result indicates that epoxy-amine polycondensation follows
a quasi ideal random step-wise reaction profile. However, the slightly
higher
values can be explained by the intramolecular loop formation causing a delay in gelation, as previously reported for crosslinking
of DGEBA with Jeffamine [49,50] and also observed in other epoxy
systems [51]. We estimate a critical ratio (rc) of 3, which is the minimum epoxy/amine ratio to form a gelled and therefore solid-like and
shape-conformable intermediate material after stage 1 (see Fig. 5).
This ratio was determined using Flory-Stockmayer equation in a similar manner as in a previous work [51]. It can be observed that formulations with r ≥ 4 (higher than rc = 3) do not reach gelation during DSC/
TMA experiments (see Table 3). This is in agreement with the theoretical rc value of 3. This result suggests that this theoretical rc can be
perfectly used to predict the gelation of the formulations.
Gelation of DG-BG4 formulation was also experimentally determined. Since epoxy homopolymerization is a polyaddition reaction,
value depends on many factors such as chain transfer reactions,
the amount of initiator and its regeneration rate [50,51], which cannot
be estimated easily. Despite this,
attains a similar value to that reported for the homopolymerization of similar epoxy systems.
Gel time decreases with increasing DG content, due to the decrease of αgel and to a certain accelerating effect exerted by the excess of epoxy groups on stage 1. This excess helps amine groups
encounter epoxides to react with more easily and leads to a higher
initial concentration of catalytic hydroxyl groups coming from the
oligomeric structure of DGEBA, in a similar way to what is reported

Table 2
Isothermal reactions heat Δh1 (Stage 1, 240 min at 90 °C), Δh2 (Stage 2, 240 min at 180 °C) and Δhtot (obtained as the sum of Δh1 and Δh2). Tg and ΔCp before and after each curing
stage in the oven (o, int and ∞ indicate before stage 1, after stage 1 and after stage 2, respectively).
Formulation
DGJEF
DGJEF_0.25_BG4
DGJEF_0.5_BG4
DGJEF_0.75_BG4
DGJEF_0.9_BG4
DG_BG4

Tgo (°C)

ΔCpo (J/gK)

Tgint (°C)

ΔCpint (J/gK)

−47
−38
−32
−21
−16
−14

0.565
0.534
0,519
0.508
0,483
0.470

49
36
23
7
−7
–

0.337
0.431
0.450
0.462
0.473
–

Tg∞ (°C)
71
89
98
113
132

ΔCp∞ (J/gK)

Δh1 (kJ/ee)

Δh2 (kJ/ee)

Δhtot (kJ/ee)

0.333
0.291
0.276
0.264
0.128

99
77
49
29
9
–

–
24
52
73
88
95

99
101
101
102
97
95
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Table 3
Experimental gelation data (
and tgel) obtained by isothermal FTIR/TMA combined
experiments at 90 °C.
obtained by using Flory-Stockmayer equation.
Formulation

ra

DGJEF
DGJEF_0.25_BG4
DGJEF_0.5_BG4
DGJEF_0.75_BG4
DGJEF_0.9_BG4
DG_BG4

1
1.33
2
4
10
–

tgel (min)
0.577
0.500
0.408
0.289
0.183
0.200–0.300b

0.650
0.560
0.450
Not gel
Not gel
0.200

60.6
39.3
31.2
–
–
13.4

Ratio between epoxy groups and reactive amine hydrogens.

b

Range of values experimentally determined for similar epoxy systems [52,53].

UN
CO
R

for off-stoichiometric thiol-epoxy formulations that are initiated by
nucleophilic attack of a tertiary amine [54].
3.4. Storage stability

