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ABSTRACT

Liquid crystalline epoxy networks (LCENs) are a class of materials that combine the useful
benefits of both liquid crystals and epoxy networks exhibiting fascinating thermal,
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mechanical, and stimuli-responsive properties. They have emerged as a new platform for

developing functional materials suitable for various applications, such as sensors, actuators,
smart coatings and adhesives, tunable optical systems, and soft robotics. This article
provides an overview of LCENs and their composites as functional materials, including their
synthesis and characterisation, focusing on structure-processing—property relationships. We
provide objective analyses on how materials engineers can use these relationships to
develop LCENs with desired functionalities for targeted applications. Emerging areas,
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including advanced manufacturing and multi-functional design of LCENs are covered to
show the overall progress in this field. We also survey the forward-looking status of LCEN
research in designing novel materials for future technologies.

Introduction
Epoxy resins

Epoxy resins are an important class of polymers formed
through the crosslinking of monomers containing
epoxy groups, also known as oxirane or glycidyl groups
[1]. The three-membered ring structure possesses con-
siderable strain that provides the driving force for the
epoxy to react rapidly with various curing agents,
such as amines, anhydrides, carboxylic acids, alcohols,
and thiols [2]. The curing reaction transforms the low
molecular weight precursors into a three-dimensional
network with infinite molecular weight. It results in
materials with excellent thermal and mechanical
properties, good chemical and moisture resistance,
and outstanding adhesive performance. In addition,
the ring-opening reaction of epoxy does not produce
any volatile organic compound and allows for the for-
mation of a network structure with low shrinkage [3].
These unique features, along with the wide selection
of monomers and curing agents, make epoxy resins
one of the most versatile polymers suitable for a
broad range of applications, including coatings,
adhesives, printed circuit board laminates, semicon-
ductor encapsulates, and advanced composites [4].

The research and development of new formulations
have never stopped in the history of epoxy resins.
Since the discovery of diglycidyl ether of bisphenol
A (DGEBA) by Schlack in 1934, numerous epoxy
resins have been developed and commercialised,
including both aromatic and cycloaliphatic mono-
mers, as listed in Table 1. Generally, epoxy resins pre-
pared from these monomers exhibit an amorphous
structure without any local or global molecular
order. While the properties of these resins can meet
the requirements for most engineering applications,
the increasing demand for high-performance
materials, especially in the aerospace industry,
has motivated scientists to search for advanced
epoxy systems with superior properties.

Liquid crystalline epoxy networks

The successful commercialisation of high-perform-
ance liquid crystalline (LC) polymers such as Kevlar
stimulated the interest in designing crosslinked LC
materials. The prediction by de Gennes to develop
liquid crystalline networks through the crosslinking
reaction of reactive LC monomers resulted in the
development of a group of materials known as liquid
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Table 1. Traditional aromatic and cycloaliphatic epoxy monomers.

Traditional epoxy monomer

Chemlcal structure

Diglycidyl ether of bisphenol A (DGEBA)

Tetraglycidylmethylenedianiline (TGMDA)

3

CH3
CH2 CH—\ : : /—CH CH2
CH CH

CH CH

Bis[3,4-epoxycyclohexylmethyl] adipate (BECHMA)

3,4-Epoxycyclohexylmethyl 3,4-epoxycyclohexanecarboxylate
(ECQ)

eage

crystalline thermosets (LCTs) [5-7]. These materials
combine the useful properties of liquid crystals (self-
assembly, reversible phase transition, and macro-
scopic orientation) and thermosets (good thermal,
mechanical, and barrier properties) [8]. A variety of
LCTs were developed in the 1980s using monomers
such as acrylate, methacrylate, epoxy, isocyanate, and
maleimide [9]. Liquid crystalline epoxy networks
(LCENs) have been among the most investigated
LCTs because of their unique range of properties
and potential applications [10]. Generally, LCENs
are produced by the reaction between LC epoxy
monomer and curing agent, resulting in a crosslinked
network containing LC domains whose local and glo-
bal order can be controlled during the curing reaction.
These novel epoxy materials exhibit improved proper-
ties while maintaining the benefits of traditional epoxy
resins, such as the richness of chemistry and ease of
manufacturing. More importantly, the ability to mod-
iy the local and global order of the LC domains pro-
vides considerable design flexibility to further control
the properties of the resins.

Early research of LCENs in the 1990s focused heav-
ily on the synthesis of novel LC epoxy monomers
[11,12], cure behaviour of these monomers with
different curing agents [13-15], and characterisation
of the fully cured resins [16-18]. Subsequent efforts
in the 2000s were devoted to controlling the local
and global order of the LC domains and understand-
ing the reinforcing effects of these LC domains on
fracture toughness [19-24], thermal conductivity

[25-27], and barrier properties of the LCENs [28-
30]. Over the last decade, the design of LCENs with
desired structures and properties has been the key
focus area. Both lightly crosslinked (usually cured
with difunctional carboxylic acids) and highly cross-
linked (usually cured with tetrafunctional amines)
LCENSs have been synthesised and characterised.

In the lightly crosslinked system, the LC domains
possess considerable flexibility. Therefore, they can
show the general LC behaviour, such as reversible
phase transition and macroscopic orientation. In con-
trast, in the highly crosslinked system, the LC domains
and their local and global orientation are permanently
frozen in the network. This difference has been used to
generate LCEN's with distinct properties and function-
alities. The review article by Carfagna et al. provides
excellent background information on both systems
[10]. While highly crosslinked LCENs exhibit out-
standing thermal and mechanical properties which
make them ideal candidates for structural adhesives
and conductive coatings [31], the tunable and adaptive
performance of lightly crosslinked LCENs has resulted
in an increasing interest over the past few years [32].
Combining breakthroughs in the field of dynamic
covalent chemistry and liquid crystalline elastomers
[33,34], Pei et al. developed lightly crosslinked
LCENs exhibiting unprecedented capabilities [35].
This pioneering work has stimulated the development
of LCENs with a variety of functionalities, including
self-healing, shape-shifting, reprocessability, and
recyclability. With recent progress in nanomaterials



and advanced manufacturing techniques, LCENs have
emerged as a new platform for the development of
functional materials and have shown great potential
for a variety of applications, such as actuators, smart
coatings and adhesives, tunable optical systems, and
soft robotics.

In this article, we provide an overview of LCENs
and their composites. The molecular engineering of
LCENSs, including the synthesis of monomers, selec-
tion of curing agents, and their unique curing behav-
iour, is discussed first. We then review approaches to
control microstructure (local and global LC orien-
tation) and properties of LCENs, highlighting some
of their remarkable functionalities and applications
enabled by these structure-processing—property
relationships. Finally, we survey the forward-looking
status of LCEN research in designing novel materials
for future technologies.

Synthesis and molecular engineering

Like traditional epoxy resins, the versatility of
LCENSs originates from the wide variety of epoxy
monomers and curing agents. The LC properties of
fully cured LCENs are highly dependent on the
monomers’ molecular structure, although the selec-
tion of curing agents can be influential in some
cases. In addition, the possibility of constructing
LCENs using both step-growth and chain-growth
polymerisation adds more flexibility to control
their properties. This section reviews the synthesis
of LC epoxy monomers and discusses the relation-
ship between their molecular structure and LC prop-
erties. We also introduce the selection of curing
agents and highlight the unique cure behaviour of
LCEN:s.

HO
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Synthesis of epoxy monomer

General synthesis route

The synthesis of LC epoxy monomers shares a lot of
similarities with that of traditional epoxy monomers.
For example, Figure 1 shows two general routes for
the synthesis of a biphenyl-based epoxy monomer
(4,4'-Bis(2,3-epoxypropoxy)biphenyl, BP) that has
been extensively used to produce LCENs. The mono-
mer can be synthesised using a one-pot reaction
between the corresponding diol and epichlorohydrin
(EPI) in the presence of sodium hydroxide as a cata-
lyst. While straightforward, this method requires a sig-
nificant excess of epichlorohydrin to reduce side
reactions, and the final product tends to contain a
small number of oligomers. Alternatively, the mono-
mer can be synthesised by converting the correspond-
ing diol into a divinyl compound, followed by
oxidation of the double bonds using peroxides such
as meta-chloroperoxybenzoic acid (MCPBA). This
approach allows for the preparation of LC epoxy
monomers with high purity. However, two separate
reactions are needed, and the purification of the final
product is relatively complex. Liu et al. examined the
synthesis of BP using both methods and found that
the EPI route resulted in BP with a molecular weight
distribution. In contrast, the MCPBA route resulted
in BP with a distinct molecular weight [36]. In fact,
both methods have been widely used to synthesise
LC epoxy monomers with diverse structures and
properties.

