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ABSTRACT:

A series of liquid crystalline (LC) epoxy monomers with different length of lateral substituents were

cured with anhydrides. The cure kinetics was investigated by DSC technique. From a multi-temperature scan method,
the activation energy E, and the frequency factor A were determined and compared for epoxides with different length of
lateral substituents. The results showed that as the length of lateral substituent increases, the activation energy E, de-
creases, but the curing reaction of liquid crystalline epoxides become less active and is controlled by diffusion at the

late stage of curing. The phase structures and the mechanical properties of the resulted LC epoxy resins were studied by
POM, WAXD, DMA, tensile tests and SEM. A nematic structure is observed. And as the length of lateral substituent
increases, the cross-linking densities and glass transition temperature (7,) of the LC networks decreases. The tensile
modulus, together with break strength and elongation at break also decreases as the side chain increasing.

[doi:10.1295 /polymj.PJ2006219]
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Epoxy resins are the most important thermosetting
polymers, widely used as adhesives and composite
materials! due to the excellent chemical resistance,
good thermal, electrical and mechanical properties.
But they are brittle and have poor resistance to crack
propagation.>? The properties of epoxides can be
much enhanced if liquid crystalline (LC) like struc-
tures are incorporated into epoxy networks.* As
compared to ordinary epoxies, crosslinked Liquid
Crystalline Epoxy Resins (LCERs) show a high
modulus and a very low thermal expansion. And they
exhibit higher toughness due to the retardation of
the crack propagation by the formation of many LC
domains in the cured networks.”” For LC epoxides,
the rigidity of mesogenic cores lead to high melting
temperatures and an uncontrolled curing reaction
occur after melting. Some efforts have been done to
lower the melting point of Liquid Crystalline Therm-
sets (LCTs) and the curing temperature. It was report-
ed that introduction of substituents into the mesogenic
unity could lower the melting temperature and in-
crease the mesophase stability.!%!!

Poly-functional amines and aliphatic diacids were
widely used to cure LC epoxies in the past.*!?-14
However, there are few reports on LC epoxides, espe-
cially LC epoxides with large or long lateral substitu-
ents cured with anhydride up to date. Here we report a
series of LC epxides cured with anhydrides because
the resulted materials have excellent thermal stability,
good electrical insulation, and relatively high chemi-
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cal resistance. Furthermore, anhydride curing agents
provide good mechanical properties with low shrink-
age so they are suitable for matrices of composites
for electrical applications.!

We have synthesized and characterized a series of
novel LC epoxy monomers with different length of
lateral substituents.!® This present paper reports the
cure kinetics and mechanical properties of the LC
epoxy monomers cured with an anhydride. The cure
kinetics was examined by non-isothermal differential
scanning calorimetry (DSC) at different heating rates.
The LC textures and structure of curing products were
investigated with polarized optical microscopy (POM)
and Wide-angle X-ray diffraction (WAXD). And the
mechanical behavior was studied by dynamic me-
chanical analysis (DMA), tensile test, and scanning
electron microscope (SEM).

EXPERIMENT

Materials

The LC epoxy monomers, alkyl 2, 5-bis[4-(2, 3-
epoxypropoxy-benzoxy)]benzoate (EP-n), were syn-
thesized according to the method reported previous-
ly.!6 The hardener, 4-methylhexahydrophthalic anhy-
dride (MHHPA), and the accelerator, benzyldimethyl
-amine (BDMA) were purchased from Flucka and
used as received. Their chemical structures are shown
in Figure 1. The solvent, dichloromethane, was puri-
fied by standard procedures.
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Figure 1. The chemical structures of the epoxy, hardener and
accelerator.

Sample preparation

The stoichiometric amount of LC epoxy monomers
and MHHPA were mixed in dichloromethane, then
1 phr of accelerator was added to system. And then
the solvent was removed and dried in vacuum at room
temperature. The cured samples were obtained under
curing conditions showed in Table .

Measurements

Calorimetric measurements were performed using a
NETZSCH DSC 204 type calorimeter, under nitrogen
atmosphere to measure the heat flow under non-iso-
thermal conditions. The mass of samples was about
8-10mg. The dynamic DSC tests were conducted
from room temperature to 523 K at several heating
rates under nitrogen atmosphere: 2.5, 5, 10, 20 K/min.

The textures of the mesophases were observed with
a polarizing microscope (AXIOLAB Zeiss). Wide-
angle X-ray diffraction (WAXD) studies were con-
ducted on a D/max 200 X-ray.