3.5. Dynamomechanical properties of epoxy-amine thermosets
Fig. 7 compares the tan δ and storage moduli of final materials determined by DMA. The relaxation curves are shifted towards
higher temperatures with increasing DG content. This indicates an
increase in stiffness and degree of crosslinking with increasing DG
content, in agreement with calorimetric Tg's shown in Table 2. Different relaxation profiles are observed in the networks formed by
step-growth mechanism (epoxy-amine polycondensation, DGJEF formulation) and chain-growth mechanism (anionic epoxy homopolymerization, DG_BG4 formulation), the former showing a narrower relaxation and higher damping capacity (high tanδ peak) and the latter showing a wider relaxation and lower capacity for mechanical energy absorption near its Tg (low tanδ peak), as commonly reported for
highly crosslinked thermosets [41].
In general, fully cured materials are highly homogeneous, since
DMA curves show singular peaks with no shoulders. The participation
of epoxy monomers in both curing stages, ensures the covalent linkage
between the two thermosetting networks formed and a higher homogeneity of the material. The final materials are copolymer networks,
formed by a combination of poly(hydroxyamine) and poly(ether) networks that are covalently linked to form a single polymer network.
According to the simple rubber elasticity theory, the relaxed modulus determined at Tmax(tan δ) + 50 °C is inversely proportional to the
molecular weight between crosslinking nodes and directly proportional to the crosslinking density [55]. It can also be observed in Fig.
7 that the relaxed modulus increases with increasing DG due to the
formation of a more rigid and highly crosslinked structure. As it was
previously mentioned, the presence of aromatic rings in DG and the
higher concentration of crosslinking points in epoxy-rich formulations
are responsible for this behaviour.
Inset of Fig. 7 shows the tan δ curve of intermediate materials
that gelled (i.e. have conversions above the gel point conversion) during stage 1. These formulations are DGJEF_0.25_BG4 and DGJEF_0.5_BG4. As it is expected, both formulations show higher damping capacity than fully cured samples due to their low degree of
crosslinking and to the flexibilizing effect of the unreacted epoxy excess. Consequently DGJEF_0.25_BG4 has a higher Tmax(tan δ) and
lower tanδ peak in comparison with DGJEF_0.5_BG4 due to a relatively lower epoxy excess. As will be explained later, the temperature
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Fig. 6. Intermediate glass transition temperatures (empty symbols and solid regression
lines) and residual heat (filled symbols and dashed regression lines) against storage
time.
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Fig. 5. Intermediate (circles) and final (triangles) experimental glass transition temperatures (Tg) and Fox Equation fits against weight fraction of Stage 1 network. The theoretical minimum Stage 1 wt fraction W1 stage = 0.434 (critical ratio of rc = 3) for gelation
takes place during stage 1 (shown as a dashed line).
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Storage stability of the intermediate material is a critical feature
of latent dual curing systems, especially when these materials are required to be stored for prolonged periods, handled and conformed easily. Higher latency is expected when stage 2 needs to be activated by
an external stimulus. For the storage stability test, DSC sample pans
were placed in sealed glass tubes which were inserted into thermostatic oil baths at desired temperatures. Storage stability after stage
1 (240 min at 90 °C) was studied by calorimetry. Tg and residual heat
were measured after several times of storage at 30 °C, as seen in Fig.
6.
All formulations showed extremely high latency, maintaining their
Tg and residual heat constant during storage. This can be explained by
the high stability of the BG, previously shown to require temperatures
above 120 °C or even higher to be activated. Amine-rich samples have
Tg above 30 °C, and are therefore vitrified. Vitrification strongly reduces mobility, helping the material to be stored safely. In conclusion,
the higher latency of the intermediate materials is not only controlled
by the thermal activation of the latent base with a sufficiently high activation temperature, but also by the vitrification of the formulations
with Tg higher than storage temperature.
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Fig. 7. Storage moduli and tanδ curves as function of temperature of fully cured epoxy-amine formulations. Inset shows tanδ-T curves of intermediate materials that gelled during
stage 1. The same legend applies to the inset.

3.6. Thermal stability of epoxy-amine thermosets

ing systems based on the aza-Michael reaction and radical homopolymerization of excess acrylates [17].
The thermal behaviour observed is related fundamentally to the
different stabilities of C–N and C–O bonds formed during stage 1
and stage 2, respectively, as previously reported for off-stoichiometric epoxy-amine networks [25], and to the high content of 2-hydroxypropylene groups in the epoxy-amine network. It is also due to the
high croslinking density of epoxy homopolymer which constitutes a
more thermally stable network. The major weight loss at 300-350 °C
is caused by dehydration due to elimination of water molecules from
2-hydroxypropylene groups. This dehydration is concurrent with network breakdown [56].
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ranges where tan δ peaks appeared suggest that gelled intermediate
materials are highly shape-conformable at near-ambient temperatures.