Molecular structure and geometry

Generally, LC epoxy monomer comprises rigid meso-
gens, flexible spacers, and reactive epoxy groups
(Figure 2(a)). The arrangement of the three com-
ponents can result in monomers with different

OH
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0
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Figure 1. Available routes for the synthesis of a biphenyl-based LC epoxy monomer.
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Figure 2. (a) Components of LC epoxy monomers, (b) typical structure and geometry of LC epoxy monomers, and (c) local mol-

ecular order of nematic and smectic LC phases.

geometries (Figure 2(b)). For a specific geometry, the
LC monomer can be constructed using mesogens
and flexible spacers with different molecular struc-
tures. These variables determine the monomer’s ther-
mal and LC properties, such as its phase transition
temperatures and local molecular order (Figure 2
(c)). For example, Table 2 shows three single-mesogen
monomers constructed using different mesogens
(biphenyl, methylstilbene, and phenyl benzoate),
which exhibit distinct thermal and LC properties
[37-39]. Because of this structure-property relation-
ship, significant research on LCENs has focused on
molecular engineering of the LC epoxy monomer.

Axial ratio and substitute

The design of LC epoxy monomers with proper
dimensions is crucial to achieving desired thermal
and LC properties. To elucidate the relationship
between axial ratio and liquid crystallinity of LC
epoxy monomers, Lee et al. synthesised a series of
phenyl benzoate-based monomers and compared
their thermal and LC behaviour [40]. They found
that the LC phase became more stable as the mono-
mers axial ratio increased (Table 3). However, the
increase of axial ratio required the construction of
structures with more aromatic rings, which raised
the melting temperature (T,,) of the monomers, lead-
ing to potential processing issues. For example, the T,
increased from 113°C for the mono-aromatic mono-
mer to 192°C for the tetra-aromatic monomer.

To reduce the melting point of highly aromatic LC
epoxy monomers, Lee et al. and Mormann et al. separ-
ately investigated the effect of substitution [41,42].
They both introduced a methyl group onto the central
aromatic ring of a tri-aromatic epoxy monomer. As a

result, the T,, decreased from 183°C for the unsubsti-
tuted monomer to 131°C for the methyl substituted
monomer (Table 4). The introduction of a chlorine
substitute was not effective in reducing the T,, due
to the increased polarity. In a subsequent work, Mor-
mann et al. found that the introduction of bulky sub-
stitute such as methoxy can disrupt the self-assembly
of mesogens, leading to a complete loss of liquid crys-
tallinity of the monomer [43].

Flexible spacers

Modifying the flexible spacers is another way to tailor
the thermal properties of LC epoxy monomers. Gener-
ally, increasing the length of flexible spacers results in
decreased T, and LC-isotropic phase transition temp-
erature (T;) of the monomer (Table 5, top) [44,45]. The
reduction of T; can be explained by the increased over-
all axial ratio of the monomer, which destabilises the
LC phase. In addition to changing the length of flexible
spacers, their position in the monomer has also been
modified by many researchers, which has led to the
development of twin-mesogen LC epoxy monomers
[46]. These monomers consist of two mesogens con-
nected through a flexible spacer. Choi et al. examined
a series of azomethine-based twin LC epoxy monomers
(Table 5, bottom) and observed an odd-even effect [47].
Monomers with even-numbered methylene units
showed higher T,, and T; values, which was ascribed
to a well-organised packing structure.

In summary, the extensive work on the molecular
engineering of LC epoxy monomers greatly expanded
the understanding of structure-property relation-
ships. It provided valuable insights on designing
monomers with suitable transition temperatures for
the development of LCENS.
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Table 2. Comparison of single-mesogen LC epoxy monomers with different mesogens.
Mesogen LC epoxy monomer Phase transition

0 0
/\ /\
CH,-CH-CH,—0 O—CH,-CH-CH,

4,4'-Bis(2,3-epoxypropoxy)biphenyl (BP)

o) CHs [}
CH,-CH-CH,—0 CH:C—< %o—cwcu—cm
Her1241

Biphenyl Herisel

Methylstilbene

p-Bis(2,3-epoxypropoxy)-o-methylstilbene (DOMS) 1109 N 62 Cr
0 o 0
/\ < > | < > /\
CH,-CH-CH,—0 c—o 0—CH,-CH-CH,
Phenyl benzoate 4-(2,3-Epoxypropoxy)phenyl 4-(2,3- < ;30N17199 ér

epoxypropoxy)benzoate (PHBHQ)

Notes: numbers indicate the phase transition temperatures and H, C, Cr, N, and | represent heating, cooling, crystalline, nematic, and isotropic, respectively.
Phase transition data was collected from refs [15,37,38].

Table 3. Effect of axial ratio on the phase transitions of LC epoxy monomers.
LC epoxy monomer Phase transition

A /°\ a3
CH,-CH-CH,—0 O—CH,-CH-CH,
[o} o o)
/\ | /\
CH,-CH-CH,—0O c—o O—CH,-CH-CH, "
criiel

C193N79Cr

o o o o}
/\ < > | I < > /\
CH,-CH-CH,—0O cC—oO O0—C 0O—CH,-CH-CH,
HCr181N 2291

o o (o}

o o
/\ < > H H I < > /\
CH,-CH-CH,—0 c—o o—cC o—cC 0—CH,-CH-CH,
HCr192 N 271

Notes: numbers indicate the phase transition temperatures and H, C, Cr, N, and | represent heating, cooling, crystalline, nematic, and isotropic, respectively.
Phase transition data was collected from ref [40].

Table 4. Effect of substitute on the phase transitions of LC epoxy monomers.
LC epoxy monomer Phase transition

o) o o 0
/\ | /\
CH,~CH-CH,—0 c c 0~CH,"CH-CH, HCr183 N 259 |
r
o) o o o)
/\ @ @ /\
CH,-CH-CH,—0 c—o o—C 0—CH,-CH-CH, HCr131N 2231

Cl

o] o o o]
CH,-CH-CH,—0 c—o o—C 0—CH,-CH-CH, HCr179N 243 |

Notes: numbers indicate the phase transition temperatures and H, C, Cr, N, and | represent heating, cooling, crystalline, nematic, and isotropic, respectively.
Phase transition data was collected from refs [41,42].

;
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Table 5. Effect of flexible spacer on the phase transitions of LC epoxy monomers.

Single-mesogen LC epoxy monomer

Phase transition

o [o}

° 0
cné—}:n(cnzko—@—c—o—@—o—c—@O{CHz)nC*{*‘\:Hz

Twin-mesogen LC epoxy monomer

0 0
/\ /\
CH,-CH-CH,—0 N=CH o-{cH,}-0 CH=N O—CH,-CH-CH,

,.

HCr183 N 2591
Her19N 2131
HCr107 N 1901
HCr110N 1651

Phase transition

HCr205N 2201
HCr165N 1811
HCr197 N 207 1
HCr160N 1771

VN = oVvohs - |=

Notes: numbers indicate the phase transition temperatures and H, C, Cr, N, and | represent heating, cooling, crystalline, nematic, and isotropic, respectively.

Phase transition data was collected from refs [44-47].

Selection of curing agents

The strained ring structure provides epoxy with a high
reactivity towards various curing agents, including
amines, anhydrides, carboxylic acids, alcohols, and
thiols. Because reactivity is not a constraint, curing
agent selection is primarily based on the intended
structures and properties of the final LCENs. Some
frequently used curing agents for LCENs are summar-
ised in Table 6. Generally, the use of coreactive curing
agents results in a step-growth polymerisation,
whereas the use of catalytic curing agents leads to a
chain-growth polymerisation. The reaction mechan-
ism of both processes has been covered in detail in
the review articles by Pham et al. and Vidil et al. for
traditional epoxy systems [1,2]. Here, we only high-
light some special consideration when selecting curing
agents for LCENS.

