
1. Introduction
Epoxy resins are one of the most common and useful
thermosetting materials and have been studied thor-
oughly for many decades [1, 2]. They offer unique
adhesive, thermal and mechanical properties, but
more importantly, they are suitable for tailoring them
to a specific need. The literature presents examples
of modifications to achieve the desired thermal sta-
bility and glass transition temperature [3], flame re-
tardancy [3–5], mechanical properties [6], etc. How-
ever, traditional epoxies lack smart properties of-
fered by liquid crystalline epoxy resins (LCER),
which are state-of-the-art materials with superior

properties in comparison with their traditional ver-
sions. They have been studied since the 1990s, and
their potential seems to be unsurpassed. Over the last
years, several comprehensive reviews [7, 8] and
book chapters [9] have emerged that describe their
various advantages and possibilities. Most of them
come from the liquid-crystalline (LC) nature of those
compounds. They are possible to order structurally
due to mechanical tension [10] or in the presence of
an external force field [11, 12], and this arrangement
gives them anisotropic properties of various kinds
(e.g. mechanical strength, electrical conductivity, heat
conductivity, optical properties – generally enhanced
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Abstract. Novel nonterminal liquid crystalline epoxy resin has been synthesized, and its structure and nature have been de-
termined via nuclear magnetic resonance (NMR) and polarized optical microscopy (POM). Then, it was cured with the use
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alongside the orientation axis) as well as makes them
susceptible to UV radiation [13]. Ordered and con-
ducting polymers are often proposed as a starting
material for advanced electronic devices with exam-
ples presented in the literature, like flexible films for
electronic use, supercapacitors, solar cells, OLEDs,
low dielectric thermosets or substrates for 5G anten-
nas [14–17]. The use of smart polymers, which may
be reusable [18], is destined to grow in the future due
to the wide range of applications from attenuators
[19], shape memory [20, 21], self-healing and clean-
ing materials [22] and all modern electronics as men-
tioned before, as well as some highly specific uses,
such as the production of lactose-free milk [23].
Our research team has been pursuing this topic for
some time now, and we determined how efficiently
molecular order can be achieved [24] and how it is
possible to synthesize polymers that are character-
ized by interesting and valuable features (increased
mechanical strength) and applications, e.g. substrate
for powder coating [25, 26]. We were also, similarly
to this paper, describing electrical properties of syn-
thesized polymers [27] but we struggled with the rel-
atively high glass transition temperature (Tg) fluctu-
ating about 80°C regardless of the composition of a
sample. This paper presents a solution to this prob-
lem, an introduction of nonterminal LCER that we
have found no evidence of in the literature so far.
This allows the Tg to be reduced to the ambient tem-
perature region, and the use of oleic acid in the syn-
thesis process is in compliance with the principles
of green chemistry, which is rarely the case when
epoxy resins are taken into consideration. The first
results were presented with a three-aromatic meso-
genic resin with even lower Tg and interesting di-
electric studies [28]. This paper describes a four-aro-
matic (the centre of the mesogen is created from a
biphenyl and two molecules of p-hydroxybenzoic
acid instead of hydroquinone and two molecules of
p-hydroxybenzoic acid – hence one more aromatic
ring) nonterminal LCER with potential as a smart
polymer. The incorporation of biphenyl in place of
hydroquinone is causing more stiff nature of the core
of obtained polymers and visibly increases especial-
ly their glass transition temperature. The term ‘non-
terminal’ means that epoxy groups are located in the
middle of the aliphatic chain, which is a significant
novelty and a clear enrichment of knowledge. So far,
described resins have epoxy groups located at the
end of aliphatic chains. This innovation has brought

a new possibility to the forefront. Now it is feasible
to create a shift of the properties by more than 50 °C
only with the introduction of nonterminal epoxy
groups with exactly the same core of the molecule.
Moreover, dangling aliphatic chains are bringing
more elasticity to the polymer, which is described in
detail later in this manuscript. All of the acquired
data is presented for the first time for this novel
resin, which allows the production of tailored poly-
mers with low crosslink density as a result of their
structure and combined with its bigger elasticity.

