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In-situ analysis of the structural formation process

of liquid—crystalline epoxy thermosets by simultaneous
SAXS/WAXS measurements using synchrotron
radiation

Miyuki Harada!, Junichiro Ando!, Seiya Hattori!, Shinichi Sakurai?, Naoki Sakamoto>, Terumasa Yamasaki’,
Hiroyasu Masunaga* and Mitsukazu Ochi!

We present a mechanistic study of the curing process of liquid—crystalline epoxy resins by the simultaneous measurement of
small-angle X-ray scattering/wide-angle X-ray scattering using synchrotron radiation. The systems studied consist of a diglycidyl
ether of terephthalydene-bis(4-amino-3-methylphenol) epoxy component and three types of aromatic amine-type curing agents
4,4'-diaminodiphenylmethane, 4,4’-diaminodiphenylethane and m-phenylenediamine. The systems studied all exhibit similar
thermosetting behaviors; first, the epoxide group reacts with an amine moiety of the curing agent, followed by the formation of
the nematic domains in the early stage of the process. The nematic-to-smectic conversion proceeds after an incubation period,
implying that a critical amount of nematic volume is necessary for phase transition. We found that the transformation continues

beyond the conversion of 80% of the epoxide-amine bond formation and the corresponding entire polymer network formation.
The volume fraction of smectic phases after completion of the reaction differs according to the structure of the curing agents.
The study clarifies the mechanistic sequence and the preference for smectic phase formation both in terms of time sequence

and the dependence of the structure on the curing agents.
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INTRODUCTION

Epoxy resins are widely used as adhesives, coatings, paints and
electrical insulation materials in industrial fields. Recently, the strong
demand for highly functional and high-performance epoxy resins for
use in electrical insulation materials has increased. Liquid—crystalline
(LC) epoxy resin is well-known as one of the particular epoxy resins
that shows an LC phase temperature region. LC epoxy resins have
been studied for their unique and excellent properties such as high
Tg,'? fracture toughness®!! and thermal conductivity.!>1> The
syntheses of many novel LC epoxy resins have been reported and
the liquid crystallinity of the epoxy monomers and cured resins
have been investigated as well.1421 However, so far, few reports have
been published on the ordered structure and physical properties of
cured resins.

In contrast, we have already reported how highly ordered LC epoxy
network polymers influence their thermal and mechanical properties.
One of our important objectives is to design novel highly functional
and high-performance network polymers by the introduction of high
regularity to the network chains. In our previous report,>® we

discussed the relationship between the domain diameter and
fracture toughness in the polydomain cured resins with smectic or
nematic LC phase structures. We then concluded that fracture
toughness increases with the domain diameter. However, the
mechanism of the LC structure formation during the curing process
has not been clarified in detail, because of the complexity of the
simultaneous progress of the LC structure formation and 3D network
structure formation.

In this study, we studied the LC structure formation process in
epoxy resins with simultaneous measurement of small- and wide-
angle X-ray scattering (SAXS/WAXS) using synchrotron radiation.??
Three types of LC epoxy curing systems were studied with varying
aromatic amine-type curing agents with different chemical structures
(4,4’ -diaminodiphenylmethane (DDM), 4,4’-diaminodiphenylethane
(DDE), and m-phenylenediamine (m-PDA)). The bonding geometry
of the curing agent strongly affects the orientation of mesogenic
groups in the network chains. In addition, we discuss the relationship
between the LC structure formation process based on SAXS/WAXS
results and the reaction of epoxy groups and gel formation.
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EXPERIMENTAL PROCEDURE

Samples

The chemical structure of the epoxy material and curing agents used in this
study are shown in Figure 1. The details of the synthesis of the diglycidyl ether
of terephthalydene-bis(4-amino-3-methylphenol) (DGETAM) are shown else-
where.® All of the agents listed in Figure 1 are powder at room temperature.
Equimolar amounts of the epoxy resin and one of the curing agents were
mixed and pounded in a mortar.

