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SYNOPSIS

The cure of an epoxy resin based on diglycidyl ether of bisphenol A (DGEBA), with ben-
zyldimethylamine (BDMA ), was investigated using differential scanning calorimetry. The
kinetics showed a first-order behavior with respect to both epoxy and tertiary amine con-
centrations and a non-Arrhenius dependence on temperature. An activation energy could
be defined only in the low-temperature range, i.e., from 80 to 120°C. Its value (E = 24.2
kJ/mol = 5.8 kcal/mol) indicates a very slight dependence on temperature. The glass
transition temperature of epoxy networks decreased with an increase in both the tertiary
amine concentration and the cure temperature. These effects are attributed to plastification
by the free amine and to the decrease in the average length of polyether chains, which, in

turn, increases the number of network defects.

INTRODUCTION

Tertiary amines are important curing agents of
technical epoxy resins. They may be used as inde-
pendent curing agents or as catalysts in the reaction
of epoxides with alcohols, phenols, and carboxylic
acids and their anhydrides. Triethylamine (TEA)
and benzyldimethylamine (BDMA) are the tertiary
amines most frequently used. Experimental work
has been carried out on model systems, i.e., mon-
oepoxides like phenyl glycidyl ether (PGE) or p-
cresyl glycidyl ether (CGE), that give a distribution
of linear oligomers as polymerization products.
These studies led to our present knowledge of the
reaction mechanism.? Figure 1 shows possible re-
actions for the curing of an epoxy monomer with
BDMA, whereas Figure 2 shows the structure of dif-
ferent epoxy monomers mentioned in the text.
The initiation step consists in the formation of
a quaternary ammonium alcoholate that is the active
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propagating site in the anionic polymerization. The
presence of the proton-donor compound, R'OH, is
necessary to start the reaction.”® The formation of
the initiating complex is supported by the existence
of an induction period in these polymerizations, first
observed by Tanaka and Kakiuchi.*

Most of the oligomers resulting from glycidyl
ether polymerizations have been characterized as
having one C=C double bond and one OH at the
ends of a primary chain.?°® These species may re-
sult from the alkoxide (3b) or phenoxide (3e¢)
eliminations by intramolecular chain transfer in the
propagating anion. They may also be generated via
termination by hydrogen abstraction from the
counterion® (Hoffman elimination) if the enol form
of the reaction product enters rapidly in the reaction
scheme through steps (1) or (3a).

Although always present, the chain transfer re-
action (3a) has a particular significance at the be-
ginning of the polymerization. Chain transfer is fa-
vored by an increase in the acidic character of the
hydroxyl group. Water, present as an impurity, is
the most acidic species present in the initial stages
of the reaction. Chain transfer to water occurs al-
most quantitatively,® resulting in the formation of
diol species. The rate of addition of epoxide to the
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Figure 1 Proposed reaction mechanism for the curing of an epoxy monomer with ben-

zyldimethylamine.

conjugate base of R"OH is higher the lower the acid-
ity of the hydroxyl group. The reactivity of the con-
jugate base decreases in the sequence alkoxide
> hydroxide > phenoxide. Then, transformation of
hydroxides in the more reactive alkoxides by prop-
agation leads to an increase in the reaction rate and
may add to the appearance of an induction period
at the start of the reaction. The phenoxide anion
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{DGEBA- based epoxy resin}

generated in step (3¢) is the conjugate base of a
highly acidic phenol. This means that it would have
a lower rate of further epoxide addition than that
of alkoxide, introducing a retardation effect.

The chain termination step (4b) seems to be rel-
evant only at high temperatures® (420 K or so) and
explains the presence of nitrogen in the polymer
when curing in these conditions.
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Figure 2 Chemical structures of different epoxy monomers.
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The reaction mechanism shown in Figure 1 will
be used as a frame of reference for a qualitative in-
terpretation of experimental results that will be
shown in what follows. It is not our intention to
contribute to the analysis of the polymerization
mechanism, but instead results of practical value
will be discussed. They include the effect of cure
temperature and tertiary amine concentration on
the polymerization rate and glass transition tem-
peratures of the resulting networks.