2. Materials and methods
2.1. Materials
4,4′-dihydroxybiphenyl was supplied by Glentham
Life Sciences, Corsham, Great Britain. Oleic acid
was supplied by Fisher Chemical, Loughborough,
Great Britain. N,N′-dicyclohexylcarbodiimide
(DCC), p-hydroxybenzoic acid, p-toluenesulfonic
acid (p-TSA), 4-(dimethylamino)pyridine (DMAP),
m-chloroperbenzoic acid (MCPBA) and 4,4′-di-
aminediphenylmethane (4,4′-DDM) were supplied
by Sigma Aldrich, Darmstadt, Germany. Ethanol,
methanol, ethyl acetate, dichloromethane and acetone
were supplied by Chempur, Piekary Śląskie, Poland.

2.2. LCER synthesis
The synthesis was conducted in a three-step process
presented in Figure 1.
In the first step, the stoichiometric amounts of 4,4′-
dihydroxybiphenyl (34.11 g; 0.1832 mol) and p-hy-
droxybenzoic acid (50.60 g; 0.3664 mol) as well as
0.34 g (0.002 mol) of p-toluenesulfonic used as cat-
alyst, were mixed without any solvent in a round
bottom four-neck flask equipped with a nitrogen gas
inlet. The mixture was vigorously stirred with a me-
chanical stirrer and heated until the substrates melted
(more than 270 °C). After melting, the process was
continued for about 15 min. The crude brown prod-
uct was cooled, ground in a mortar and mixed in
boiling ethanol for purification. The mixture was fil-
tered under vacuum and the product marked as
MEZO III was excessively rinsed with hot ethanol
until it became white. After drying, 49.50 g of white/
grey product was obtained (63% yield).
In the second step, 4.26 g (0,01 mol) of MEZO III,
5.65 g (0.02 mol) of oleic acid, 4.54 g of DCC
(0.022 mol – 10% excess), 0.12 g (0.00 mol) of
DMAP used as a catalyst and 100 ml of dichloro -
methane were placed in a three neck round bottom
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Figure 1. Synthesis route and curing reaction of a nonterminal liquid crystalline epoxy resin – 4ANTEM.



flask and stirred in ambient temperature for 24 h. The
mixture was then filtered under vacuum and the sol-
vent from the filtrate was removed with the use of a
rotary evaporator. The crude product was mixed for
15 min in 100 ml of boiling methanol, filtered and
dried. 6.98 g (0.007 mol) of white solid was obtained
(73% yield). The product was named 4ANTVM
(four-aromatic nonterminal vinyl monomer).
In the last step of the synthesis, 9.533 g (0.01 mol)
of 4ARNTM, 7.17 g (0.27 mol) of MCPBA (35%
excess calculated with the assumption that the sub-
strate purity is 65% due to its decomposition with
time) and 100 ml of dichloromethane were placed in
a three neck round bottom flask and stirred with
magnetic stirrer for six days at room temperature and
then under reflux for the last 24 h. The mixture was
cooled, filtered under vacuum and the filtrate was
washed in a three-step manner subsequently with 80
ml of 5% sodium sulfite solution, 80 ml of 5% sodi-
um hydrogen carbonate solution and 80 ml of satu-
rated NaCl solution. After each washing, the organic
layer was separated. Finally, the organic layer was
dried with magnesium sulfate and the drying agent
was filtered. The solvent was removed with the use
of a rotary evaporator. The crude product was puri-
fied by mixing with 150 ml of boiling ethyl acetate,
cooling and filtrating. After that, the purification pro-
cedure was repeated with 150 ml of methanol. 7,88 g
(0.008 mol) of white solid named 4ANTEM (four-
aromatic nonterminal epoxy monomer) was obtained
(80% yield).

2.3. Sample preparation for curing
To prepare thermoset samples, 2 g of 4ANTEM mix-
ture and a stoichiometric amount of 4,4′-DDM were
mixed with 15 ml of acetone and stirred for 2 h. The
solvent was then evaporated at room temperature
and the mixture prepared was stored at approximate-
ly 10 °C before curing. 125 mg of 4ANTEM/4,4′-
DDM samples were placed in Teflon molds (5×4×
8.5 mm) and cured for 3 h at 205 °C. The samples
were cured in a magnetic field using the RTM-1 de-
vice from REMEL S.C. Nowy Targ, Poland, equipped
with neodymium magnets capable of providing a ho-
mogeneous magnetic field in small volume. During
the crosslinking process, the compositions were
heated in an oven, with a magnetic field of 1.2 T and
0 T applied to the oven. After cure, the samples were

allowed to cool to room temperature with the mag-
netic field still applied. Curing reaction is presented
at the bottom of the Figure 1.