Coreactive, tetrafunctional

Aromatic diamines are the most frequently used cor-
eactive curing agents for LCENs. The reaction pro-
ceeds through a step-growth process, starting with
the formation of oligomers, followed by their cross-
linking reaction. Since the formation of a LC phase
is involved in the curing reaction, the timing of the
crosslinking step becomes very important. Ideally,
the crosslinking reaction should happen after a LC
phase is formed through the self-assembly of oligo-
mers. In this regard, the selection of curing agents
greatly influences on the final structure of LCENS.
As shown in Table 6, diamine curing agents can be
categorised into symmetric and asymmetric based on
their molecular structure. This is not usually a factor
considered when curing traditional epoxy resins.
However, in the case of LCENS, this symmetry factor
strongly affects the step-growth process and therefore
influences the LC phase formation [48,49]. For
example, many researchers reported that when BP
was cured with SAA, a smectic LCEN was obtained,
whereas using DDS resulted in an amorphous resin
[50,51]. The LC phase formation in BP-SAA was
attributed to the asymmetric structure of SAA.
Because of the two amine groups’ unequal reactivity,
the aromatic amine reacted first, resulting in linear

oligomers that were more likely to form a LC phase.
The sulphonate amine reacted at a later stage, resulting
in a delayed crosslinking reaction. In contrast, both
amines groups in DDS reacted simultaneously and
produced highly branched oligomers that cannot
self-assemble into a LC phase, resulting in an amor-
phous resin. In summary, aromatic diamines are the
primary choice when highly crosslinked LCENs are
intended. The crosslinking networks can permanently
fix any local or global LC order.

Catalytic

Highly crosslinked LCENSs can be prepared using cat-
alytic curing agents as well. Similar to the chain-
growth polymerisation process of traditional epoxy
resins, sulfonium and iodonium salts are used for cat-
ionic polymerisation, whereas tertiary amines and
imidazoles are used for anionic polymerisation. The
use of catalytic curing agents to produce LCENs has
not received much attention. However, recently it
has been shown that LCENs prepared using cationic
polymerisation exhibited a highly ordered structure
that resulted in improved thermal conductivity [52].
In addition, the photo-induced cationic polymeris-
ation has shown great potential for additive manufac-
turing of LCENs because of its fast reaction kinetics
and insensitivity to oxygen inhibition [53].

Coreactive, difunctional

Coreactive difunctional curing agents such as dicar-
boxylic acids and dithiols, are generally used for pro-
ducing lightly crosslinked LCENs. The reaction
follows the step-growth polymerisation mechanism.
As the reaction proceeds, the oligomers are cross-
linked through the hydroxyl groups generated in the
ring-opening reaction of epoxy [54]. It is worth men-
tioning that the reaction between epoxy and thiol pro-
ceeds very fast and can be initiated by both heat and
light, making it an attractive candidate for additive
manufacturing where sufficiently high reaction speed
and versatile initiation process are desired [55,56].
As mentioned earlier, the LC domains possess con-
siderable flexibility in these lightly crosslinked net-
works and exhibit active responses to external



Table 6. Example of commonly used curing agents for LCENs.
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Coreactive, tetrafunctional

Symmetric

NHZOCHZONHZ

4,4'-Methylenedianiline

Asymmetric
CH;

H,N NH,

2,4-Diaminotoluene

(MDA)
(DAT)
i i
O e
o 4;
4,4'-Diaminodiphenyl sulfone Sulfanilamide
(DDS) (SAA)
Catalytic
Anionic Cationic

)

4-Dimethylaminopyridine
(DMAP)

SheN

Diphenyliodonium hexafluorophosphate
(DPIHFP)

Coreactive, difunctional

Carboxylic acid

Sebacic acid
(SA)

Thiol

RN e
2,2'-(Ethylenedioxy)diethanethiol
(EDDET)

stimuli [57]. In particular, their ability to show revers-
ible phase transition and macroscopic orientation
after the crosslinking reaction has been used exten-
sively for the design of shape memory materials.

In summary, the wide selection of curing agents
and the diverse polymerisation pathways allow for
the preparation of LCENs with well-controlled struc-
tures and properties. This has been the key advantage
of LCENs over other LCTs, such as acrylate-based and
polysiloxane-based systems. The detailed structure-
processing—property relationships of LCENs will be
discussed in Section ‘Structure-processing-property
relationships’.

Curing behaviour and reaction kinetics

As introduced in the previous section, the polymeris-
ation process of LCENs depends on the choice of cur-
ing agent and mostly follows the mechanism observed
for traditional epoxy resins. The majority of the curing
studies of LCENs have focused on highly crosslinked
systems cured with diamines. Here, we summarise

the main findings of these studies and highlight the
unusual curing behaviour of LCENs caused by the
LC phase formation.

The reaction between epoxy and amine involves
several competing reactions, as shown in Figure 3
(a). The curing reaction starts with a nucleophilic
attack of the primary amine to the electron-
deficient carbon atom of epoxy, resulting in a sec-
ondary amine with a hydroxyl group. The second-
ary amine then reacts with another epoxy group,
generating a tertiary amine with two hydroxyl
groups. The reaction between secondary amine
and epoxy is generally slower than that of pri-
mary amine due to steric hindrance effects. The
hydroxyl groups formed in previous reactions
can react with epoxy, which is responsible for
the autocatalytic nature of the epoxy-amine
reaction.

In the case of LCENS, the formation of LC phase
introduces more complexity to the curing process
[59,60]. Carfagna et al. first reported the unusual
curing behaviour between DOMS and DAT
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Figure 3. (a) Mechanism of epoxy-amine reaction and (b) isothermal DSC curing curves of a LCEN based on DOMS-DAT at different
temperatures. Adapted with permission from ref [58]. Copyright 2003 John Wiley and Sons.

(Figure 3(b)) [37]. They performed a series of iso-
thermal curing experiments using differential scan-
ning calorimetry (DSC) and observed two
exothermic peaks for the curing temperatures
from 130°C to 170°C. However, for curing tempera-
tures at 180°C and higher, only one exothermic
peak was detected. The second exothermic peak
was attributed to an acceleration of the curing reac-
tion caused by the formation of a nematic LC
phase. Similar behaviour has been reported for
other LCENs as well. For example, Li et al. cured
BP with SAA and found that when cured at temp-
eratures below 200°C, the system formed a smectic
LC phase, whose DSC curves exhibited two
exothermic peaks (Figure 4(a)) [61]. Polarised opti-
cal microscopy (POM) experiment performed at
170°C confirmed that the second exothermic peak

T T T T

a 144 ]
g I Curing temperature
< 12"!_51 —— 160 °C —— 190 °C
W10\ ——170°C ——200°C !
A
g a ii\'.} ——180°C——210°C
z 6
o
= 44
5
©
O 2
A E
0

—
[+1]
—

(b)

0

2% VR
CH,-CH-CH,—0 0—CH,-CH-CH,

BP

was caused by the formation of the smectic phase
(Figure 4(b)).

The unusual cure behaviour of LCENs has led to
extensive research to understand their reaction kin-
etics. Following their initial report on the unusual
cure behaviour of DOMS and DAT, Amendola et al.
analysed the two exothermic peaks (Figure 3(b)) sep-
arately using an autocatalytic reaction model
expressed by Equation (1):

da

dt

E, "
ke f(a) = A+ exp(RT>'am'(l—a) (1)

where da/dt is the cure rate, k is kinetic constant, f(«)
is the reaction model, A is the pre-exponential fre-
quency factor, E, is the activation energy, R is the
gas constant, and T is the absolute temperature [58].
The activation energy associated with the two peaks

o]

Figure 4. (a) Isothermal DSC curing curves of BP-SAA at different temperatures and (b) POM images captured at different reaction
times at 170°C revealing the formation of a smectic LC phase. Adapted with permission from ref [61]. Copyright 2013 Elsevier.