EXPERIMENTAL

A commercial epoxy resin based on diglycidyl ether
of bisphenol A (DGEBA ) was used (Ciba-Geigy GY-
250). The epoxide equivalent weight determined by
titration, was 190 g/equiv epoxide. This gives n
= 0.14 in the chemical structure shown in Figure 2.
The resin was carefully dehydrated by heating under
vacuum before use. Benzyldimethylamine (BDMA),
from Sigma, was used without further purification.
Formulations were prepared using variable BDMA
concentrations defined as mol % BDMA = mol
BDMA /100 equiv epoxide.

Differential scanning calorimetry (DSC) was
used to follow the polymerization rate. Its use in
complex polymerizations of this type requires that
most of the epoxy consumption results from the
propagation step. Recently, Pascault and co-
workers® proved that conversions arising from DSC
are the same as those determined from GPC (fol-
lowing the peak of DGEBA?), for cationic chain-
wise epoxy polymerizations initiated by trifluoride—
amine complexes.

Isothermal and temperature ramp studies were
carried out using a DuPont 990 thermal analyzer
provided with a 910 DSC cell. Conversions were de-
termined from isothermal thermograms dividing the
heat evolved up to a given time by the total heat
evolved at complete reaction. The glass transition
temperature ( T ) and the residual reaction heat were
determined using a scanning rate of 10°C /min. The
T, value was taken as the onset of the endothermic
deflection of the base line.

The residual amount of free epoxy groups in cured
samples was determined using NIR spectroscopy
{Cary 2300, Varian). The absorbance of the epoxide
at 2207 nm was monitored, taking the peak at 2138
nm as internal reference. As both the epoxy and
reference peaks are very ‘“clean” in near-infrared
spectroscopy, their relative concentrations may be
determined with a high precision.

RESULTS AND DISCUSSION

Curing with a Temperature Ramp

The most relevant result from dynamic DSC runs
carried out at 2°C/min up to 220°C was the im-
possibility of curing samples to complete conversion.
Subsequent scans always showed the presence of a
residual reaction heat. Indirectly, this means that
the temperature dependence of the overall poly-
merization rate does not follow the usual Arrhenius
law. Therefore, the maximum reaction heat could
not be obtained from these runs.

Another interesting fact arising from dynamic
runs was the roughly linear proportionality between
the reaction heat evolved in the first scan and the
tertiary amine concentration, as shown in Figure 3.
This effect, which has been previously reported by
Galy et al.,® is a consequence of the reaction rate
being directly proportional to the tertiary amine
concentration.

Curing at Constant Temperature

A typical isothermal DSC thermogram is shown in
Figure 4. A maximum in polymerization rate located
at very low conversions is observed. Several hours
were usually necessary for attaining a constant base
line. The reaction heat determined as the area under
the DSC thermogram varied in the range (—AH)

OH
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Figure 3 Relative reaction heat in dynamic DSC runs
at 2°C/min as a function of the tertiary amine concen-
tration; AH,; = experimental value for the sample con-
taining 7.5 mol % BDMA,
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Figure4 Isothermal DSC thermogram at 110°C, for a sample containing 4 mol % BDMA.
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Figure 5 Conversion vs. time curves arising from isothermal DSC runs carried out at
110°C, for samples containing different BDMA concentrations; (A) 3 mol %; (A) 4 mol
%; (O) 6 mol %. Two different runs are plotted for each concentration.
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= 88 *+ 3 kd /equiv for samples containing 4 mol %
BDMA or more and cured at a constant temperature
in the 110-150°C range. The maximum reaction
heat was taken as (—AH) = 92 kJ /equiv according
to Klute and Viehmann.!! The fact that samples
cured in the DSC did not attain complete conversion
will be evidenced when discussing glass transition
temperatures.

Figures 5 and 6 show the influence of BDMA
concentration and curing temperature on conversion
vs. time curves arising from isothermal DSC ther-
mograms. Although the effect of the tertiary amine
concentration is relevant, temperature shows a very
slight influence on kinetics. Moreover, in the 130-
150°C temperature range, there is no measurable
effect at all within experimental error. These trends
are identical to those found for the polymerization
of monoepoxides.?