2.4. Characterization
2.4.1. 1H-NMR analysis
Proton nuclear magnetic resonance NMR experi-
ments were carried out using an Avance II Plus,
Bruker, Billerica, USA spectrometer operating at
500.13 MHz under a static magnetic field of 11.7 T.
Spectra were obtained on a spectrometer using stan-
dard instrument software (Topspin 1.3) and pulse se-
quences (zg30), at a probe temperature of 25°C. The
typical acquisition parameters for proton NMR ex-
periments were as follows: acquisition time 3.27 s,
spectral width 4000–6000 Hz, nutation angle 30°, re-
laxation delay 1 s, 32 K data points. A 30 degree sin-
gle pulse sequence was used for FID accumulation.
For all samples studied in this report, a small piece
(3 to 5 mg) was dissolved in 0.6 ml of CDCl3 using
5 mm NMR tubes. Chemical shifts were expressed
in ppm downfield from tetramethylsilane (TMS) as
an internal reference. Deuterated solvent with deu-
terium isotope enrichments of 99.6% were pur-
chased from ARMAR Chemicals, Jakobiho, Czech
Republic.

2.4.2. DSC analysis
DSC analyses were performed with the DSC822e,
Mettler Toledo, Greifensee, Switzerland instrument,
in a nitrogen atmosphere, with a nitrogen gas flow
of 60 ml/min. The heating rate was 5°C/min with the
exception related to the determination of the glass
transition temperature, where the 10°C/min rate was
used. The temperature range of the measurements
was individually selected for each experiment and
are presented on every thermogram. The weight of
the samples was about 10–20 mg.

2.4.3. FT-IR analysis
FT-IR measurements were taken with use of a Nico-
let 6700 FT-IR, Thermo Scientific, Waltham, USA
spectrophotometer by the attenuated total reflection
method. Spectra were recorded within the 400–
4000 cm–1 wavenumber range. Spectra were evalu-
ated using F. Menges ‘Spectragryph – optical spec-
troscopy software’, Version 1.2.16.1, 2023, http://
www.effemm2.de/spectragryph/.
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2.4.4. TGA analysis
The thermal analyses of the prepared samples were
carried out in nitrogen atmosphere (50 ml/min) in
the temperature range of 25–700 °C with a heating
rate of 10 °C/min using the TGA/DSC1, Mettler
Toledo, Greifensee, Switzerland apparatus.

2.4.5. POM analysis
POM analyses were performed with the use of a
Lab40, Opta Tech, Warsaw, Poland microscope
equipped with crossed polarizers and a MI20 Opta
Tech, Warsaw, Poland camera combined with a
LTS420, Linkam, Salfords, Great Britain heating
stage. During the observations, a magnification of
500× was used. The heating rate was 5 °C/min.

2.4.6. SEM analysis
Microscopic examinations were performed using a
scanning electron microscope Phenom ProX, Ther-
mo Scientific, Waltham, USA. The analysis was per-
formed at a voltage of 15 kV using a BSD detector
(Backscattered Electron Detector). Samples were
fractured perpendicularly to the lines of the magnetic
field applied during curing and their fracture sur-
faces were observed. The surface of the samples re-
mained untreated.

2.4.7. WAXS and SAXS analysis
X-ray scattering measurements were performed with
a NanoStar-U diffractometer, Bruker, Billerica, USA
with a 2D detector in transmission geometry. X-ra-
diation of the wavelength λ = 1.54 Å were generated
by a copper lamp, powered by 600 μA at 50 kV. The
instrument was equipped with two Göbel mirrors for
monochromatization and paralelly aligning the beam
of 500 μm diameter. The measurements were carried
out at room temperature. Scattering angles and in-
tensity were determined with the use of Bruker AXS
DIFFRAC > SAXS V.1.0 and Bruker AXS SAXS:
Small Angle X-ray Scattering System V4.1.46 soft-
ware.

2.4.8. DS analysis
Dielectric spectroscopy tests were performed using
a high-resolution Solartron 1260, Ametek, Berwyn,
USA analyzer with a CDI Alpha attachment coupled
with a Quatro Cryosystem, Novocontrol, Montabaur,
Germany for measurements at low temperatures and
a Linkam Salfords, Great Britain heating cell at high
temperatures. The tested resin or ready-made polymer

samples were placed between parallel electrodes and
tested in the frequency range of 10–1–107 Hz. All
analyses were carried out at strictly controlled tem-
peratures. The tests were carried out on solid cross -
linked samples that were placed directly between
metal electrodes. No additional conductive materials
were used when preparing samples for measure-
ments.

