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very limited presence. When the curing is performed
without magnetic field, and the reaction undergoes in
a more chaotic manner without obstacles coming
from orientational order, there may be a possibility
of easier contact of amine and epoxy groups attached
to monomers elastic chains with great mobility with-
in the sample volume.

3.4.3. Morphology of polymers — SEM

To assess the morphological characteristics of the
obtained polymers, we used SEM analysis. The mi-
crophotographs are presented in Figure 10.

SEM analysis gives solid proof of the influence of
the magnetic field on the structure of the obtained
thermosets. Left and right pictures are the magnifica-
tions of the middle photographs. Both samples pres-
ent morphology characteristics for the liquid crystal
domain [32], so it can be stated that the magnetic
field does not induce this phase, but it is clear that it
induces molecular order. There are parts of parallel
layers of domains visible in the photographs of ther-
mosets synthesized in the magnetic field (red circle),

which is characteristic of the smectic liquid crystal
[33]. There are also typical for liquid crystalline
polymers abruptions of fracture propagation (blue
ellipses) [32], so it can be firmly stated that synthe-
sized samples are of liquid crystalline nature. To
fully assess the molecular order of achieved poly-
mers, the WAXS analysis was used.

3.4.4. Morphology of polymers —- WAXS and
SAXS analysis

To prove findings concerning the molecular order
of the presented thermoset detected by SEM obser-
vations and noted differences in properties, the
WAXS scattering data was collected and presented
in Figure 11.

The analysis of presented diffractograms shows that
the structure of the synthesized polymers is some-
what similar, but some level of molecular order was
achieved. This is less noticeable with only visual in-
terpretation of 2D pattern where only subtle nonuni-
formity of diffraction intensity can be noticed. Ad-
ditionally, the integration of intensity within the

Figure 10. SEM microphotographs of fracture surfaces of 4ANTEM/4,4'-DDM 0 T. a) 4ANTEM/4,4'-DDM 0 T, magnifi-
cation 2000x. b) 4ANTEM/4,4'-DDM 0 T, magnification 1000, ¢c) 4ANTEM/4,4’-DDM 0 T, magnification
5600%, d) 4ANTEM/4,4'-DDM 1.2 T, magnification 2000x, ¢) 4ANTEM/4,4’-DDM 1.2 T, magnification 1000x,

f) 4AANTEM/4,4’-DDM 1.2 T, magnification 4500x.
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Figure 11. WAXS and SAXS scattering patterns of 4ANTEM/4,4-DDM 0 T (a, ¢) and 4ANTEM/4,4'-DDM 1.2 T (b,

d) samples.

17.2-21.5° 6 angle range was performed and pre-
sented on the intensity as the function of y angle plot.
This shows that in the case of the sample prepared
without magnetic field (Figure 11a) the scattering
intensity is almost uniform within 360° y range.
There are abrupt, local changes in the presented
function, but they are caused by a beamstop holder,
not by a sample. This holder can be seen on both 2D
patterns as crosshair-like thin, darker lines. Polymer
cured in the presence of magnetic field (Figure 11b)
presents different characteristics. Some level of or-
dering is proved by the sinusoidal form of the plotted
function with the intensity ranging from 9200 to

12000 counts, which gives around 30% difference.
The ordering is substantial enough to eliminate the
beamstop effect on the results.

Interpretation of the SAXS results, contrary to WAXS,
allows even to visually detect deformations of the
diffraction rings in the patterns caused by molecular
alignment in the case of polymer synthesized with
the presence of magnetic field (Figure 11d). Analysis
of 6 angle range below 2°, where scattering intensity
takes values from 10000 to 24000 (140% differ-
ence), definitively proves that the obtained sample
has an anisotropic structure. The sample prepared
without magnetic field (Figure 11¢) presents no
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significant signs of molecular order, and scattering
intensity is somewhat uniform with visible beamstop
influence. The differences in the level of ordering
between SAXS and WAXS studies can be explained
by comparing these two techniques [34-36]. SAXS,
as it describes smaller 6 angles, can evaluate a bigger
part of LC-network structure, which is determined
by oriented mesogens. WAXS, describing smaller
parts and dimensions of the structure, takes into ac-
count also individual loose aliphatic chains not sus-
ceptible to the magnetic field. This is important in
the case of proposed polymers because network
nodes are in the middle of aliphatic chains of the
monomer, which gives those spacers more mobility,
which can lower the determined level of anisotropy.
During X-ray analysis, the scattering intensity as a
function of the magnitude of the scattering vector
plot was also prepared for both samples and present-
ed in Figure 12.