Figures 7 and 8 show first-order regressions of
conversion vs. time curves plotted in Figures 5 and
6. Except in the very low conversion range, where a
maximum in reaction rate had been observed, a rea-
sonable correlation is shown for most runs, i.e., a
first-order dependence of polymerization rate on

epoxide concentration is apparent. A linear rela-
tionship between specific rate constants, determined
from the slopes of straight lines of Figure 7, and the
tertiary amine concentration is shown in Figure 9.
Thus, the polymerization rate is indeed directly
proportional to the BDMA concentration, as pre-
viously inferred from Figure 3.

The dependence of polymerization rate on tem-
perature is more complex. Figure 10 shows an Ar-
rhenius plot for the apparent specific rate constants
calculated from Figure 8. An activation energy may
be defined for the low-temperature range, i.e., from
80 to 120°C. The following value results: E = 24.2
kd /mol (5.8 kcal/mol). Thus, even in the low-tem-
perature range, the homopolymerization of epoxy
resins initiated by tertiary amines shows a slight
dependence on temperature. A similar effect has
been shown for the polymerization of p-cresyl gly-
cidy! ether initiated by BDMA.2

Kinetic Model

The most striking feature of this polymerization is
the fact that, in spite of its complex mechanism, the
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Figure 6 Conversion vs. time curves arising from isothermal DSC runs carried out at
different temperatures for samples containing 6 mol % BDMA: (A) 80°C; (O) 110°C; (@)
120°C; (00) 130°C; (A) 150°C. Two different runs are plotted for 80, 110, and 120°C.
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Figure 7 First-order regressions for runs shown in Figure 5, with the same notation.
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Figure 8 First-order regressions for runs shown in Figure 6, with the same notation.
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Figure 9 Apparent specific rate constant at 110°C as a function of mol % BDMA.

overall rate follows a simple first-order dependence
with respect to both tertiary amine and epoxide
concentrations. The obvious explanation is to as-
sume that (1) the rate of epoxy consumption is equal
to the propagation rate and (2) the concentration
of the propagating species attains a constant value
after the initial induction period. Thus,

~d[ep]/dt = k[R'O][ep] (1)
[R'O7] = K'[RsN]o (2)

The constant k' possibly includes initiation, chain
transfer, and chain termination rate constants. Al-
though not supported by specific experimental evi-
dence, it may be assumed that the constancy of
[R'O 7] derives from the attainment of a steady state
between initiation (1) and termination (4a,b) and/
or chain transfer step (3c¢), assuming that the
phenoxide anion propagates the chain at a slower
rate than does the alkoxide. The fact that polymer-
ization is hardly dependent on temperature in the
high-temperature range may be explained by the fact
that one of the mentioned steps has a high activation
energy, becoming relevant only at high tempera-
tures. This makes the values of k' to go through a
broad maximum as temperature is increased. In fact,

there is experimental evidence indicating that step
(4b) takes place at high temperatures.® If this pic-
ture of the reaction is correct, the constant k' may
be written as

ki

k=
ko + ke

(3)

where k;, k,,, and k;, are, respectively, specific rate
constants characterizing initiation, low-activation-
energy termination, and high-activation-energy ter-
mination.

The first-order specific rate constant for epoxy
consumption may be, then, written as

ki

= ——— [R3N 4
k,l+kt2[3 lo (4)

The k vs. T dependence experimentally observed
may be explained by accepting that the activation
energies are such that

E31< Ep+Ei (5)

E.>E,+E (6)
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Figure 10 Arrhenius plot for the apparent specific rate constants. The temperature, in

°C, is also indicated.

In particular, the full curve fitting the experimental
points in Figure 10 is described by
k(min™') = 1/[A,exp(—E,/RT)

+ Asexp(—E,/RT)] (7)

where

A; = 1.674 X 1072 min
A, = 3.193 X 10** min
E,=E, —E,— E;=—-242kJ/mol
= —5.8 kecal /mol
E,=E;;,— E,— E; = 101.7 kJ /mol
= 24.3 kecal /mol
In the low-temperature range, k,; > k;., and the Ar-

rhenius law is verified (activation energy equal to
Ep + E,’ - Eﬂ = "El).

Glass Transition Temperatures

Figure 11 shows T, as a function of the tertiary
amine concentration for samples cured at 110°C.