3. Results and discussion
3.1. Confirmation of the structure of the

synthesized resin
The NMR analysis was equipped to confirm the
course of the chemical reaction performed and its re-
sult is visible in Figure 2.
As presented in Figure 2, all resonance signals were
attributed to corresponding protons from the resin
structure: isolated aliphatic chain (A-methyl, B-meth-
ylene group) in the region 0.75–1.75 ppm; methyl-
ene groups protons with signals shifted by ester for-
mation (D, E) at 1.8 and 2.7 ppm; epoxy protons (C)
at 2.9 ppm and aromatic ring protons (F–I) with dif-
ferent chemical shift caused by different magnetic
neighbourhood. Moreover, the integrals presented in
the Figure 2 for the final product confirm the amount
of hydrogen atoms in the molecules (integration of
protons marked as ‘I, H’ is artificially elevated by
the signal from the solvent – CDCl3). Spectra of in-
termediates and substrates allow to investigate the
full course of the synthesis. Disappearance of the
carboxylic protons from oleic acid (~11.5 ppm) and
hydroxyl hydrogens (~10.7 ppm) from MEZO III on
4ANTVM spectrum proves that the esterification re-
action has been completed. Subsequently, during ox-
idation of 4ANTVM, all of double C=C oleic acid
bonds disappeared which is evidenced by the lack of
signal at about 5.5 ppm in the 4ANTEM spectra as
well as the presence of a signal at ~3.1 ppm, which
should be attributed to protons from epoxy groups.
Given all the analysed data, the synthesis can be de-
scribed as successful.

3.2. Thermal characteristics of curing
substrates and LC nature of 4ANTEM
resin

Investigated resin, like all novel compounds, needs
thorough characterization in order to enable proper
planning and performing the curing process. In the
case of thermotropic liquid crystalline monomers, it
is crucial to assess the range of mesophase stability,
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because curing performed in that region of temper-
ature allows to achieve molecularly ordered poly-
mers.

A series of DSC analyses were performed to assess
the thermal properties of substrates. The results are
presented in Figure 3.
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Figure 2. 1H-NMR spectrum of synthesized 4ANTEM liquid crystalline epoxy resin.

Figure 3. DSC thermal curves of pure 4ANTEM resin and 4,4′-DDM hardener.



The attached DSC thermograms show the melting
process of a chosen hardener, 4,4′-DDM, at approx-
imately 91.6°C, which is consistent with data from
the literature. A more complex phenomenon is visible
for a synthesized resin, where four peaks are present
on the thermogram recorded during heating. Previ-
ous research [24, 26] indicates that this should be a
polymorphic transition (102.8°C), then liquid crystal
formation (133.8°C), changes in LC phase (144.4°C)
and finally isotropisation at 213.7°C. To confirm this
for this novel, previously not synthesized compound,
we performed POM (Figure 4).
Photographs presented confirm the liquid-crystalline
nature of a compound and conclusions drawn from
the DSC analysis. Every picture was taken after the
phase transition recorded during the DSC analysis,
and there is only little change between pictures
Figure 4a and Figure 4b. This is typical for polymor-
phic transitions as they are difficult to detect with the
use of the POM method. However, every next
change is clear and produces typical textures for liq-
uid crystals presenting decreasing level of order with
a rise of the temperature (135 °C – smectic schlieren
– layered structure with alignment along an axis;
155°C – nematic marbled texture – aligned along an
axis, but without distinct layers) [29]. At 225°C the
isotropisation process takes place, which is evi-
denced by black regions of view.

3.3. Analysis of a curing process
To analyze the curing process, we performed the
DSC experiment for samples of mixture prepared to
harden in Teflon molds. This was necessary to de-
termine the glass transition temperature of the dy-
namically-hardened resin without the influence of
the magnetic field for future reference. Moreover,