The course of the function clearly differs for both
samples, which proves that magnetic field changes
the scattering patterns, and this has to be caused by
induced molecular orientation because the composi-
tion of both samples is the same. The first difference
is noticeable in the ¢ values of 0.05-0.20 A~!, which
corresponds to structural components of the polymer
with the size of about 35-60 A, which should be at-
tributed to the possible length of the 4ANTEM mol-
ecule with regard to the fact that aliphatic chains re-
main loosely attached. Moreover, the sample cured
in the magnetic field, contrary to the second poly-
mer, presents an almost uniform peak, with only one
clear maximum, so it can be concluded that ordering
has been achieved. Another difference is detected at
q in the range of 1.25-1.55. The isotropic sample
presents a local scattering maximum at ¢ = 1.30 A~
(part of the structure with ~4,85 A width) and an
anisotropic one at ¢ = 1.51 A~ (~4,15 A width).

7000 — 4ANTEM/4,4-DDM, 0 T
- 6000 —— 4ANTEM/4,4'-DDM, 1.2 T
§ 5000
S 4000
Z 3000
w
§ 2000
0
0.0 0.2 04 06 0.8 1.0 1.2 1.4
q [1/A]

Figure 12. Scattering intensity plot as a function of magni-
tude of scattering vector for investigated poly-
mers.
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These kinds of dimensions are characteristic of lat-
eral distances of aromatic cores, and a slightly smaller
value for the sample cured with magnetic field
means that molecules are more packed, which is ex-
plained by molecular orientation [26].

It has to be noted, however, that the achieved level
of structural anisotropy is smaller than can be
achieved in the case of other LC-epoxies prepared
also by our team [24, 26], but substantial enough to
facilitate important shift in properties, which is al-
ways the most important goal.

3.4.5. Dielectric properties

Dielectric characterization was conducted to assess
the possible use of prepared polymers in low-weight
electronic devices. As the polymers are designed to
be highly elastic due to long dangling aliphatic
chains and low crosslink density (low epoxy equiv-
alent as a result of the structure of the monomer), we
aimed to synthesize durable, elastic polymer with an
electrically-related potential of liquid crystals. In our
recent paper [28], for similar resin, we noticed addi-
tional, when compared to earlier studies, dielectric
relaxation process, so it was also necessary to con-
firm its presence in the investigated four-aromatic
resin as it is material not described before. The
abrupt changes of conductivity for those materials
are correlated with the vitrification process, so di-
electric studies were also used to confirm conclu-
sions drawn from the DSC data.

The results for hardened materials were obtained
during cooling from high temperatures to —50 °C.
The obtained values of the real and imaginary com-
ponents of electrical permeability are presented in
Figure 13.

Both the values of electrical permeability and con-
ductivity change significantly with the change in
temperature. Noteworthy, the rapid increase in con-
ductivity at temperatures above 25 °C was obtained
for both samples, which can be seen in detail in
Table 1. This increase is detected in slightly lower
temperatures for samples cured without magnetic
field as this is probably related to less-constraint mo-
bility of LC-units in not ordered structure. It is also
possible to notice a certain shift in the a-process (re-
lated to the glass transition temperature) for the sam-
ple crosslinked in a magnetic field compared to sam-
ples crosslinked without this factor. Additionally, at
low temperatures, two processes are visible that can
be interpreted as relaxations of local dipole groups:
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Figure 13. Dielectric response (electrical permittivity) for the hardened material in a wide range of frequencies and temper-
atures: a) real part — 4ANTEM/4,4'-DDM 0 T, b) imaginary part — 4ANTEM/4,4’-DDM 0 T, c) real part —
4ANTEM/4,4'-DDM 1.2 T, d) imaginary part — 4ANTEM/4,4-DDM 1.2 T.