was determined to be 35 and 42 kJ mol ™, respectively.
However, a significant increase of pre-exponential fre-
quency factor by 26-fold was observed for the second
peak, which resulted in a higher overall kinetic con-
stant. The authors attributed this behaviour to the
reduced viscosity due to the formation of the nematic
phase. Similar kinetic analysis results were also
obtained by Rosu et al. for the BP-SAA system [62].
It is worth mentioning that these studies used a pre-
defined reaction model to fit the experimental data.
While informative, these models are ineffective in
describing the complex curing kinetics of LCENs. In
this regard, Vyazovkin et al. developed a model-free
isoconversional kinetic analysis method, in which a
curing reaction can be modelled using multiple
single-step kinetic equations, thereby enabling the cor-
relation between the change of activation energy and
the change of reaction mechanism [63]. In this
method, dynamic DSC scans of different heating
rates are used, and the reaction rate is directly related
to the heat flow rate by Equations (2) and (3):

da  dHdt
dt ~ AH 2)

n(2%) = in (Af(a)) — Lo 3)

n<dt>a,i_ ! af “ RTCU'

where da/dt is the reaction rate, dH/dt is the heating
heat, and H is total reaction heat. For a specific « at
each heating rate $3;, the value of (da/dt),; and T,
can be determined from DSC curves, and then the
activation energy can be calculated from the plots of
In(da/dt),vs 1/T,; without using any reaction
model [64]. Using this method, Li et al. investigated
the cure kinetics of the BP-SAA system in detail
[65]. In the experiment, LCENs were produced using
low heating rates (1-4°C min~'), whereas non-
LCENs were produced using high heating rates (10-
25°C min '), as shown in Figure 5(a,b). By comparing
the two systems’ activation energy, they found that the
LC phase formation at the early stage of cure of LCEN
facilitated the curing reaction, resulting in a decrease
in activation energy (Figure 5(c)).
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The use of advanced thermal analysis techniques,
such as temperature modulated differential scanning
calorimetry (TMDSC), has been proved effective in
capturing the complex curing process of LCENs, as
it allows for the deconvolution of overlapped ther-
mal events. TMDSC experiment typically involves
the application of a sinusoidal temperature oscil-
lation to the traditional linear heating programme,
thereby separating reversible and non-reversible
heat flow signals. For example, Li et al. applied
this technique on the BP-SAA system and captured
an endothermic transition in the reversible heat
flow signal, corresponding to the LC-isotropic
phase transition [65]. However, in the total heat
flow curve and the conventional DSC experiment,
this process was not observed due to the over-
whelming exothermic curing reaction. In a recent
study, Mossety-Leszczak et al. observed that the
curing enthalpy of a phenyl benzoate-based LCEN
decreased with the increasing heating rate in con-
ventional dynamic DSC experiments [66]. In order
to elucidate this behaviour, the authors performed
TMDSC and found an additional exothermic peak
in the non-reversible heat flow curve, which was
overshadowed by the reversible LC phase transition.
This indicated that the exothermic curing process
starts during the endothermic phase transition of
the LC epoxy monomer. Although studies on the
cure kinetics of LCENs have received less attention
in recent years, they still play an important role in
providing a fundamental understanding of the cur-
ing reaction of these novel epoxy systems.

Structure-processing—property
relationships

The preparation of LCENs with desired structures,
properties, and functions has been the key focus
area. The structure-processing—property relationships
have been investigated not only through the control of
the molecular structure of LC epoxy monomers and
curing agents but also through the control of local
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Figure 5. (a) Dynamic DSC curing curves of LCENs showing two exothermic peaks, (b) dynamic DSC curing curves of non-LCENs
showing a single exothermic peak, and (c) evolution of activation energies of LCEN and non-LCEN determined using isoconver-
sional kinetic analysis. Adapted with permission from ref [65]. Copyright 2014 Springer Nature.
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and global order of the LC domains. In this section, we
detail factors that influence the structures and proper-
ties of LCENSs, including the choice of curing agents
(reactivity and stoichiometry), polymerisation types
(step-growth and chain-growth), and cure conditions
(temperature and external field).

Control of network structure and local LC order

Network structure

As mentioned in Section ‘Selection of curing agents’,
the selection of curing agent can result in LCENs
with different network structures. This has been the
primary strategy to control the performance of tra-
ditional epoxy resins. However, in the case of
LCENS, the change of network structure also affects
the flexibility of the LC domains, which determines
their properties and functions. For example, in highly
crosslinked LCENS, the LC domains are permanently
fixed in the network, so they usually function as a rein-
forcing phase to improve mechanical and barrier
properties because of their rigidity and ordered struc-
ture. On the other hand, in lightly crosslinked LCENS,
the LC domains possess considerable flexibility to
exhibit stimuli-responsive behaviour, which allows
for the design of interesting functionalities, such as
actuation and shape memory. Li et al. synthesised
both highly and lightly crosslinked LCENs using the
same biphenyl-based epoxy monomer (BP) [67]. The
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former system was prepared using SAA as a curing
agent (Figure 4(a)), whereas the latter system was pro-
duced using SA (Figure 6(a)). While both systems
exhibited a layered smectic LC phase, they showed dis-
tinct properties (Table 7). It was found that the highly
crosslinked LC domains in the BP-SAA system pro-
vided thermal and mechanical reinforcing effects,
resulting in a material with high glass transition temp-
erature (Tg), modulus, and creep resistance [68]. Con-
versely, the LC domains in the BP-SA system were
flexible enough to show a temperature-induced revers-
ible phase transition (Figure 6(b)) and a force-induced
macroscopic LC orientation, confirmed by two-
dimensional wide-angle X-ray scattering (Figure 6
(c)). Taking advantage of these properties, thermally
induced actuation behaviour of the LCEN was realised
under a bias stress (Figure 6(d)). In addition, it was
shown that the crosslink density and liquid crystalli-
nity of the LCEN can be controlled by adjusting the
molar ratio of BP and SA, which provided a simple
way to further tailor the thermal and mechanical prop-
erties of the material (Table 7).

Local LC order and domain size

Generally, LCENs exhibit a polydomain structure
when cured without any external field, in which the
LC domains have random directions. Therefore, poly-
domain LCENs usually have isotropic properties.
However, the LC domains may possess a specific

0.8

——BP-SA-05
061 ——BP-SA-07
0.4- ——— BP'SA-10

0.2-

0-4
0.2
041

Heat flow (W/g)

-06-

(b)

50 0 50 100 150 200
Temperature (°C)

804 BP-SA-10 Temperature (°C) st
Stress = 0.1 MPa — Strain (%) s
&
~ 601 140 <
S o
£ 40- 120 £
© ke
5 2
w 20 1 -100 £
(7]
et

d 80

100 200 300 400 500 600
Time (min)

(d)°

Figure 6. (a) Development of a lightly crosslinked LCEN using BP and SA, (b) temperature-induced reversible phase transition, (c)
external force-induced macroscopic LC orientation, and (d) reversible actuation enabled by the stimuli-responsive behaviour of
the LC domains. Adapted with permission from ref [67]. Copyright 2015 American Chemical Society.



Table 7. Thermal and mechanical properties of highly and
lightly crosslinked LCENs prepared using the same epoxy
monomer.?

Rubbery
LCENs Glassy modulus (GPa) ~ modulus (MPa) Ty (°C) T, (°Q)
BP-SAA 3.98 270 190.8 N/A
BP-SA-05 238 3.94 28.8 549
BP-SA-07 2.26 2.14 44.0 925
BP-SA-10 2.45 1.62 57.2 112.8

*Adapted with permission from ref [67]. Copyright 2015 American Chemi-
cal Society.

arrangement of mesogens, which is referred to as the
local LC order, such as nematic and smectic (Figure
2(c)). This local molecular order affects the properties
of LCENs and can be controlled by modifying the
reaction conditions, such as the curing temperature
and polymerisation type, which is usually not an
option for traditional epoxy systems.

The curing temperature has been shown to strongly
affect the local LC order of LCENs cured with dia-
mines. This is related to the step-growth polymeris-
ation process, in which the crosslinking step follows
the chain-extension step. Since the self-assembly of
mesogens in the chain-extension step is susceptible
to temperature changes, it is possible to control the
local LC order by adjusting the curing temperature.
This local molecular order is then permanently fixed
in the following crosslinking step. A detailed study
was performed by Ortiz et al. who cured DOMS
with MDA at different temperatures, which resulted
in LCENs exhibiting isotropic, nematic, and smectic
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local molecular order [19]. To elucidate the corre-
lation between curing temperature and local LC
order, they constructed a time-temperature-trans-
formation diagram, as shown in Figure 7(a). The
local molecular order difference resulted in materials
with distinct fracture behaviour as revealed by a Chev-
ron-notched three-point bending test. Interestingly,
the presence of a smectic local order resulted in slow
and stable crack propagation accompanied by excep-
tionally high fracture toughness of (G.=1.62 k] m™>
and Kj.=1.59 MPa m'’?), whereas the presence of a
nematic local order led to brittle failure with lower
fracture toughness (Gr=0.75 m2 and K.=
1.46 MPa m'?), as shown in Figure 7(b,c), respect-
ively. The high fracture toughness of the smectic
LCEN was attributed to the isolated fracture of indi-
vidual domains, which produced microscopic defects
and voids near and around the crack tip. The triaxial
stresses in neighbouring domains were relieved by
this process, thus enabling substantial plastic defor-
mation (Figure 7(d)). This reinforcing effect was not
observed for the nematic LCEN because of the smaller
size of the nematic domains. Inspired by this work,
Harada et al. and Robinson et al. separately investi-
gated the effect of LC domain size on the fracture
behaviour of LCENs. Harada et al. produced azo-
methine-based, nematic LCENs with different domain
sizes by varying the curing temperature [69]. It was
found that higher curing temperatures led to faster
curing rates and smaller nematic LC domains. The
fracture behaviour was analysed using polarised