3.7. Prospective applications
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Fig. 8 shows the thermogravimetric curves for all formulations
studied. It can be observed that the degradation took place in two
steps except for neat samples DGJEF and DG_BG4 (in Fig. 8b, observe the shoulders in the negative peaks of all non-neat formulations). These degradation steps can be easily assigned to the constituent parts as their temperatures correspond to the degradation temperatures of DGJEF and DG_BG4 samples. The first degradation step,
taking place at the temperature range of 300–450 °C, corresponds to
the degradation of the poly(hydroxyamine) network, due to the high
content of labile C–N bonds and 2-hydroxypropyl units. The second degradation step occurring at the temperature range 400–500 °C
can be attributed to the degradation of the poly(ether) structure. The
weight loss associated with each degradation step approximately correlates with the weight composition of the dual-curing formulations.
This effect is similar to what was reported for dual-cur

In this section, we explore application possibilities of the prepared materials. First of all, we tested the intermediate material as
adhesive bonding. We used DGJEF_0.9_BG4 and DGJEF_0.75_BG4
since they were in liquid form at the intermediate stage. The material
was applied onto two glass slides which were clamped together. After
performing stage 2 curing, it was observed that the two slides had ad

Fig. 8. Remaining weight curves (a) and rate of weight loss (b) against temperature at 10 °C/min in nitrogen atmosphere of fully cured formulations.

Polymer xxx (2018) xxx-xxx

the behaviour of both systems will be compared in shape memory context.
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4. Conclusions
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A new family of off-stoichiometric amine-epoxy thermosets with
latent reactivity was developed using a dual-curing process. The first
stage of curing is a self-limiting epoxy-amine polycondensation at a
moderately elevated temperature and the second stage is an anionic
epoxy homopolymerization carried out at a higher temperature. The
dual-curing process is sequential and the intermediate materials can
be safely stored at room temperature for long periods of time. This
stability is fundamentally controlled by the thermal activation of the
latent base and to a lesser extent by the vitrification of the materials
during the first curing stage. Tailoring of the material properties in
the intermediate and final curing stages is possible by modifying the
amount of epoxy excess in the formulation and therefore the extent
of epoxy-amine polycondensation and epoxy homopolymerization reactions. Consequently, it is possible to design intermediate materials
which can have conversions above or below the gel point conversion,
and fully cured materials which can be loosely or tightly crosslinked.
Depending on the composition of the formulations, intermediate materials can be used as adhesives or manipulated to create complex
shaped objects with shape memory properties after being fully cured.
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hered to each other perfectly and they could not be separated by any
hand manipulation.
Secondly, we investigated the conformability of the intermediate
materials which had gelled. Fig. 9 illustrates the simple procedure
employed. After preparing the formulation DGJEF_0.5_BG4 as described in the experimental section, it was poured into a mould and
cured at 90 °C for 240 min to obtain an intermediate prismatic-shaped
material with a Tg of 23 °C (see Fig. 9a). Thanks to the deformability of this intermediate material, it was easily rolled onto a glass vial
of 24 mm of diameter covered with a layer of Teflon to obtain the
bent-shaped surface (permanent shape). Finally, stage 2 was carried
out at 180 °C for 240 min and the material (Tg of 89 °C) was peeled off
from the vial (see Fig. 9, sequence b-c-d). Objects with other shape
and dimensions were also prepared following a similar procedure. The
shape-memory characterization was divided into two steps: (1) Programming of the temporary-shape and (2) recovery of the original
shape. The programming of the temporary shape was performed between two stainless steel plates at 95 °C (programming temperature)
applying sufficient pressure to flatten the sample (see Fig. 9e). Slowly
cooled down to room temperature, the material maintained its prismatic-shape. Once the shape was programmed, the recovery of the
original bent-shape was facilitated by immersing the sample into a
silicon bath at 100 °C. Fig. 9f shows that the recovery of the permanent shape takes place in approximately 31 s. This shape memory effect shown for off-stoichiometric amine-epoxy gels at the intermediate
stage can be exploited to prepare shape-memory actuators in the same
way as off-stoichiometric thiol-epoxy thermosets [5].
Since the results obtained in shape memory foreshadow interesting
applications, the characterization of this behaviour will be carried out
in a future project. Due to the similarity of this epoxy-amine system
with the off-stoichiometric thiol-epoxy dual-curing system [5,23,51],
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Fig. 9. Illustration of the bent-shaped sample processing, shape-memory programming and recovery process. After Stage 1 curing (a), solid intermediates are rolled onto glass vials
(b), stage 2 cured (c) and peeled off (d). Temporary shape was induced slightly above Tg after which the sample was cooled to RT (e). Shape recovery was observed once temperature
is increased above Tg (f).
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