one related to certain mobility of the mesogen, the
other to the mobility of carbon chains. For a polymer
hardened in a magnetic field, these phenomena are
less visible, and some minor shifts in relaxations are
also visible. As the described relaxation processes
are related to the motion of polymer chains or their
parts, the presented results are additional proof that
molecular arrangement has been achieved with the
utilization of the magnetic field. Anisotropic poly-
mer undergoes vitrification at higher temperatures,
and parts of their structure are also more constrained,
which is evidenced by less visible processes than in

the case of isotropic samples. The described results
also confirm our previous studies [28] due to visible
relaxation in the lowest temperature region of the
analysis. This was not detected for resins with termi-
nal epoxy groups, because it is correlated with flex-
ibility of loose carbon chains and greater elasticity
of the polymer caused also by lower crosslink den-
sity. The change in structure, therefore, causes mod-
ifications in the dielectric properties of the sample —
molecular orientations bring constraint to chain mo-
bility, which results in a shift in rise of electrical con-
ductivity to higher temperature (this is linked to higher

Table 1. Selected values of electrical permittivity (determined for the frequency /= 1 kHz) and direct current conductivity
of the 4AANTEM/4,4'-DDM 0 T and 4ANTEM/4,4'-DDM 1.2 T samples.

T ¢ 4ANTEM/4,4'-DDM 0 T 4ANTEM/4,4'-DDM 1.2 T
emperature
?°C] Electric permeability Electric conductivity Electric permeability Electric conductivity
[pF/m] [S/m] [pF/m] [S/m]
—40 97.394 5:10716 88.540 1-10°1
5 106.248 51071 97.394 110713
25 115.102 5:10714 106.248 11074
50 132.810 110712 123.956 11012
100 150.518 1107 141.664 1107
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T,), but simultaneously incorporation of oleic acid in
the structure of the resin makes it more susceptible
to relaxation facilitated by dangling hydrocarbon
chains. Moreover, a bigger mesogenic core, consisting
of four aromatic rings instead of three, shifts the
processes to higher temperatures by stiffening the
structure.

4. Conclusions

A new kind of liquid crystalline epoxy resin with
four-aromatic core, not described previously in the
literature, characterized by epoxy groups in the middle
of the aliphatic spacer chains, was successfully syn-
thesized and cured with an aromatic amine — 4,4’-di-
aminodiphenylmethane. The curing process was
studied, and samples of the polymer were prepared
under optimal conditions with and without the pres-
ence of the strong (1.2 T) external magnetic field.
It has been confirmed that the magnetic field influ-
ences all investigated properties of the samples by
lifting T, for about 20 °C, slightly lowering thermal
stability, influencing polymer morphology by induc-
ing molecular order and causing changes in electrical
properties. However, it seems that it does not influ-
ence significantly the extent of the cure and, thanks
to that fact, it is convenient to determine optimal cur-
ing conditions for all methodologies.

A structurally ordered polymer, with T, of 37.5°C,
thermally stable up to over 300 °C and with increased
conductivity (compared to glassy product) just above
room temperature has been possible to achieve. The
change in properties with temperature is especially
important because it makes this material an innova-
tive candidate for tailored, smart material working
in proximity of ambient temperature. With just a
slight heating caused by a pulse from a laser, heat
dissipated from electrical resistance or a simple tem-
perature rise of the environment, it is possible to
change its properties and reverse this process later
by cooling. This smart property creates new appli-
cation possibilities, especially in avionics, where
lightweight and elastic yet durable, crosslinked poly-
mer materials with low Tg should be preferred over
dense and heavy metals. Moreover, with a magnetic
field it is possible to change the temperature that
changes the properties of synthesized polymer.
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