NEMATIC (¢)

100 200 300 400

d (um)

single LC disclination

18
16
14
Z 12

e 10

= bd du Sn 00
—

disclination beuih

domuin

SMECTIC (d)

plastic
deformation
within a single LT

void

CRACK TIP y formation

0 100 200 300 400 (d)*

8 (um)

Figure 7. (a) Time-temperature-transformation diagram of DOMS-MDA elucidating the relationship between curing temperature
and local molecular order, (b) brittle fracture behaviour of a nematic LCEN, (c) ductile fracture behaviour of a smectic LCEN, and (d)
proposed fracture mechanism of the smectic LCEN. Adapted with permission from ref [19]. Copyright 1998 American Chemical

Society.
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infrared (IR) spectroscopy, which revealed that the
cracks propagated through the amorphous region
between LC domains. Larger LC domains were
found to be more effective in deviating crack propa-
gation, resulting in improved fracture toughness.
Robinson et al. produced smectic LCENs with differ-
ent domain sizes by changing the molar ratio of
DOMS and SAA and found that the domain size
decreased away from stoichiometry and resulted in a
decrease of fracture toughness [70]. The size of LC
domain also influences the dielectric properties of
LCENSs. For example, Guo et al. synthesised methyl
and t-butyl substituted biphenyl epoxy monomers
and cured them with DDM to produce LCENs with
difference domain sizes [71]. The methyl substituted
LCENSs exhibited a lower dielectric constant because
of its larger domain size resulted from the well-packed
mesogens.

Changing the polymerisation pathway is another
method to control the local molecular order of
LCENs. Castell et al. synthesised a series of azo-
methine-based LC epoxy monomers and investigated
the curing behaviour of these monomers with DAT
as a coreactive curing agent and with DMAP as a cat-
alytic curing agent [72]. Interestingly, the use of DAT
resulted in a nematic LCEN, whereas the use of DMAP
resulted in a smectic LCEN. Similar behaviour was
also reported by Ribera et al. on the curing of azo-
methine-based twin LC epoxy monomers [73]. The
authors inferred that during the polymerisation the
catalytic curing agent remained at the beginning of
the propagating polymer chains and therefore facili-

growth polymerisation of BP initiated by a cationic
curing agent (N-benzyl pyrazinium hexafluoroanti-
monate, BPH) resulted in LCENs with a highly
ordered microstructure due to linear weaving of the
epoxy groups (Figure 8(a)) [52]. However, the use of
a diamine curing agent (DDS) disturbed the molecular
order of the mesogens, resulting in a less ordered
microstructure. As shown in Figure 8(b), the sharp
X-ray diffraction (XRD) peaks of BPH-cured LCEN
indicated the presence of regular intersegmental spa-
cing between the mesogens. It was also shown that
the regulation of local molecular order reduced pho-
non scattering during heat transport, thereby improv-
ing the thermal conductivity of the resins from
0.34 WmK™" for the DDS-cured to 0.48 W mK™'
for the BPH-cured, as shown in Figure 8(c).

Global LC order and advanced processing of
LCENs

As discussed in Section ‘Control of network structure
and local LC order’, modification of the local LC order
is a simple and effective way to control the properties
of LCENs. This flexibility can be further enhanced by
applying external fields that induce a global LC order
(macroscopic orientation). Enabled by the stimuli-
responsive behaviour of liquid crystals, various
methods can be used to induce a macroscopic orien-
tation of LCENs, such as mechanical stretching
[74,75], electric and magnetic field processing [76-
80], surface orientation [81-84], and additive manu-
facturing [53]. Oriented LCENs often exhibit highly

tated the formation of highly ordered structures. anisotropic  optical, thermal, and mechanical
Indeed, Islam et al. recently reported that the chain- properties.
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Figure 8. (a) Effect of polymerisation pathway on the local molecular order of biphenyl-based LCENs, (b) XRD spectra of the LCENs
produced using step-growth and chain-growth polymerisation revealing the difference in microstructure, and (c) thermal conduc-
tivity of LCENs prepared using different polymerisation pathways. Adapted with permission from ref [52]. Copyright 2018 Amer-

ican Chemical Society.
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Figure 9. Magnetic field processing of LCENs based on DOMS-SAA: (a) WAXS patterns of the LCENs processed under different field
strengths, (b) schematic illustration of WAXS of macroscopically oriented smectic LC domains, (c) effect of field strength on orien-
tation parameter, (d) effect of macroscopic LC orientation on elastic modulus, and (e) effect of macroscopic LC orientation on CTE.

Adapted with permission from ref [85]. Copyright 1998 American Chemical Society.

Magnetic field processing

Liquid crystals can be oriented in magnetic fields
because of their anisotropic diamagnetic suscepti-
bility. Many researchers have demonstrated the prep-
aration of macroscopically oriented LCENs using
magnetic field processing. Benicewicz et al. systemati-
cally investigated the effect of magnetic fields on the
macroscopic orientation of LCENs prepared using
DOMS and SAA [85]. The magnetic field application
resulted in the alignment of mesogens along the direc-
tion of the applied field, which was then fixed by the
crosslinking reaction. Two-dimensional WAXS pat-
terns (Figure 9(a)) of fully cured LCENs confirmed
the presence of smectic LC domains and their macro-
scopic orientation, as illustrated in Figure 9(b). Orien-
tation parameters (S) were calculated from the inner
scattering rings using Herman’s method, as expressed
in Equations (4) and (5), and were correlated with the

field strength:

S = %(3(c052a) — 1) (4)

fg/z I(a) - sina - cos’a - da

fg/zl(a)‘sina-da

)

<COS2 CV) =

where « is the angle between the smectic layer nor-
mal and the magnetic field, and I(«) is the intensity
distribution calculated from the azimuthal intensity
distribution. It was found that the orientation par-
ameter reached a maximum value of approximately
0.8 at a field strength of 12T (Figure 9(c)). The
induced macroscopic LC orientation showed a

strong impact on the properties of the LCENs. For
example, the elastic tensile modulus increased from
3.1 GPa for the unoriented sample to 8.1 GPa for
the oriented sample cured at 18 T (Figure 9(d)).
The influence of macroscopic LC orientation was
also reflected by the LCENSs’ anisotropic coefficient
of thermal expansion (CTE), as shown in Figure 9
(e). Following this work, Lincoln et al. statistically
investigated the effects magnetic field strength, B-
staging time, and curing time in the field on the
LC orientation of the LCEN [79]. Both field strength
and B-staging time were found to strongly affect the
orientation process. For a given B-staging time, a
field strength threshold was observed, which deter-
mined the occurrence of macroscopic LC orien-
tation. A model was also constructed based on the
statistical data, which allowed for predicting orien-
tation parameter of the LCEN processed under
different conditions. To further investigate the ani-
sotropy of macroscopically oriented LCENs, Li
et al. cured BP and SAA within a 9T magnetic
field and characterised the mechanical and thermo-
mechanical properties of the resins using nanoin-
dentation  and  thermomechanical  analysis,
respectively, as summarised in Table 8 [86].

Surface orientation

Surface orientation is another widely used method to
align liquid crystals. As early as 1996, Amendola
et al. demonstrated the possibility of producing
macroscopically oriented LCEN films based on
DOMS-DAT using surface orientation [82]. A planar
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Table 8. Anisotropic properties of BP-SAA based LCENs after magnetic field processing.’