Dynamic mechanical analysis (DMA) measure-
ments were performed on a TA/DMA 2980 apparatus
by tensile mode. Measures were run from 153K to
473K at the heating rate of 5 K/min at 1 Hz frequen-
cy. Nitrogen was the carrier gas, with the flow rate of
30 mL /min.

Tensile tests were performed using a SHT5000 test-
ing machine with the 20001b load cell and 2 mm/min.
The sample size 0.40 x 10 x 50 mm was prepared for
tensile measures.

The morphologies of the fracture surfaces after ten-
sile tests for each sample were observed using a JISM-
5910 scanning electron microscope (SEM) at 15kV
accelerating voltage. Each sample was mounted on a
sample holder using an electrically conductive paint
as an adhesive and coated with a thin gold layer by
plasma sputtering to avoid a charging effect due to
non-conductive of the polymer.

RESULTS AND DISCUSSION

Cure kinetics

All kinetic studies can start with the basic equation
that relates the rate of conversion at constant temper-
ature to some function of the concentration of reac-
tants:

L @ (1)

— o

dt
where da/dt is the rate of cure; « is the fractional con-
version at any time ¢; k, the Arrhenius rate constant,
and f(«), a function form of « that depend on the
reaction mechanism.

For non-isothermal conditions, when the tempera-

ture varies with time with a constant heating rate, 8 =
dT /dt, Equation (1) is represented as follows:

de_2 =)@ @)
— =—exp| — — | fl«
ar ~ P\ TRt
where A is the frequency factor, E is the activation
energy, and R is the gas constant.

Iso-conversional kinetic analysis offers a viable
alternative in this situation.!”!® The basic idea of
this type of analysis is that the reaction rate at constant
extent of conversion is only a function of the tem-
perature.

ar-' ],” R )

dIn(da/dr) E,
]

where E, is the effective activation energy at a given
conversion. This makes it equally effective for both
the nth order and the autocatalytic reactions.

In practice, it is more convenient to use the integral
forms of Equation (2). The derivative modes by
Ozawa, Flynn and Wall, and Dole can be used to give
the Ea from the plot In §; vs Tfla,,- (here i is ordinal

Table I. Curing conditions for the mixtures of EP-n/MHHPA/BDMA

EP-n Curing Curing Mid-curing Mid-curing Post-curing Post-curing
temperature (K) time (h) temperature (K) time (h) temperature (K) time (h)
EP-2 388 16 423 5 463 1
EP-6 355 16 423 5 463 1
EP-10 353 16 423 5 463 1
EP-14 333 16 423 5 463 1
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Figure 2. DSC curves for the mixture of EP-6/MHHPA/
BDMA at different heating rates.

number of DSC runs performed at different heating
rate, ;). The Ozawa mode has been used in the pres-
ent computations of Ea at different o.!%-%!

The Ozawa method yields a simple relationship be-
tween the activation energy, the heating rate, and iso-
conversion temperature, giving the activation energy
E, as:

RdInpB
1.052d(1/T;)

where T; the iso-conversion temperature. The advant-
age here is that the activation energy can be measured
over the entire course of the reaction.

Dynamic DSC scans for mixtures of EP-n/
MHHPA /BDMA were made at different heating rates
(2.5, 5, 10 and 20 K/min). Typical DSC curves for
EP-6 are presented in Figure 2. Similar results can
be found for other epoxides with different length of
lateral substituents. As can be seen in Figure 2, the
melting endotherm of the mixture occurs at about
351K, and the exotherm due to the curing reaction
follows with increasing temperature.

Figure 3 plots the conversion percent against the
dynamic cure temperature at various heating rates. It
shows that at the same conversion, the iso-conversion
temperature, 7;, increases when the heating rate is in-
creased.

Plots of In g against 1/7; at different conversion
have been shown in Figure 4. The fractional activa-
tion energy for the conversion from 10% to 90% can
be calculated from the slope based on Equation (4),
respectively. The results were summarized in Table II.
The E, values we obtained were in reasonable agree-
ment with results which reported in literature for ep-
oxy/anhydride systems.?>>

From Table II, it was clear that the length of lateral
substituent has great effect on E,. The E, decreases
with the increase of the side chain length (n) from 2

“)
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Figure 3. Plots of DSC iso-conversion temperature at differ-
ent heating rates.
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Figure 4. Plots of In 8 against 1000/T; at different conversion
to calculate the activation energy.

