Preparation of cycloaliphatic epoxy hybrids
with non-conventional amine-curing agents
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Abstract Cycloaliphatic epoxy resin has been success-
fully thermally cured using a polyamino siloxane oligomer
as hardener. The curing reaction was followed by infrared
spectroscopy in the near range, and thermal transitions
were measured by dynamic mechanical thermal analysis.
The use of accelerants and a plasticizer (dodecylphenol),
and different curing schedules were explored. Cured
materials showed high Tg values (around 125 164 °C), and
the analysis of laser scanning confocal microscopy images
showed that they are homogeneous in the microscale.
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Introduction

Epoxy resins are widely employed as adhesives, coatings,
and encapsulates as well as in polymer matrix composites.
Its application in several industries is often related with its
low viscosity, making the uncured material suitable for
shaping complex components [1]. There are several fami-
lies of epoxy resins differing in the thermal and mechanical
class. Within the resins for medium- or low-curing tem-
peratures, the most conventional ones are glycidyl ethers of
bisphenol A (DGEBA) and cycloaliphatic epoxies.

Due to its very low viscosity, good insulating properties
even at high temperatures, good chemical resistance and
low dielectric constant, cycloaliphatic epoxy resins have
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long been used as insulating materials for electrical devices
(transformers) and for encapsulation of electronic compo-
nents [1]. The absence of UV chromophores makes this
family of epoxies also suitable for UV curing and outdoor
applications, although in the case of alicyclic resins, its
inherent brittleness and hydrolytic degradation at high
temperature and humidity limit their use [2].

Differences in chemical structure make cycloaliphatic
epoxies reactivity completely different from the reactivity
of common DGEBA epoxy resins. The aromatic ether
linkage in DGEBA has a strong electron-withdrawing effect
making the oxirane group highly reactive towards nucleo-
philic compounds (like amines), whilst the cyclohexyl
group in cycloaliphatic epoxies does not have this strong
effect, making this kind of compounds reactive towards
Lewis acids like anhydrides instead of amines [3]. Addi-
tionally, a protecting effect of axial and equatorial protons
of the cyclohexyl ring against nucleophilic attack has been
proposed as an explanation of the characteristic low reac-
tivity of the oxirane ring in these alicyclic epoxies [4]. This
is the main reason why the best performance and the highest
crosslinking degree for DGEBA-based resins is achieved
when cured via an addition mechanism with diamines
(either aliphatic or aromatic), whilst cycloaliphatic epoxies
are commonly cured with anhydrides [2, 5 7] or homo-
polymeriszed via a cationic mechanism [8 13]. For the
later, the preferred superacid initiators are generated in situ
either thermally [8, 9] or photochemically [11, 12],
although the curing mechanism is not fully understood.

3,4-Epoxycyclohexyl-3'4’-epoxycyclohexane  carboxi-
late (ECC) is an interesting low viscosity commercial ali-
cyclic diepoxide. This resin has recently been used in the
preparation of radiation-cured nanocomposites filled with
montmorillonite [14], bohemite [18] and LaF; [15]. Other
nanoparticles such as nanosilica have been studied
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focusing on their toughening effect [20] or as a means to
reduce the shrinking on cure [21, 22], although alternative
ways for reducing shrinking by copolymerization with
lactones have been also reported [23]. The kinetics of both,
the UV cationic curing [16] and the anhydride thermal
curing [19] have been studied for the neat resin as well as
for modified systems with dendritic-toughening additives
[17] and with surface-modified SiO, particles [24].