the shape of the thermal curve brings information
about the intensity and temperature-range of the oc-
curring reaction and allows the choice of possible
conditions for isothermal curing assisted with the in-
fluence of the magnetic field. The thermogram pre-
sented in Figure 5 shows the chemical reaction that
occurs between the epoxy and amine groups, as well
as the transition characteristic for the substrates before
the reaction.
The first two thermal effects can be attributed to the
melting of an amine and the polymorphic change of
4ANTEM. Next, there is a deformed peak with max-
imum intensity at 136.4°C, which shows a transition
of an epoxy to a LC state. The deformation of this
peak was studied by our team before [30], where we
found that the curing reaction begins in the first mo-
ments of liquid crystal formation, and the overlap-
ping exo-reaction and endo-transition give, as a re-
sult, a visible change in the thermal curve. Over
150°C, of low intensity and with a wide temperature
range, curing takes place, as evidenced by the detect-
ed heat of the reaction. Interestingly, this process in-
tensifies at around 220 °C, which may indicate that
isotropisation of a monomer lowers the viscosity of
a mixture and facilitates curing. The investigated re-
action is slow, so there was a need to find suitable
isothermal conditions to cure larger samples fully.
These investigations are presented in Figure 6.
To correlate with previous studies, we chose 3 h cur-
ing time. After this time, at selected temperatures,
the second heating run was conducted to determine
the extent of a cure. Residual peaks detected as a sig-
nal of unreacted resin meant that the temperature
was too low. Finally, the 205 °C/3 h conditions were
found to be optimal for the process of hardening. In
our previous studies it was generally concluded that
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Figure 4. POM microphotographs of 4ANTEM resin taken during heating with the following temperatures. a) Crystal 1
phase, b) crystal 2 phase, c) smectic phase, d) nematic phase, e) ongoing isotropisation.



the best conditions for inducing structural anisotropy
is the lowest possible temperature, allowing to fully
cure the mixture. DSC is a great tool to determine this
temperature thanks to its sensitivity and very small
samples, which gives economic advantages when
compared to bigger samples prepared in molds.
Simultaneously, the Tg of the synthesized thermoset
was determined as 16.4 °C (and, as expected, lower
for non-fully cured samples). This is relatively low
for a resin with a four-aromatic rigid core, and this
can be explained by long, aliphatic spacers attached

to the mesogen, especially when the epoxy group is
placed in the middle of the hydrocarbon chains,
which may cause more steric hindrance. In effect,
we get low crosslink density, which significantly
lowers the glass transition temperature. This creates
new possibilities, as it allows the polymer to work
in the elastic state at room temperature.

3.4. Anisotropic polymer characterization
Molecularly ordered polymers were synthesized ac-
cording to the procedure described in the materials
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Figure 5. DSC thermogram of a curing of 4ANTEM/4,4′DDM system.

Figure 6. Second heating runs of isothermally cured 4ANTEM/4,4′-DDM samples.



and methods section. A magnetic field induction of
1.2 T was used, as well as conditions without pres-
ence of the magnetic field, as a control sample.

3.4.1. Determination of Tg and extent of cure
After the curing process had been completed, the
samples were extracted from the molds and subject-
ed to the DSC analysis. The results are presented in
Figure 7.
Thermal curves in Figure 7 clearly show that the
proposed time-temperature conditions are sufficient
to fully harden the prepared samples. This is evi-
denced by the lack of thermal effects characteristic
for substrates and for the exothermic curing process.
The glass transition of the examined specimens is
significantly different. For the sample cured without

an external magnetic field (black curve), the Tg is
16.9°C, which is consistent with previous DSC analy-
ses (Figure 6). For the sample cured in the magnetic
field with induction 1.2 T, Tg rises dramatically and
reaches the value of 37.5°C. This is a visible sign of
an important effect of the force field on the structure
of the polymer. Glass transition temperature of cured
epoxy resin is probably the most important thermal
property alongside assessing the thermal stability of
the obtained product, and both can be accurately de-
termined with the use of DSC method.
Furthermore, to monitor the extent of the cure, FTIR
analysis of the substrate and both synthesized sam-
ples was performed (Figure 8).
FTIR analysis provides additional proof that cur-
ing has been conducted successfully. This is clearly
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Figure 7. Thermograms of the thermosets cured in molds, with and without presence of the magnetic field.

Figure 8. FTIR spectra of curing substrates and synthesized polymers.



evidenced by the disappearance or reduction of the
intensity of the absorption bands considered diag-
nostic for the analysis of the described chemical re-
action (marked with rectangles in the figure), espe-
cially vibrations of chemical bonds in the
wavenumber range of 3300–3500 cm–1 (N–H
stretching) and at 1630 cm–1 (N–H bending). There
is also a visible drop in intensity for the 920 cm–1 ab-
sorption band (coming from the stretching vibrations
of the C–O bonds of the epoxy group), with the cre-
ation of a C–O stretching band at 900 cm–1 as a sign
of the formation of the new structural group resulted
from breaking of oxirane ring [31]. It is worth noting
that there are some residual bands, which show that
conversion does not reach 100%, but epoxy net-
works, due to spatial restrictions, never allow all
functional groups to react. This may influence the
thermal stability of polymers and the difference be-
tween iso tropic and anisotropic samples.