Contact stiffness Elastic modulus Hardness Average creep Glassy CTE Rubbery CTE
(N nm™") (GPa) (GPa) displacement (nm) (um°C™") (um°C™")
Unoriented 343+03 4.242 +0.064 0.242 +0.002 9333+1.14 66.75 126.9
Oriented, longitudinal 41113 5.284+0.192 0.260 + 0.009 88.66 +6.98 121 —27.44
direction
Oriented, transverse 309+0.7 3.669 + 0.079 0.223 +0.009 115.10 £ 6.08 92.74 217.7
direction

®Adapted with permission from ref [86]. Copyright 2014 American Chemical Society.

orientation of the nematic LC domains was obtained
using a rubbed polyimide layer, whereas a homeotro-
pic orientation was achieved using a polysiloxane
layer. The authors attributed this behaviour to the
different polarity of the alignment layers, which
resulted in different anchoring strengths for the meso-
gens. The designed orientation was preserved after the
curing process and the oriented LCEN films exhibited
strong birefringence. Recently, Tanaka et al. demon-
strated the preparation of macroscopically oriented
LCEN films using substrates with different surface
free energy (y) [83]. Low-y substrate (~46 mN m™Y)
was obtained through a thermal treatment at 250°C
for 10 min in an atmosphere and high-y substrate
(~72mN m™') was obtained through a UV/ozone
treatment for 10 min after the thermal treatment. It
was found that the low-y substrate promoted a planar
orientation of the mesogens.
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In contrast, the high-y substrate favoured a home-
otropic orientation, confirmed by grazing incidence
small-angle X-ray scattering (SAXS), as shown in
Figure 10(a). Consequently, the LCEN films exhibited
distinct thermal conductivity behaviour. An excep-
tionally high thermal conductivity of 5.8 W m™" K™
was observed for the homeotropically oriented
LCEN film, whereas the film with a planar LC orien-
tation showed a thermal conductivity of
04Wm™' K. In subsequent work by the same
authors, the effect of surface free energy on the LC
orientation was further investigated using synchrotron
radiation microbeam SAXS [84]. It was found that on
a low-y substrate the LCEN adopted a polydomain
structure with a random orientation of the smectic
domains, except at the droplet-air interface where a
planar orientation was observed (Figure 10(b)). How-
ever, on a high-y substrate, the LCEN adopted a

ity il

il ’\:E Measurement spots

High-y surface

Figure 10. LCEN films with controlled global LC orientation and thermal conductivity: (a) effect of surface free energy of substrate
on LC orientation, (b) orientation gradient of LCEN droplet on a low-y substrate, and (c) orientation gradient of LCEN droplet on a
high-y substrate. Adapted with permission from refs [83,84]. Copyright 2018 and 2020 American Chemical Society.



homeotropic orientation in the vicinity (within
21 um) of the substrate (Figure 10(c)). Therefore,
when thin LCEN films were prepared on a high-y sub-
strate, homeotropically oriented LC domains were
present throughout the film, resulting in a consider-
able increase of thermal conductivity. These films
show potential applications, including conductive
adhesives and thermal management coatings for elec-
tronic devices.

Additive manufacturing

In recent years, additive manufacturing (AM) has
emerged as the leading technology to produce
materials with controlled structures and geometries.
The application of AM in the field of liquid crystalline
networks has opened a whole new avenue for the con-
trol of LC orientation. The majority of the work has
been focused on extrusion-based AM of acrylate-
based LC systems [87-89]. As introduced in the pio-
neering work by Ambulo et al., the LC ink is subject
to both shear and extensional flow during the extru-
sion AM process that results in macroscopic orien-
tation of the LC domains [90]. The orientation can
be fixed immediately using photopolymerisation
after the ink is extruded, thereby allowing for the fab-
rication of materials with macroscopic and complex
LC orientations. AM in LCENS is largely unexplored
although the AM of traditional epoxy resins has
been studied extensively. Recently, McCracken et al.
demonstrated 2-photon direct laser writing (2P-
DLW) for the development of oriented, microstruc-
tured LCENSs, although the LC orientation was
induced by surface orientation [53]. It was found
that the robust cationic polymerisation of LCEN and
its oxygen insensitivity suited well with the 2P-DLW
process, through which diverse geometric arrays
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with submicron resolution were generated (Figure 11
(a)). Interestingly, the authors demonstrated the fabri-
cation of hybrid micro-actuators using orthogonal cat-
ionic polymerisation of LCEN and free radical
polymerisation of LC acrylate (Figure 11(b)). Through
the control of 2P-DLW micropatterned geometries
which determined the LCEN density within the hybrid
system, tunable actuation performance was realised, as
shown in Figure 11(c).

LCEN composites

Polymer composites are hybrid materials consisting of
a continuous polymer matrix with dispersed reinfor-
cing fillers, and therefore combine the useful benefits
of both components. The unique two-phase structure
(amorphous and LC domains) of LCENs makes them
attractive candidates as matrices for composite
materials. Combining suitable fillers and LC domains
can result in a synergistic effect, enabling remarkable
improvement of properties [91-93]. In this section,
we review different types of LCEN-based composites,
emphasising the relationship between the nature and
amounts of fillers and the curing behaviour, proper-
ties, and functionalities of the final composites.

Curing behaviour of LCEN composites

Most of the efforts on elucidating the effects of fillers
on the cure kinetics of LCENs have been focused on
diamine-cured systems. As early as 2002, the effect
of different carbon fillers, namely carbon black (CB)
and carbon nanotubes (CNTs), on the cure reaction
of DOMS-SAA was investigated by Bae et al. [94].
The cure kinetics was monitored using dynamic
DSC, and it was noticed that the addition of the

+1 director

-1 director

(a)

Figure 11. (a) Micropatterned LCEN arrays with submicron resolution enabled by 2P-DLW, (b) development of hybrid system con-
sisting of LCEN and LC acrylate, and (c) 2P-DLW of hybrid microstructured actuators. Adapted with permission from ref [53]. Copy-

right 2019 John Wiley and Sons.
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fillers retarded the cure reaction. The activation ener-
gies of the composites (25.9 kcal mol™" for CB and
25.4 kcal mol™" for CNTs) were slightly higher than
that of the neat LCEN (25.1 kcal mol™"). These out-
comes were attributed to the steric restriction imposed
by the carbon fillers on the nucleophile-electrophile
interaction between amine and epoxy groups. In the
same paper, it was also found that surface oxidation
of the carbon fillers decreased the activation energy
of the cure reaction by about 2.5 kcal mol ™. Indeed,
polar groups generated on the filler surface can act
as nucleophiles, facilitating the opening of epoxy rings.

The effect of surface functionalisation was further
investigated by Chen et al., who reported that the reac-
tion rate of BP and DDS increased in the presence of
BP-functionalised CNTs (Figure 12(a)) [95]. The acti-
vation energy of the composite decreased from 70.9 to
56.1 kJ mol ™" with a filler loading of 10 wt-%. Interest-
ingly, the incorporation of thermal-insulating tita-
nium dioxide (TiO,) nanorods showed no effect on
the activation energy, indicating that the high thermal
conductivity of CNTs may play an important role in
accelerating the cure reaction (Figure 12(b)). More
recently, based on a BP-DDS system, Luo et al. syn-
thesised a series of LCEN nanocomposites using pris-
tine, acid-functionalised, and BP-functionalised
nanodiamond (ND), as shown in Figure 12(c) [96].
It was found that the incorporation of ND accelerated
the cure reaction regardless of the type of surface func-
tionalisation, attributed to the unique structure of ND.
However, BP-functionalised ND showed the lowest
activation energy values due to the rigid structure of
BP molecules (Figure 12(d)).
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Besides carbonaceous particles, inorganic layered
clays, such as montmorillonite (MMT), have been
used as fillers in LCENSs. Cai et al. found that MMT
negatively affected the epoxy-amine reaction, lowering
the reaction enthalpy and increasing the activation
energies, especially at lower degrees of conversion
[97]. It was found that the cation exchange reaction
between amine and MMT caused the epoxy mono-
mers to diffuse into the clay layers, contributing to
the increased activation energy. The poor dispersion
of MMT and the weak filler-matrix interaction was
another reason, as evidenced also for conventional
epoxy/MMT composites [98,99]. Therefore, organic
intercalants have been used to improve the interfacial
interaction between the nanoclay platelets and epoxy
matrices. In this regard, Shen et al. elucidated the
effect of three alkylammonium-based modifiers of
MMT on the cure reaction between BP and SAA. All
of them lowered the activation energy as they cata-
lysed the epoxy ring-opening reaction [100].

Thermal conductivity of LCEN composites

In the field of electronics, heat dissipation represents a
nodal issue affecting the performance of devices.
Epoxy resins are frequently used as encapsulation
materials. However, they show low values of thermal
conductivity (<0.3 W mK™"). In this frame, LCENs
have the potential to efficiently act as heat-dissipating
materials as they exhibit thermal conductivity values
as high as 0.89 WmK™" [101,102] This is due to
their anisotropic, highly oriented LC domains that
promote heat transfer through a phonon vibration
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Figure 12. (a) Synthesis of LC epoxy functionalised carbon nanotubes (ef-CNTs), (b) effect of ef-CNTs and TiO, nanorods on acti-
vation energy of the cure reaction, (c) surface functionalization of ND, and (d) effect of ND and its surface functionalisation on
activation energy of the cure reaction. Adapted with permission from refs [95,96]. Copyright 2010 John Wiley and Sons. Copyright

2018 Elsevier.



mechanism. By compounding with suitable fillers,
further improvements of thermal conductivity of
LCENSs can be realised [103]. The nature, shape, size,
and loading content of fillers are the key parameters
controlling the thermal conductive properties of the
composites.