In view of the alleged lack of reactivity against amines,
no literature has been found on the curing of this diepoxide
with aliphatic amines. In this work, we explore the use of a
non-conventional organo-inorganic polyamine as curing
agent for the ECC resin. This hardener has been previously
used for DGEBA epoxy resins [25 30], showing very good
reactivity at moderate temperatures but yielding a hetero-
geneous morphology on the cured samples as revealed by
dynamic light scattering and dynamic mechanical thermal
analysis [30]. The origin of this heterogeneity has two main
possible sources: the initial mutual insolubility of both the
components and the microphase separation during cure.
The former is related with the competition between
chemical reaction, which occurs at the interface of the
siloxane-rich domains, and diffusion of the nascent chains
throughout the system. The latter, must be related with non
favourable interactions between the nascent chains and
some or both of the initial components.

ECC is a low polarity resin. If it is used instead of
DGEBA, then it can be envisaged as having a better mis-
cibility with the polyaminosiloxane and, as a consequence,
a more homogeneous microstructure is expected. As it will
be shown, we report that this curing agent is able to react
with this resin using similar conditions as the ones used for
anhydrides, although the aid of a plasticizer is necessary to
decrease the curing time. Dynamic mechanical thermal
analysis results are compatible with the presence of inho-
mogeneities in the network structure at the macromolecular
scale, but a detailed analysis of confocal images will show
that no inhomogeneities are present at the micro scale.

Experimental

ECC was provided by Daicel Chemical Industries
(Japan) with an epoxy equivalent weight of 132 geq™'.
m-xylylenediamine was purchased from Aldrich. Poly(3-
aminopropylmethyl-siloxane) (PAMS) was synthesised by
hydrolysis and condensation according to a method pub-
lished elsewhere [25].

Amine equivalent weight was 58.5 g eq ™' active hydro-
gen, and average number molecular weight determined
by vapour pressure osmometry was M, = 910 g mol™".
Chemical formulae of the compounds are given in Table 1.
Dodecylphenol was purchased from Aldrich; accelerant for

Table 1 Chemical structures of the epoxy compound and polyamine
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the curing reaction (Gairesa 1265) was an aqueous/organic
solution (30% water) of inorganic salts.

For confocal microscopy, PAMS was reacted with
Rhodamine B sulphonyl chloride (Lissamine®, Molecular
Probes). Reaction was carried out under nitrogen atmo-
sphere at 60 °C for 4 h. Final concentration of the chro-
mophore in PAMS was 10~* mol kg™~ (1 chromophore per
6700 polymer chains). Samples were prepared mixing
stoichiometric amounts of the epoxy component and
PAMS and stirring for 1.5 min at room temperature.

For infrared spectroscopy in the near range (FTnIR,
Perkin Elmer GX2000) studies, an appropriate amount of
the mixture was placed between two glass slides separated
by a Teflon spacer with a thickness not higher than
0.64 mm. The sandwich was placed inside a Specac ther-
mostatic sample chamber at the desired curing temperature.
Five scans were collected per spectrum at 8 cm™ ' resolu-
tion in the range 7500 4000 cm™".

DMTA measurements (Rheometrics Scientific, Mk III)
were performed in the single cantilever bending mode
between 30 and 250 °C at 2 °C min~ ' at 1 Hz. Tg values
were calculated as the temperature at the maximum of tan
0. Samples were prepared by moulding a previously
degassed resin mixture in a 20 x 10 x 2 mm® steel mould.
Curing schedule was 120 °C, 0.5 h followed by a 2-h step
at 155 °C and a final postcure at 190 °C for 1 h.

Laser scanning confocal microscopy images (LSCM,
Zeiss LSCM-5 Pascal) were taken of samples modified
with Rhodamine. Excitation was carried out with a 25-mW
Ar laser at 488 nm and an Ultrafluar 40 x /0.6 immersion
objective (scanned area 230 x 230 um) was used. In all
the cases, images were taken at 100 um from the surface.
Samples for LSCM observation were prepared between
two cover slides separated by a 1-mm silicone spacer, and
cured in an oven at the desired temperature. Images were
taken after quenching at room temperature.