SAXS and WAXS measurements

In-situ measurements of the formation of the liquid—crystalline structure
during the curing process have been carried out with simultaneous SAXS and
WAXS measurements at the BLO3XU?? beam line in SPring-8. The typical
measurement procedure involves the following steps: (1) the sample powder
mixture is placed in the cell; (2) curing is commenced by the temperature-
jump method that involves inserting the sample cell into the heater block
placed in the incident X-ray beam; and (3) the time-resolved measurements for
SAXS, WAXS and the transmission, T, of the sample for the incident X-ray are
started when the sample cell is transferred into the heater block. The schematic
illustration of the temperature-jump experiment is shown in Figure 2. The
wavelength /4 of the incident X-ray beam was 0.1 nm, and the sample-to-
detector distances were 60mm for WAXS and 600mm for SAXS. The
accumulation time of each shot and the time interval between the measure-
ments were 500 and 4500 ms, respectively. The two-dimensional (2D) X-ray
scattering patterns were detected by the flat-panel detector (Hamamatsu
Photonics, Shizuoka, Japan, C9827DK-10) for WAXS and the image intensifier
with the cooled CCD (II CCD; Hamamatsu Photonics, V7739P + ORCA R2)
for SAXS. The SAXS and WAXS patterns obtained were averaged circularly and
corrected for absorption, the sample thickness, f, the scattering from the empty
cell, and the dark current of the detectors. As the sample investigated here is
powder in the initial state and then melts and forms resin after the

Epoxy resin

temperature-jump, the sample thickness inevitably changes with time. The ¢
at each data-collection point was estimated by the Lambert—Beer law in
equation 1:

T =exp(— pt) (1)

where y is the linear absorption coefficient for the X-ray with A= 0.1 nm and is
assumed to be independent of the temperature and chemical conversion. Two
types of the sample cells were used here, referred as Type-I cell and Type-1II cell.
The time changes of the sample temperature in the cells after the temperature-
jump to 170 °C, measured by inserting thermocouples directly into the sample,
are shown in Figure 3. As the cell size of the Type II cell is smaller than that of
the Type I cell, the sample temperature of the Type II cell reaches 170 °C ~90s
earlier than the Type I cell.

Measurement of chemical conversion

The chemical conversion of the cures was confirmed using FT-IR (Fourier
transform-infrared) spectroscopy (SPECTRUM 2000, Perkin-Elmer Inc.,
Waltham, MA, USA) and the KBr method. The resolution of the IR spectrum
was 4cm~! and the spectra were collected after 4 scans. The peak at
1600 cm ~1, which is derived from the skeletal vibration of the aromatic ring
was used as the internal standard.

Measurement of the gel fraction

The gel fraction was measured using THF as the solvent. The solvent was
changed every 0.5h at room temperature for 5h and every 1h at 60 °C for
10 h. The samples were dried under vacuum at 80 °C for 3 h. The gel fraction
of the samples was obtained by dividing the gel weight by their original weight.
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Figure 1 Chemical structures of epoxy resin and curing agents.
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Figure 2 Schematic illustration of the in-situ small-angle X-ray scattering
(SAXS) and wide-angle X-ray scattering (WAXS) simultaneous measurement
set up for the temperature-jump experiment.
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Figure 3 Time changes of the sample temperature in the cells, measured by
inserting thermocouples directly into the sample directly, after the
temperature-jump to 170°C.

RESULTS AND DISCUSSION

Formation mechanism of the liquid—crystalline structure in

the curing process

Figure 4 shows the time-dependent WAXS and SAXS profiles of the
DGETAM/DDE system after the temperature-jump to 170 °C. The
abscissa indicates the magnitude of the scattering vector (g), which is
defined in equation 2,

q=4nsin(6/2)/2 (2)

where 0 denotes the scattering angle. The experiment was performed
by using a Type I cell. In the WAXS profiles, sharp reflection peaks
from the crystalline phase appear only in the very early stage of the
measurements right after the temperature-jump, and its intensity
deteriorated rapidly owing to the melting of crystalline moieties.
Finally, all peaks disappeared. In contrast, a broad peak appears at
g=14nm~! (corresponding to a Bragg Spacing (d) of 0.44nm) and
shows no obvious change after 3 min, though the peak position
slightly shifts toward smaller g. Using a polarized optical microscope,
we confirmed that the system forms a nematic phase after the melting
of the crystalline components in the starting materials. Moreover, it
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was found that the sample transitions to the smectic phase after 6 min
as described below. Figure 4a implies that the transition from the
nematic-to-smectic phase does not change the WAXS profile. In this
study, the 2D SAXS and WAXS patterns (not shown here) are
isotropic, meaning the liquid—crystalline phases have random orienta-
tions in the illuminated area of the incident X-ray. In our previous
study, we reported that the orientation can be aligned by a 10 T
magnetic field.!" The study revealed that the 2D X-ray scattering
pattern of the cured sample showed the spots due to the smectic
layers in the direction of the magnetic field, observed in a SAXS
region, and the arches in the perpendicular direction, in a WAXS
region, corresponding to the peak in Figure 4a. This indicates that the
WAXS peak of this system, that is, the broad peak in Figure 4a, is
assigned to the correlation between the neighboring mesogenic
groups in the liquid—crystalline phase, not because of the molecular
length of the mesogen. The time evolution of the WAXS profile is well
understood; the nematic phase formation has almost simultaneously
completed upon melting of the crystalline components. In contrast,
the SAXS profiles in Figure 4b show no peak before 6 min. The peak
due to the smectic layers composed of the mesogenic groups appears
at g=2.3nm~! (d=2.7nm) at 6min, and the intensity increases
along with the time duration. Here, we note that the peak shape of
the SAXS profiles is not very sharp, and the higher-order correspond-
ing peaks are not observed. This implies that the domain of the
liquid—crystalline phase is relatively small or distorted.