Having a remarkably high thermal conductivity,
boron nitride (BN) is one of the most employed addi-
tives. Harada et al. synthesised azomethine-based
LCEN composites containing different amounts (up
to 45 wt-%) of BN platelets and investigated the mutual
interaction between the LC domains and the BN fillers
[104]. They found that the local LC order had a signifi-
cant influence on the dispersion of BN platelets (Figure
13(a)), which in turn affected their reinforcement
efficiency. Ata BN loading of 45 wt-%, the thermal con-
ductivity of the smectic LCEN composite was 40%
higher than that of the isotropic composite containing
the same amount of BN (Figure 13(b)). This was related
to the progressive BN platelets aggregation caused by
the formation of the smectic LC domains (Figure 13
(c)). Similar results were reported by Yang et al., who
synthesised LCEN composites by curing BP with
DDM in the presence of BN fillers [105]. The neat
LCEN exhibited a high thermal conductivity of
0.51 W mK ™" because of the local nematic LC order
(Figure 13(d)), which directed phonons to travel in
the direction of the LC domains, thereby effectively
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suppressing phonon scattering of the material (Figure
13(e)). When BN fillers were introduced to the
material, the LCEN composite exhibited a high thermal
conductivity of 1.02 W mK ™" at a 30 wt-% BN loading,
twice as much as that of the DGEBA composite with the
same BN loading (Figure 13(f)).

The influence of local LC order on the reinforce-
ment efficiency of conductive fillers was also observed
for alumina modified LCEN composites. Giang et al.
synthesised a series of azomethine-based LCENs dis-
playing smectic, nematic, and nematic-isotropic
biphasic structures, and incorporated alumina con-
ductive filler [106]. It was found that the thermal con-
ductivity strongly depended on the local LC order of
the LCEN. Indeed, at an alumina loading of
50 vol.%, thermal conductivity values of 2.83, 3.04,
and 3.59 W mK™', were measured. Similar work has
been carried out by Yeo et al., who systematically
investigated various epoxy composites with alumina
fillers [107]. They found that an ordered microstruc-
ture was crucial to achieving high thermal conduc-
tivity. In this regard, LCEN composites provided
about 30% higher thermal conductivity than amor-
phous epoxy composites containing the same type
and concentration of the conductive filler. A thermal
conductivity value of 6.66 W mK~" was observed for
a BP-DDS system when 80 wt-% of alumina was
incorporated.
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Finally, remarkably high thermal conductivity
values have been reported for graphene filled
LCENs. Yeom et al. fabricated biphenyl-based LCEN
composites containing graphene nanoplatelets
(GNPs) [108]. To improve the filler-matrix inter-
action, a compatibiliser (BPIB) containing a biphenyl
moiety and a pyrene moiety was synthesised and
incorporated into the composites (Figure 14(a)). It
was found that the use of BPIB significantly reduced
the agglomeration of GNPs (Figure 14(b)) within the
LCEN matrix because of the bridging effect of BPIB
(Figure 14(c)). Through the modification of size,
thickness, and dispersion of the GNPs, the authors
reported an unprecedentedly high thermal conduc-
tivity value at a low filler content (44.9 W mK™'
13.6 vol.-%).

Thermal and mechanical properties of LCEN
composites

Both fibres and nanoparticles have been used to
improve the thermal and mechanical properties of
LCENSs. The first study on fibres-reinforced LCENs
was reported by Carfagna et al. in 2000 based on a
PHBHQ-DAT system containing 32 wt-% of carbon
fibres [109,110]. Compared with a conventional
DGEBA composite with the same amount of fibres,
higher Tg values, fracture resistance, and elastic mod-
ulus were observed for the LCEN-based composite. In
the same year, Sue et al. fabricated composites using
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DOMS-SAA and revealed that the presence of carbon
fibres promoted a preferred orientation of the LC
domains along the fibre axis [111]. More recently,
Guo et al. reported that the carbon fibre-induced LC
orientation increased density of the LC domains and
was responsible for the improved fracture toughness
and thermal resistance [112].

In the past decade, more papers dealing with the
fabrication of LCEN composites using nanoparticles
have appeared in literature. Jang et al. reported the
preparation of reinforced DOMA-SAA system using
multi-walled carbon nanotubes (MWCNTSs) and func-
tionalised MWCNTs through surface oxidation [113].
The surface functionalisation was more effective in
enhancing thermal and mechanical properties of the
LCEN due to the interactions between the polar
groups on the surface-modified nanotubes and the
epoxy matrix. A drastic enhancement of thermal and
mechanical properties was observed by Hsu et al. for
BP-DDS based composites containing surface
modified MWCNTs [114]. In this case, the nanotubes
were oxidised first using a mixture of nitric acid and
sulphuric acid, followed by attaching BP molecules
onto the oxidised surface, which not only promoted
the dispersion of nanotubes but also stabilised the
LC domains. Consequently, the LCEN composites
containing 2 wt-% of modified MWCNTs exhibited
a T, 70°C higher than that of the composite with pris-
tine MWCNTs. Additionally, significant improve-
ments on thermal stability, storage modulus, and
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Figure 14. (a) Schematic illustration of the modification of GNPs using a compatibiliser BPIB, (b) SEM images of composites with
unmodified and modified GNPs, (c) schematic illustration of the bridging effect of BPIB between the LCEN matrix and the GNP
fillers, and (d) thermal conductivity of the interface-engineered composites as a function of GNP size. Adapted with permission

from ref [108]. Copyright 2020 Elsevier.



hardness were observed and were attributed to the
preferred orientation of the LC domains along the
nanotubes.

Alumina and BN are the most used ceramic fillers
to improve the thermal and mechanical properties of
LCENs. In recent work by Lin et al, a detailed
study on the effect of concentration and surface
treatment (silane coupling) of BN fillers on the ther-
mal and mechanical properties of a ketone-based
LCEN was carried out [115]. Compared to the neat
LCEN, the composite with 5 wt-% of modified BN
exhibited an increase of storage modulus from 1968
to 2460 MPa and an increase of T, from 228°C to
245°C. Moreover, the rubbery CTE reduced from
157 um °C™" for the neat resin to 117 um °C™" for
the BN reinforced composite. Few studies have
appeared so far on the influence of lamellar MMT
on thermal and mechanical properties of LCENSs. In
their work, dating back to 2005, Ambrogi et al. inves-
tigated the properties of LCEN composites contain-
ing organophilic MMT [116]. The gained results
evidenced that the T, and the thermal decomposition
temperature (T,;) decreased with increasing MMT
loading, likely due to the homopolymerisation and
plasticisation phenomena induced by the alkylammo-
nium chains of MMT. Also, a significant reduction of
tensile strength was observed for the composites.
This has been related to the partial disruption of
the LC structure due to the introduction of lamellar
silicates.

Functionalities and applications

Owing to the unique structures and properties, LCENs
exhibit various functionalities that cannot be offered
by traditional epoxy resins. This section reviews
some exciting functionalities reported in the literature
for both highly crosslinked and lightly crosslinked
LCEN systems and introduce the potential appli-
cations that these novel materials have enabled.

Highly crosslinked LCENs

As introduced in Section ‘Control of network struc-
ture and local LC order ’, the diverse yet controllable
LC order of LCENSs is the key factor that differen-
tiates them from traditional epoxy resins. This unique
feature has allowed for the preparation of LCENs
with highly tailorable thermal, barrier, and optical
properties, enabling several novel applications
[71,117,118].

For example, Jeong et al. explored the potential
application of LCENs as lightweight, thermally con-
ductive electronics packaging materials [119]. They
synthesised a series of LCENs using cyanobiphenyl
mesogens with epoxy side groups (Figure 15(a))
and found that the dipole-dipole and n-m
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interactions between the cyanobiphenyl mesogens
gave rise to a highly ordered structure that minimised
phonon scattering during heat conduction (Figure 15
(b)). As a result, the designed LCENs exhibited sig-
nificantly higher thermal conductivity
(0.46 W mK™") than that of traditional epoxy resins
based on crystalline biphenyl and bisphenol A mono-
mers (Figure 15(c)).