Results
Curing process

Curing of ECC with PAMS was followed by infrared
spectroscopy in the near range since ECC absorptions in
the mid range overlap with PAMS absorptions making the
quantitative analysis difficult. In Fig. 1, the initial FTIR
spectrum of ECC-curing system in the near range is pre-
sented. It is worthy to note that the oxirane combination
band (bending + stretching) usually located at around
4530 cm ™' for common epoxies cannot be observed in the
NIR spectrum of the ECC blend. Therefore, the epoxy
conversion cannot be measured by FTIR. Instead, we have
measured the primary amine conversion (f3) following the
combination band (bending + stretching) at 4938 cm ™.
For long reaction times, when primary amines are
exhausted, progress of the reaction can be qualitatively
followed from the primary and secondary amine combi-
nation band at 6530 cm ™! [31, 32].

In Fig. 2 the primary amine conversion of ECC/PAMS
system at 120 °C is presented and compared with the
curing of ECC with a common carbon-based diamine:
m-xylylenediamine (mXDA) [33 35]. It can be observed
that the siloxane hardener shows enhanced reactivity when
compared with mXDA: the global kinetic constant for
PAMS is three times larger than for mXDA. Nevertheless,
reaction time at which primary amine is exhausted is very
long compared with DGEBA under similar conditions,
suggesting the need of an accelerator. In Fig. 2 it can be
observed that if a small quantity of a commercial accel-
erator (1265, Gairesa) is added, then maximum f is con-
siderably shortened from 90 to 15 min at 120 °C. The
global kinetic constant in this case is tenfold than for pure
PAMS and 30-fold than m-XDA.
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Fig. 1 FTnIR spectrum of ECC/PAMS stoichiometric initial mixture
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Fig. 2 Primary amine conversion versus time for ECC/PAMS with
and without accelerant and ECC/mXDA at 120 °C

The relative change of the primary and secondary com-
bination band at 6530 cm™' is presented in Fig. 3. It
becomes evident (Fig. 3a) that the curing rate slows down
shortly after f§ reaches its maximum value, remaining low
even if temperature is increased to 150 °C. As a conse-
quence, the glass transition temperature of ECC/PAMS
system cured 5 h at 120 °C obtained by DMTA is only
50 °C, and the resulting material is a fragile solid. This
result indicates that the reactivity of the secondary amine
towards the oxirane group of ECC is very low below
120 °C, and remains low even at 190 °C, leading to a long
curing cycle. Since it is not possible to cure at higher
temperatures due to the low boiling point of the epoxy resin
(185 °C), the use of a plasticizer and a non-isothermal
temperature programme to increase conversion degree was
explored. It has been found that a suitable combination of
accelerator, plasticizer and temperature steps to design a
processing route which yields high conversions at moderate
curing times (Fig. 3b): 1% of Gairesa-1265 accelerant, 20%
dodecylphenol plasticizer (PH), 30 min at 120 °C followed
by two temperature steps at 150 °C (2 h) and at 190 °C
(1 h). Under these curing conditions, a very high conversion
is reached in 3.5 h, a relatively short time in comparison
with curing protocols used for anhydride hardeners [2].

It should be noted that dodecylphenol bears hydroxyl
groups that may catalyse the addition reaction. No specific
study of this effect has been done.

The absence of amide formation during the curing
reaction at high temperatures was checked by FTIR both in
the near and the mid range. The Amide I and Amide II
bands located at 1650 and 1550 cm™', respectively, [36]
were absent in infrared spectra in the medium range of
cured samples, as well as the amide combination band (vNH
(asymmetric) + stretching Amide II) at 5025 5128 cm ™'
in the near range [37]. It was also observed that the ester
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Fig. 3 Evolution of the primary and secondary combination band at
6530 cm™' versus reaction time. Effect of nonisothermal curing
protocol for ECC/PAMS (a) and influence of 1% accelerator and 20%
dodecylphenol (b)

stretching C=0 band located at 1735 cm™' remains unal-
tered in the cured samples.