Figure 5 shows the IR spectra at various curing times. The intensity
of the peak at 910cm~!, which derived from the epoxy group,
gradually decreased, and that at 3200-3400 cm !, which is derived
from the hydroxyl group, increased with the progress of the ring
opening reaction of the epoxy.

Figure 6 shows the time dependence of the peak intensity of the
SAXS profiles obtained from Figure 4b, the conversion of the epoxy
group calculated from the IR spectra and the gel fraction. With this
evolution of the SAXS profile, we reason that the smectic structure
appears at ~6min and the formation saturates at ~15min. We
notice that the conversion of the epoxy group increases from the time
just after the temperature-jump, and it reaches 96% at ca 30 min.
Similarly, the gel formation starts at 5min when the chemical
conversion is ~60%, and the fraction increases rapidly.

It should be mentioned that the curing experiments for WAXS/
SAXS measurements and those for FI-IR and gel fraction were
performed separately with different heating devices. The small differ-
ence in the temperature or the heating rate of the samples may lead to
the difference in the time changes of the reaction and the formation
of the liquid—crystalline structure. To confirm this point, the gel
fraction of the sample, cured for 10 min in the chamber used for the
WAXS and SAXS, was measured. As a result, the value is equivalent to
that at 10 min in Figure 6, indicating that we can compare the time
evolution of the data in Figure 6 with each other.

Figures 4, 5 and 6 show that the formation of the liquid—crystalline
structure after the temperature-jump proceeds as follows: (1) the
crystalline phase of DGETAM/DDE melts, and the nematic structure
forms (0-3min); (2) the nematic phase lasts for 6 min; (3) the
transition from the nematic to the smectic phase starts at 6 min,
indicating that there is an induction period; and (4) the formation of
the smectic structure proceeds until 15 min has passed. In contrast,
the chemical conversion reaches 65% when the formation of the
smectic phase starts, indicating that the transition from the nematic
to the smectic phase starts under the existing network structure, not
in the state in which the conversion is low, and hence the mesogenic
group still possesses a certain amount of flexibility. Moreover, the
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Figure 4 (a) Wide-angle X-ray scattering (WAXS) and (b) small-angle X-ray scattering (SAXS) profiles of the diglycidyl ether of terephthalydene-bis(4-amino-
3-methylphenol) (DGETAM)/4,4’-diaminodiphenylethane (DDE) after the temperature-jump to 170 °C.
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Figure 5 Fourier transform-infrared (FT-IR) spectra for the curing process of
the diglycidyl ether of terephthalydene-bis(4-amino-3-methylphenol)
(DGETAM)/4,4'-diaminodiphenylethane (DDE) at 170°C.
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Figure 6 Time evolution of the peak intensity in small-angle X-ray scattering
(SAXS) profiles, chemical conversion of the epoxy group and the gel fraction
after the temperature-jump of the diglycidyl ether of terephthalydene-bis(4-
amino-3-methylphenol) (DGETAM)/4,4’-diaminodiphenylethane (DDE) to
170°C.

formation of the smectic structure proceeds even at 10 min, when the
cross-linking structure is supposed to have grown sufficiently because
the chemical conversion and the gel fraction are 80 and 85%,
respectively. Under the existing network structure, the resulting local
translational motion of the mesogenic group between the cross-
linking points induces the domain structure to transform from the
nematic to the smectic phase. It is conceivable that such a structural
transformation under the restricted freedom of motion results in the
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long time duration of ~10min for the completion of the smectic
phase structure.