3.4.2. Thermal stability of synthesized samples
Due to the subtle rise of the DSC curve in the prox-
imity of 300°C (Figure 7) and the suspicion of start-
ing thermal degradation in that region, the TGA
analysis was conducted and the results are presented
in Figure 9.
Based on the analysis performed, it can be concluded
that the obtained polymers are characterized by good
thermal resistance up to temperatures of approxi-
mately 300°C, which, considering their intended use,
is a very good result. The diagnostic parameter of 5%

mass loss is recorded at a temperature of 351°C for
the sample hardened without the presence of a mag-
netic field and 343°C for the sample synthesized in
the presence of this field. The thermal decomposition
is characterized by an asymmetric peak, which indi-
cates that this process may have a substage, and the
maximum of its intensity falls at 381 °C (4ANTEM/
4,4′-DDM 0T) and 376 °C (4ANTEM/4,4′-DDM
1.2 T). The mass loss in this stage of decomposition
is 90.2 and 91.6%, respectively, and the remaining
mass of the sample at 700 °C is 9.8 and 8.4%. Thus,
the magnetic field slightly lowers the thermal stabil-
ity of the polymer. However, this should not be a
negative factor because of very small differences be-
tween samples and full stability up to over 200 °C,
which is a rarely exceeded temperature for the oper-
ating range of polymeric materials. The differences
between ordered and isotropic samples can be attrib-
uted to different morphology of networks, which
causes different distributions of free, easy-to-detach
functional groups with temperature. Alignment with
the magnetic field forces the molecules to remain in
a specific position, so it can restrict some access to
the reactive centers during curing, leaving the result-
ing polymer slightly more susceptible to thermal
degradation. It seems that enhancement of investigat-
ed properties by inducing molecular order in this par-
ticular case cannot be achieved because of additional
and artificially generated steric obstacles, but as it
was mentioned before, this minor negative influence
should not be a decisive factor also because of its
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Figure 9. TGA curves for synthesized 4ANTEM/4,4′-DDM 0 T and 4ANTEM/4,4′-DDM 1.2 T samples.



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
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Figure 10. SEM microphotographs of fracture surfaces of 4ANTEM/4,4′-DDM 0 T. a) 4ANTEM/4,4′-DDM 0 T, magnifi-
cation 2000×. 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 2000×, e) 4ANTEM/4,4′-DDM 1.2 T, magnification 1000×,
f) 4ANTEM/4,4′-DDM 1.2 T, magnification 4500×.



17.2–21.5° θ angle range was performed and pre-
sented on the intensity as the function of χ 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° χ 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 θ angle range below 2°, where scattering intensity
takes values from 10 000 to 24 000 (140% differ-
ence), definitively proves that the obtained sample
has an anisotropic structure. The sample prepared
without magnetic field (Figure 11c) presents no
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Figure 11. WAXS and SAXS scattering patterns of 4ANTEM/4,4′-DDM 0 T (a, c) and 4ANTEM/4,4′-DDM 1.2 T (b,
d) samples.



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 θ 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 q values of 0.05–0.20 Å–1, which
corresponds to structural components of the polymer
with the size of about 35–60 Å, 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 q = 1.30 Å–1

(part of the structure with ~4,85 Å width) and an
anisotropic one at q = 1.51 Å–1 (~4,15 Å width).

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 α-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 12. Scattering intensity plot as a function of magni-
tude of scattering vector for investigated poly-
mers.



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
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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.

Table 1. Selected values of electrical permittivity (determined for the frequency f = 1 kHz) and direct current conductivity
of the 4ANTEM/4,4′-DDM 0 T and 4ANTEM/4,4′-DDM 1.2 T samples.

Temperature
[°C]

4ANTEM/4,4′-DDM 0 T 4ANTEM/4,4′-DDM 1.2 T
Electric permeability

[pF/m]
Electric conductivity

[S/m]
Electric permeability

[pF/m]
Electric conductivity

[S/m]
–40 97.394 5·10–16 88.540 1·10–16

5 106.248 5·10–15 97.394 1·10–15

25 115.102 5·10–14 106.248 1·10–14

50 132.810 1·10–12 123.956 1·10–12

100 150.518 1·10–9 141.664 1·10–9



Tg), 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 Tg 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 Tg 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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