Table II. Activation energy as
calculated by the Ozawa method

Samples EP-2 EP-6 EP-10 EP-14
10% 75.4 75.3 72.6 71.2
20% 79.7 77.1 75.6 73.2
30% 80.8 77.1 76.7 73.1
40% 81.3 77.4 77.4 73.2
E.* 50% 81.5 77.6 78.8 73.0
(kJ/mol) 60% 81.7 78.3 78.9 72.7
70% 82.1 78.2 79.3 72.8
80% 82.0 79.0 79.6 73.2
90% 82.4 81.9 81.3 74.7
Average  80.8 78.0 77.8 73.0

AG™H 4.83 x 10° 1.66 x 10° 1.51 x 10° 4.07 x 108

#The R-value was in the range 0.995-0.999, and the SD was
0.025-0.10.

to 14. This may be associated with the lateral chains,
which may act like a bound solvent and also facilitate
the curing reaction.?® The values of frequency factor
(A) show the same tendency to E, but change much
greater than E, as the side chain length increasing
(Table III). This indicated that the curing reaction be-
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Table III. Summary of WAXD results of EP-n

Sample 26 (deg)
EP-2 18.32
EP-6 18.76
EP-10 19.00
EP-14 18.84
95
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85
= 80+ )
=} - []
g ] L u u -
= 751 .
e
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60 T T T T
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Figure 5. The relationship between activation energy and the
fractional conversion for EP-6.

comes less active when the LC epoxides have longer
lateral substituents. This could be explained on the ba-
sis of steric hindrance of side chains. In fact, long lat-
eral substituents overshadow the end epoxy groups
and oppose to the addition of the hardener.

Figure 5 plots the values of the activation energy
for different values of conversion, showing E, grad-
ually increase at the early stage of reaction. This
may be due to the consumption of the accelerator
and decrease of the mobility of the reactive groups
of partially cured epoxy. The value of E, is about con-
stant in the interval 20% < o < 80%. As the cure pro-
gresses and the resin cross-links, the mobility of the
reaction groups could be hindered, and the rate of cur-
ing becomes to be controlled by diffusion.

Structures of cured networks

While a considerable number of articles have been
devoted to the study of structures of LC epoxies-aro-
matic amine systems, only few works have so far been
published on LC epoxies-anhydride systems.?

The typical phase of EP-6/MHHPA/BDMA cast
from dichloromethane exhibited a typical nematic
structure at 355 K (Figure 6a). After cured at 355K
for 16 h, it can be seen from Figure 6b, the structural
coarsening proceeded by the growth of the droplet-
like domains through domain expansion and/or coa-
lescence. And the nematic structure was fixed by
mid- and post-curing. The nematic phase was further
confirmed by WAXD result, which showed a broad
peak at 20 = 18.76°.
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Figure 6. (a) POM of EP-6/MHHPA/BDMA (at 355K). (b)
POM of EP-6/MHHPA /BDMA (after cured at 355K for 16 h).

The WAXD results of EP-2, EP-10 and EP-14 were
similar as EP-6. As can be seen in Table III, the length
of lateral substituents has little effect on value of 26,
implying that the structures of LC phase wouldn’t
change as the length of lateral substituent increasing.

Dynamic mechanical analysis

Tan § curves as a function of temperature deter-
mined for different length of lateral substituents of ep-
oxides are shown in Figure 7. As the length of lateral
substituents increases, T, decreases. Table IV present-
ed the comparison of T, obtained from DSC and
DMA results. The T, values observed from DSC are
lower those from DMA but follow the same trend.

Figure 8 shows the dynamic mechanical spectra of
loss modulus for different length of lateral substituents
of epoxides. A distinct peak is observed at 383 K, rep-
resenting the glass transition temperature. Another un-
conspicuous peak is observed at about 193 K, repre-
senting the S-transition temperature. The S-transition
is attributed to the movements of side chain (either
bond bending or stretching) or to the localized move-
ment of the glycidyl ether fragments between net-
works.?” The strength of the B-transition is related to
the efficiency of epoxy in absorbing energy, as reflect-
ed in mechanical and acoustic properties.”® The glass

Polym. J., Vol. 39, No. 9, 2007
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Figure 7. Tan delta as a function of temperature from DMA
for EP-n.