In the system studied here, it is presumed that all the nematic phase
does not completely transform into the smectic phase. In a general
liquid—crystalline system in which a cross-linking reaction does not
occur, all of the nematic structures should transition to the smectic
structures if the smectic phase is more stable than the nematic from
the point of view of thermodynamics. However, in this system, some
mesogenic groups in the nematic phase cannot align with each other
owing to topological restrictions, that is, pinning with cross-linking
points, and they may retain the nematic structure even after a
sufficient curing time at 170 °C, though the smectic phase is expected
to be more stable than the nematic one if they are not pinned. The
coexistence of the smectic and the nematic phases after curing will
also be discussed in the next section. Here, it should be mentioned
that the formation of the smectic phase starts after gelation, indicating
that the reaction of DGETAM and curing agents, that is, the pinning
of mesogenic groups collectively, promotes the transition. In contrast,
the crosslinking prevents the motion of the mesogen and suppresses
the formation of the smectic structure. Such a dual effect of cross-
linking is unique to the current system, and the degree of transition
from the nematic to the smectic phase is determined by this
competition.

In Figure 6, the SAXS peak intensity decreases gradually after
15 min. This means that the order of the smectic structure decreases
gradually with progress of the chemical conversion from 97 to 100%.
The polymer network tightening may lead to distortion of the smectic
phase; hence, a part of the smectic phase becomes disordered.

Curing temperature dependence of structural formation

Figure 7 shows the time evolution in the peak intensity of the SAXS
profiles after the temperature-jump to 170 and 200°C for the
DGETAM/DDE. The data at 170 °C are the same as those in Figure
6. Figure 7 indicates that the SAXS peak intensity at 200 °C increases
rapidly at 3 min, and saturates at 8 min. The trend is essentially the
same as that at 170 °C, though the time-scale at 200 °C is shorter than
that at 170 °C, meaning that the formation of the smectic phase at
200 °C proceeds with the same mechanism conceived above.

In Figure 7, it should be noted that the peak intensities at the
saturated points are different, such that the peak intensity at 200 °C is
smaller than that at 170 °C. As the scattering contrast of the smectic
structure at 170 °C is considered to be not very different from that at
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Figure 7 Time evolution of the small-angle X-ray scattering (SAXS) peak
intensity of the diglycidyl ether of terephthalydene-bis(4-amino-3-
methylphenol) (DGETAM)/4,4’-diaminodiphenylethane (DDE) after the
temperature-jump to 200 and 170°C.
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Figure 8 Wide-angle X-ray scattering (WAXS) profiles at 30min after the
temperature-jump to 170 and 200 °C for diglycidyl ether of terephthalydene-
bis(4-amino-3-methylphenol) (DGETAM)/4,4’-diaminodiphenylethane (DDE).

200 °C, the volume fraction of the smectic phase at 200 °C is smaller
than that at 170 °C. In contrast, the WAXS profiles at 30 min after the
temperature-jump to 170 °C and 200 °C are almost equivalent, as
shown in Figure 8. The figure shows that the volume fractions of the
liquid—crystalline phase cured at 170 and 200 °C are the same, though
we cannot determine whether the phase is smectic or nematic,
because the WAXS profiles for both phases show no differences as
mentioned in Figure 4a. These results imply that the smectic and the
nematic phases coexist and that the fraction of these phases differs
according to the curing temperature. The fast reaction at 200 °C may
result in an inhomogeneous distribution of the cross-linking points.
Consequently, the formation of the smectic phase is hindered in the
area where the density of the cross-linking points is high and then the
motion of the mesogens is restricted.

Effect of the chemical structure of the curing agents

on the formation of the smectic phase

Figure 9 shows the time evolution in the SAXS peak intensity after the
temperature-jump to 170 °C for the systems with different curing
agents. These were measured with the small sample cell, Type II, in
which the sample reaches 170 °C within 80s after the temperature-
jump, that is, ~1.5min faster than in the Type I cell (see Figure 3).
Consequently, the formation of the smectic phase of the DGETAM/
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Figure 9 Time evolution of the small-angle X-ray scattering (SAXS) peak
intensity after the temperature-jump to 170°C for the mixtures of the
diglycidyl ether of terephthalydene-bis(4-amino-3-methylphenol) (DGETAM)
and the curing agent shown in Figure 1.