Thermal transitions

Dynamic mechanical thermal analysis was performed on
different ECC/PAMS cured samples and the results are
shown in Figs. 4 and 5 and in Table 2. The relaxation
behaviour of ECC cured with PAMS is quite complex. As
previously mentioned, when curing ECC up to full primary
amine conversion at 120 °C, tan 6 shows a narrow band
peaking at 50 °C (Fig. 4). If the complete curing schedule
is applied until total amine conversion is almost reached,
this relaxation assigned to the Tg, shifts to 164 °C
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Fig. 4 Tan 6 as a function of temperature for ECC/PAMS cured
samples: at 120 °C (dots) with accelerant and plasticizer (dashes) and
with accelerant only (continuous line)
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Fig. 5 Storage (E') and loss (E”") moduli as a function of temperature
at 1 Hz for neat ECC/PAMS system (continuous line) and with 20%
dodecylphenol as plasticizer (dash)

Table 2 Glass transition temperature (7g), maximum tan J (tan Jdp,x)
and halfwidth of tan ¢ (w) for ECC/PAMS systems

System Tg/°C tan Opax w/°C
ECC/PAMS cured at 120 °C 50 0.97 23
ECC/PAMS 164 0.36 53
ECC/PAMS (20%PH) 125 0.40 50

indicating that crosslinking density was far less the maxi-
mum when the sample was cured at 120 °C, in agreement
with conversion data. The Tg of the fully cured material is
appreciably higher than that previously reported for
DGEBA cured with aliphatic amines, including PAMS
[29], probably due to the absence of flexible ether bonds in
ECC. It is worthy to note that the Tg is in the same tem-
perature range as reported for this resin cured with anhy-
drides [2] and slightly lower than that reported for UV
curing under extremely high UV intensity [27].

An additional interesting feature is the increase of the
halfwidth of tan 6 band (w, see Table 2) from 23 to 53 °C.
Cured homogeneous DGEBA resins typically show half-
widths around 30 °C [38], and values reported for ECC
resins cured with anhydrides are around 34 °C [2]. If
DGEBA is cured at high temperature with the hardener
used in this work, then the halfwidth increases to 43 °C
[30]. Therefore, the large half-width observed in ECC/
PAMS suggests the presence of additional relaxation
mechanisms associated to the presence of the polysiloxane.
The analysis of the shape of the o relaxation can provide
useful information about the structure of the crosslinked
network [39]. The height of the transition is related to the
extent of cure and decreases as the distance between
crosslinks shortens. Tan ¢ height is clearly higher for ECC/
PAMS partially cured at 120 °C because of the low



crosslinking density of the network, but it is significantly
low for the fully cured material compared with common
epoxy-amine systems, probably due to the high function-
ality of the PAMS oligomer which induces a higher
crosslinking degree. The height can be related to the net-
work homogeneity in terms of changes in the crosslinking
density especially for samples with very high Tg [40],
although the broadening can be also related to chemical
clustering or microphase segregation.

In Fig. 4, tan 0 variation for the sample containing 20%
dodecylphenol is also presented. The Tg of the final
material is lower than that the observed for the neat ECC/
PAMS system suggesting that dodecylphenol acts as an
effective plasticizer for these systems. Halfwidth shows no
significant changes in comparison with the system without
plasticizer (Table 2).

Storage and loss moduli as a function of temperature are
presented in Fig. 5. The essential features of this figure are:
(i) an antiplastification effect with an associated increase of
the room temperature modulus of about 30%, which is
quite common for many thermosetting systems [38],
(i) maximum of loss modulus for the plasticized system
broadens and peaks at about 80 °C, 30 °C below the
observed peak in tan ¢ (Fig. 4), (iii) the rubbery modulus is
lower for the plasticized system as expected for swollen
networks.