The lower curve represents the results obtained im-
mediately after the DSC isothermal run (cooling and
rescanning at 10°C/min), whereas the upper one
indicates the values obtained after 7 days at 110°C.
The maximum glass transition temperature of the
polymer network, i.e., T,,,, is very sensitive to the
final reaction extent in the region of high conver-
sions. This is due to the steep increase in the con-
centration of the cross-linking units of highest
functionality by the end of the reaction.!? Then, a
small advance in the final reaction extent explains
the increase in T, values after the prolonged heating
at 110°C. Formulation containing 2% BDMA po-
lymerized very slowly. Even after 7 days at 110°C,
the reaction extent was X = 0.98 as determined from
NIR, i.e., the T,, was not attained. All the other
formulations pertaining to curve 2 were completely
cured within the experimental error of NIR spec-
troscopy.

The decrease of T, with an increase in the ter-
tiary amine concentration may be expected from the
fact that most of the BDMA is not attached to the
polymer network. Then, it may act as a plastifier of
the final network. For practical purposes, it is con-
venient to use the least amount of tertiary amine
compatible with a convenient polymerization rate.
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Figure 11 Glass transition temperature as a function
of mol % BDMA for samples cured at 110°C: (1) imme-
diately after the DSC isothermal run; (2) after 7 days at
110°C.

In this sense, the curing with BDMA is different
from the one produced by 1-unsubstituted
imidazoles'® or secondary amines as piperidine,*
which remain covalently bonded to the network by
the end of reaction. It may also be argued that the
decrease of T,,, is produced by the increase in the
concentration of initiators (RO ™) and the corre-
sponding decrease of the average chain length.
However, Berger and Lohse? showed that the av-

erage chain length does not depend on the tertiary
amine concentration for the p-cresyl glycidyl ether
polymerization initiated by BDMA.

Figure 12 shows the heat evolved in isothermal
DSC runs and the T, values determined after the
runs for specimens containing 6 mol % BDMA and
cured at different temperatures. Samples cured at
80 and 90°C could not reach the same conversion
level as did the other ones—as measured from the
(—AH) value—because they vitrify during poly-
merization, i.e., T; > Ty by the end of the reaction.
Figure 13 shows the residual reaction heat evolved
after devitrification for a sample previously cured
at 80°C. In spite of this fact, T, values decrease with
increasing curing temperature. Again, T, shows a
very high sensitivity on the network structure. In-
creasing the polymerization temperature reduces the
average length of primary polyether chains due to
the increase in the rate of termination reactions, as
discussed in relation to the kinetic model. This in-
troduces more chain ends as network defects and
explains the observed decrease of the glass transition
temperature. In fact, experimental results showed
that average chain length of monofunctional epox-
ides homopolymerized using tertiary amines de-
creased by increasing the reaction temperature.?

CONCLUSIONS

The buildup of epoxy networks from diepoxides—
tertiary amine systems was studied by differential
scanning calorimetry. The polymerization rate

100
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Figure 12 Reaction heat evolved in isothermal DSC runs and glass transition temper-
atures determined after the runs for samples containing 6 mol % BDMA and cured at

different temperatures.
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Figure 13 Dynamic DSC run carried out at 10°C/min

for a sample containing 6 mol % BDMA previously cured
at 80°C.

showed a first-order behavior with respect to both
epoxide and tertiary amine concentrations and a
complex dependence on temperature. In the low-
temperature region (i.e., from 80 to 120°C), an Ar-
rhenius behavior was observed with a very small ac-
tivation energy, i.e., E = 24.2 kJ/mol (5.8 kcal/
mol), whereas at high temperatures (i.e., from 130
to 150°C), no sensitivity of reaction rate with re-
spect to temperature could be detected. This is at-
tributed to the presence of termination steps with
high activation energies that are only significant at
high temperatures.

On the other hand, factors affecting the maximum
attainable T, value were discussed. It was shown
that decreasing both the tertiary amine concentra-
tion and the reaction temperature led to an increase
in the T, value of the resultant network. The effect
of tertiary amine is explained through the fact that
it is not bounded to the network and, consequently,
acts as a plastifier. The effect of a temperature in-

crease is to reduce the average length of polyether
chains. This increases the relative amount of chain
ends and reduces the value of T,.

The authors wish to thank Mr. L. Baraldo, Department
of Chemistry, University of Buenos Aires, for his aid in
carrying out the NIR spectra.
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