Table IV. Comparison of T, obtained from DMA and DSC

T, obtained from T, obtained from

Sample DMA? (K) DSC (K)
EP-2 4075 3923
EP-6 392.1 3723
EP-10 385.3 365.6
EP-14 / 3274

“DMA data for EP-14 are not available because the sample
curled up during the glass transition region.
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Figure 8. Comparison of loss modulus values for EP-n from
DMA.

transition or a-transition of cured epoxy is the indica-
tion of rotational freedom in the segment between
cross-links.

The storage modulus curves for cured epoxies con-
sist of three main regions (Figure 9). One is the glassy
region, which has a modulus value above 10° Pa. In
the transition region, there is a sudden drop from
10° to 107 Pa. The modulus in the rubbery region
(Eg) is in the 2 ~ 4 x 107 Pa range. As the length of
lateral substituents increasing, the storage modulus
in the glassy region decreases gradually. This behav-
ior is related to the decrease of the hydrogen bond
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Figure 9. Comparison of storage modulus values for EP-n
from DMA.

Table V. Average molecular weight between
cross-linking site (Mc) calculated for EP-n

Sample EP-2 EP-6 EP-10 EP-14
o (kg/m?) 1.102 1.074 1.054 1.051
Er 29.5 22.0 17.9 /
Mc calcu. 351 379 407 435
Mc exper. 388 490 581 /

and the van der waals interaction, for the spacing of
mesogens is related to the length of flexible side
chain.

The storage modulus in the plateau region above T,
is proportional to the number of crosslinking density
or, alternatively, the chain length between entangle-
ments by the following equation.?-30

Er ~ (3pRT)/Mc “)

where p is the polymer density, which was assumed to
be a constant, R is the gas constant, T is temperature
in kelvin, and M, is the molecular weight between
cross-linking sites. Thus, the M, values of the final
liquid crystalline networks can be calculated from
the modulus of the plateau region and are listed in
Table V.

Table V shows that epoxide with longer side chain
has larger M., indicating smaller cross-linking densi-
ties. This is likely due to the increase of block of side
chains with the increase in the length of side chain of
epoxides.

Tensile properties

For conventional epoxy resins, in general, high
cross-linking density leads to poor toughness. Much
effort was devoted to improve the fracture toughness
in the past ten years. Of all the ways, LC epoxy resin
is an effective method to realize the aim.’

Figure 10 showed that tensile properties are very
dependent on the length of lateral substituent. As the
length of lateral substituent increases, the tensile mod-
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Figure 10. Stress as a function of strain for EP-n.

ulus, together with break strength and elongation at
break decreases. The values of tensile modulus corre-
sponded to the storage modulus, and the reason for
changes is also the same to the storage modulus.
The decrease of break strength and elongation at break
are related not only to the cross-linking density but
also to the free volume. From Table V, it can be seen
that as the length of side chain of epoxides increasing,
the polymer density (p) decreases, implying more free
volume was wrapped into the LCERs. The epoxy
network can be easily broken with the increasing
free volume. Moreover, as the side chain increasing,
the cross-linking density decreases, resulting in low
break strength. So both the break strength and the
elongation at break decrease as the length of side
chain increasing.

Fractography

The fracture surfaces were investigated by SEM
to support the mechanical results. For conventional
epoxy resins, the fracture surfaces are always plain.
Fracture surfaces of the tensile specimens are showed
in Figure 11. It’s clear that they are rather rough.
Higher surface roughness is connected with higher en-
ergy required to fracture the specimens. The micro-
structure of LC epoxy resin, having overall isotropic
properties, consists of anisotropic domains with prop-
erties, such as strength, different along and across
their molecular orientations. This results in the devia-
tion of crack propagation from a straight line and sug-
gests that inhomogeneities and anisotropic domain of
the nematic structure are the main reasons for the frac-
ture toughness increase.

Conclusion

We studied the cure kinetics of LC epoxy-anhy-
dride system by non-isothermal DSC method. The ac-
tivation energy E, and the frequency factor A were de-
termined and compared for epoxides with different
length of lateral substituents. The activation energy
E, obtained from Ozawa methods varies from 73 to
80.8 kJ/mol as the lateral substituents increases from
2 to 14. The curing reaction becomes less active when
the LC epoxides have longer lateral substituents, and
is controlled by diffusion at the late stage of reaction.
The epoxy resins showed a nematic phase when cured
with MHHPA. And as the length of lateral substituent
increases, the cross-linking densities of the LC net-
works decreases, resulting decrease of T,. The tensile

Figure 11. SEM image of fracture surfaces of EP-n.
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modulus, together with break strength and elongation
at break also decreases as the side chain increasing.
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