According to the well-known expression, Mc = pRT/E,
crosslinking density could be estimated from the rubbery
modulus for the neat system case. For the plasticized sys-
tem, a correction for swelling must be applied to calculate
Mc: for swollen networks E = pRT¢p~"*/M. s, where ¢ is
the polymer volume fraction. Since density at high tem-
perature is not known, the only magnitude that can be
calculated is the ratio between molecular weights between
crosslinks for the neat and plasticized systems assuming
constant density. This ratio is M/Mcs =~ 0.1, indicating
that the low rubbery modulus is due to a lower crosslinking
degree. The lower concentration of reactive groups (dilu-
tion effect) may be a plausible explanation.

It is worth noting that loss modulus peaks are very broad
for both systems, which is consistent with the large band-
widths found in tan 8. As mentioned above, there are two
possible origins of this broadening: microphase separation
during cure and inhomogeneous distribution of both com-
ponents due to the initial mutual insolubility. In previous
work with DGEBA resins, it was found that reaction
between the epoxy and the polyaminosiloxane takes place at
the interface between these two phases [27 30]. During
curing, the epoxy component diffuses through the PAMS
domains making them to grow. At this stage, diffusion and
reaction compete, and if temperature is not very high, then
compositional gradients are irreversibly formed in the cured
material. The inhomogeneous composition distribution has

been characterised by SEM [27] and laser scanning confo-
cal microscopy, being the last one particularly suitable for
studying these systems since the domains size and compo-
sitional gradients are in the range of tens of microns.

Image analysis

The presence of composition inhomogeneities in ECC/
PAMS systems in the range of several microns was char-
acterized by fluorescence laser scanning confocal micros-
copy using the Rhodamine B-labelled hardener as shown in
the Experimental part. Images of the ECC/PAMS systems
without (a) and with dodecylphenol (b) are presented in
Fig. 6 at two curing stages: initially and after applying the
curing schedule. For the neat system, the initial image
shows bright domains, which correspond to PAMS rich
regions, embedded in the ECC liquid matrix reflecting the
initial insolubility of both components. As curing proceeds,
the heterogeneous structure disappears yielding an almost
homogeneous film. Compared with the previously reported
DGEBA/PAMS system [29], the behaviour of ECC/PAMS
is quite similar, except for the fact that homogeneity at the
micro scale is experimentally achieved in the early stages
of the curing and also the homogeneity at the last stages of
the cure process is higher.

The initial morphology completely changes when dode-
cylphenol is added (Fig. 6b). This image probably corre-
sponds to some transient structure between initial mixture
and the equilibrium state. However, in any case, as expected
for non-ionic surfactants [41], dodecylphenol reduces the
interfacial tension between both the components, decreasing

Initial Cured
|~ | | ~55m |

Fig. 6 Confocal images of the ECC/PAMS systems immediately
after mixing (initial) and after curing; a without dodecylphenol,
b with dodecylphenol and accelerant. Image size was 250 x 250 pm
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the size of the PAMS droplets from 40 pm to about 3 pm as
an average, and enhancing mutual solubilisation. The final
material appears to be also homogeneous at the micron scale
as in the previous case.

Conclusions

Compared to other common amines, such as mXDA,
polyaminosiloxane hardener (PAMS) shows an enhanced
reactivity against cycloaliphatic epoxy resins. The curing
process can be improved with commercial accelerants and
plasticizers. A curing schedule was developed yielding
materials with high Tg and shortened curing times; both, Tg
and curing time, are similar to the ones found when using
anhydrides as curing agents. Confocal images reveal that
the material is homogeneous, indicating that the initial
dual-phase morphology is completely lost during the qui-
escent curing process and is not transferred to the cured
material at the micron scale. Analysis of the loss moduli
and tan 0 reveals the existence of additional relaxation
mechanisms for this system, irrespectively of the addition
of plasticizer. According to the previous work, two possible
sources of heterogeneities may be at the origin of the loss
moduli broadening: microphase separation during cure and
inhomogeneous distribution of both components due to the
initial mutual insolubility. However, these two sources
must operate at a lower scale.
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