DDE in Figure 9 begins 1.5min earlier than the results shown in
Figure 6.

All of the curves show induction periods, indicating that the
reaction and the phase transitions sequences towards the smectic
phase are quite similar in these systems. It should be noted, though,
that the saturated intensities are very different according to the curing
agents in Figure 9. The SAXS profiles of the samples with m-PDA,
DDE and DDM at 40 min after the temperature-jump to 170 °C are
shown in Figure 10. The intensities and the sharpness of the peaks are
on the order of m-PDA> >DDE>DDM. The smectic structure
formed by the liquid—crystalline epoxy resins, studied here is
composed of mesogenic layers in which benzene rings stack with
each other and the gap between the layers is filled primarily by the
nonmesogenic components, as we show schematically in Figure 11.
When DGETAM and the curing agent form the smectic structures,
the curing agent and DGETAM should take part in the formation of
mesogenic layers. Therefore, the structures of the curing agents affect
the stability of the smectic structures being formed from an enthalpic
point of view.

In Figure 1, we presented molecular models for DDE, DDM and
m-PDA. It should be noted that m-PDA, DDM and DDE have planar,
bending and pseudo-planar structures at the methylene carbons,
respectively. As the intensity of smectic peaks in the SAXS profiles
correspond to the alignment of the mesogenic layer units, the planar
structure of the curing agent seems preferable for the formation of
smectic domains. Conceivably, in such a structure, mesogenic units
form densely stacked, well-ordered layers with a high volume fraction
of the smectic phase, resulting in the SAXS peak of the m-PDA system
being much larger and sharper than those of DDE and DDM systems.
The DDE structure is closer to planar than the DDM structure and
then the peak intensity of the DDE system is in between the peak
intensities of the m-PDA and DDM systems.

In Figure 9, we note that the peak intensity of the m-PDA does not
decrease, though those of the DDE and DDM systems gradually
decrease with time after they saturate, as described in Figure 6. This
may be related to the stability of the smectic phase, as mentioned
above. The layered structure consisting of the well-stacked benzene
rings of DGETAM and m-PDA may be able to prevent being
disordered as the distortion increases with the progress of the
chemical conversion.
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Figure 10 Small-angle X-ray scattering (SAXS) profiles of the m-phenylene-
diamine (m-PDA), 4,4’-diaminodiphenylethane (DDE) and 4,4’-diaminodi-
phenylmethane (DDM) systems at 40min after the temperature-jump to
170°C.
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Figure 11 A schematic representation of the neighboring mesogenic layers.
Cylinders show the mesogenic units.

CONCLUSIONS

In-situ SAXS/WAXS simultaneous measurements have successfully
clarified the structural formation mechanism of liquid—crystalline
epoxy resins in the curing process: (1) the crystalline phase of the
starting materials melts, and the nematic structure forms just after the
temperature-jump; (2) the nematic phase remains during an induc-
tion period; (3) the transition from the nematic to the smectic phase
starts and proceeds until the smectic phase entirely coverers the
regions where it is possible to form the smectic structure topologi-
cally; and (4) the order of the smectic structure decreases gradually as
the chemical conversion increases, and accordingly, the polymer
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network becomes tighter. Noticeably, the time evolution of the
chemical conversion obtained by FT-IR and the gel fraction revealed
that the transition from the nematic to the smectic phase starts under
the existing network structure, not in the state in which the conversion
is low, and hence the mesogenic group still possesses a good mobility.
Moreover, the transition from the nematic to the smectic phase
continues even at the time when the chemical conversion and the gel
fraction are more than 80% and 85%, respectively. Under the existing
network structure, the local translational motion of the mesogenic
group between the cross-linking points enables the transformation
from the nematic to the smectic phase.

The temperature-jump measurements to different temperatures
indicate that the volume fraction of the smectic phase formed at the
higher temperature is smaller than that formed at the lower
temperature. The inhomogeneous distribution of the cross-linking
point, made at the high curing temperature, may hinder the
formation of the smectic phase.

The comparison of the SAXS profile of the m-PDA, DDE and
DDM systems after curing revealed that the steric structure of the
curing agents strongly affected the order and the volume fraction of
the smectic phase formed by the curing process, that is, those in the
m-PDA system are much higher than the DDE and DDM systems. As
both m-PDA and DGETAM have a planar structure, they may easily
form densely stacked mesogenic layers, leading to the well-ordered
high volume fraction of the smectic phase.
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