Nie et al., on the other hand, focused on the barrier
properties of LCENs [121]. They investigated the
water permeation behaviour of a LCEN based on
DOMS-SAA and compared with that of an amor-
phous epoxy resin based on DGEBA-SAA. A signifi-
cant reduction of water permeability was observed
for the LCEN and was attributed to its ordered smectic
structure, which formed a barrier limiting water trans-
port pathways within the nanosized channels between
the smectic layers. In addition, due to hydroxyl and
amine groups in the channels, water transport was
further reduced by the attractive forces exerted by
these polar groups. The improved barrier performance
of the LCEN, along with its outstanding thermal stab-
ility and adhesive properties, indicated that they could
be used as protective coatings in next-generation elec-
tronic devices where excellent barrier properties and
high flexibility are required. In another work, Kawa-
moto et al. showed that LCENs could be potentially
used to fabricate composites for hydrogen storage sys-
tems [122]. They produced a series of LCENs using BP
and DDM and evaluated their suitability as gas-barrier
materials for type IV hydrogen storage vessels. In the
experiment, the fabricated LCEN samples were
exposed to hydrogen gas in a high-pressure vessel.
The hydrogen content immediately after decompres-
sion was determined to be in the range of 403-
1271 ppm, 25-75% lower than that of traditional
DGEBA epoxy resins.

Shen et al. explored the potential use of LCENs as a
novel stabilising phase for polymer-stabilised liquid
crystals (PSLCs) [120,123,124]. In their work, PSLCs
were fabricated through photopolymerisation a
phenyl benzoate-based LCEN in LC solvents. The sta-
bilising effect of the LCEN was evidenced by the highly
oriented structure of the PSLCs when cured in a glass
cell coated with rubbed polyimide layers (Figure 15(d),
I and II). However, the use of DGEBA disrupted the
initial orientation of the LC solvent molecules (Figure
15(d), IIT and IV), resulting in polymer-dispersed
liquid crystal (PDLCs) with a porous, disordered net-
work. The coupling of LCEN and LC solvent enabled a
two-stage electro-optical performance of the PSLCs
(Figure 15(e)). When the voltage of the applied electric
field was lower than a critical value (V,), the compe-
tition between the electric field effect and the anchor-
ing effect of the LCEN framework disrupted the initial
macroscopic orientation of the LC solvent molecules,
leading to a reduction of transmittance. However,
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when the voltage was increased to a value higher than
V., the electric field effect overpowered the anchoring
effect, inducing a reorientation of the LC solvent mol-
ecules and resulting in an increase of transmittance.
These novel PSLC materials have shown great poten-
tial for developing smart windows, electronic papers,
and electrically tunable IR reflectors.

Some highly crosslinked LCENSs also show promis-
ing biomedical applications. For example, Hsu et al.
reported the potential use of LCEN nanocomposites
as low-shrinkage dental restorative materials [125].
The nanocomposites were formulated using BP, a
cycloaliphatic epoxy monomer (ECH), and silica
nanoparticles. Cationic photopolymerisation of the
mixture resulted in LCEN nanocomposites with excel-
lent mechanical properties and extremely low post-
gelation shrinkage, 50.6% less than that of commercial
methacrylate-based composites. Cytotoxicity and bio-
compatibility of the LCEN nanocomposites were also
evaluated and showed performance similar to that of
commercial products, indicating that these nanocom-
posites are excellent candidates for dental restorative
materials.

Lightly crosslinked LCENs

While the preparation of lightly crosslinked LCENSs
has been reported by Giamberini et al. as early as
1995 [126], these materials have not received much
attention until the inspiring work by Pei et al. in

2014 [35]. Since then considerable progress has been
made in the area and resulted in several smart
materials with fascinating functionalities [127-134].
Pei et al. explored the potential applications of
LCENs as actuators and shape memory materials.
They designed and synthesised a lightly crosslinked
LCEN vitrimer using BP as an epoxy monomer, SA
as a difunctional curing agent, and 1,5,7-Triazabicy-
clo[4.4.0]dec-5-ene (TBD) as a transesterification cat-
alyst (Figure 16(a)). Owing to the low crosslink
density, the material exhibited a reversible LC-isotro-
pic phase transition in addition to the glass transition.
Using these two reversible thermal transitions, one-
way, triple shape memory behaviour of the LCEN
was realised (Figure 16(b)). More importantly,
through the introduction of dynamic covalent bonds,
the authors demonstrated the preparation of LCENs
with exchangeable crosslinks, which allowed for easy
processing and alignment (Figure 16(c)). Macroscopi-
cally oriented monodomain LCENs were readily pro-
duced using fully cured polydomain samples through
the TBD-catalysed transesterification reaction. The
prepared monodomain LCENs exhibited reversible
and spontaneous thermal actuation enabled by the
macroscopic orientation and reversible phase tran-
sition of the LC domains (Figure 16(d)). In addition,
the simple alignment process allowed for the prep-
aration of LCEN actuators with any shape, such as
pin-shaped and dome-shaped actuators. These shapes
are difficult to produce with the two-step alignment



o o

oH” Mg oH
B —
N
H
OH OH
Ra OAL Ra Rb vo\/l\’OVRi;-
0 o
0]
Ca&i_ys[ Ra V&OH + R:I:‘;ﬁa\l’(*%
- R
Catalyst OH OH |
== Ra O .+ Rba .
(a) G alap - nlop (b) |
qa i L | |
___lr. n..'-: | I3 .I'.'-.' f =
Ib\jllo-‘ 5 Oj? II Rolax ]]I -. 0....:?I .o..

l

(c)

(d)

;
&

INTERNATIONAL MATERIALS REVIEWS . 21

Isothermal at 130 °C
Deformto B
Coolto 75 °C

| Deformto C
“=! Cool to room temperature

Heati‘y
R XA
e Heat to 140 °C

o

T e W [ — |

Figure 16. (a) Synthesis of LCEN vitrimer and TBD-catalysed transesterification between ester and hydroxyl groups, (b) one-way,
triple shape memory behaviour of LCEN enabled by the reversible glass transition and LC phase transition, (c) post-synthesis align-
ment of LCEN vitrimer through transesterification, (d) thermal actuation of macroscopically aligned LCEN actuators with different
shapes. Adapted with permission from ref [35]. Copyright 2013 Springer Nature.

process that are commonly applied in acrylate and
polysiloxane-based liquid crystalline networks.

Following this pioneering work, many smart LCEN
systems with novel functionalities have been reported.
For example, Pei et al. developed multi-shape memory
LCENSs by joining epoxy vitrimers with different ther-
mal transition temperatures (Figure 17(a)) [135]. The
TBD-catalysed transesterification allowed the vitri-
mers to be welded via hot-pressing in any sequence,
thereby enabling a stepwise shape recovery process
of the hybrid LCEN films (Figure 17(b)). This
approach dramatically simplifies the design of multi-
shape memory polymers and enhances the ability to
control the shape memory processes (shape program-
ming and shape recovery). By selectively welding the
three vitrimers, multi-shape memory behaviour of
the hybrid LCEN films can be precisely controlled
(Figure 17(c,d)).

To eliminate the processing restraints of LCEN
vitrimers, such as moulding and hot-pressing, Yang
et al. developed a light-assisted method, which enabled
contactless processing and allowed for a spatial control
of the LC order [136]. Through the incorporation of
CNTs, they fabricated a LCEN composite whose trans-
esterification reaction can be activated using IR lights
because of the photothermal effect of CNTs (Figure 18
(a)). Macroscopically aligned LCEN composites were

successfully prepared by shining lights on uniaxially
stretched samples (Figure 18(b)). More importantly,
they demonstrated that the degree of transesterifica-
tion in the through-thickness direction of the LCEN
composites can be controlled by tuning the intensity
of the IR lights. This introduced an orientation gradi-
ent to the LCEN composites and enabled diverse
actuation behaviour, such as contraction or bending
(Figure 18(c)). Recently, using aligned CNT sheets,
Wang et al. fabricated LCEN composites exhibiting
electrically controlled actuation behaviour (Figure 18
(d)) [137]. The aligned CNT sheets enabled Joule heat-
ing and acted as an important component introducing
structural anisotropy to the composite film. Conse-
quently, the composite film was able to show spon-
taneous bending behaviour powered by electricity
without the need to induce macroscopic LC orien-
tation (Figure 18(e)). The authors also demonstrated
the potential use of the conductive LCEN composite
as self-healing supercapacitors (Figure 18(f)).

In addition to enabling light and heat responsive-
ness, the incorporation of CNTs into LCENs has
been shown to improve the fundamental shape mem-
ory performance. Lama et al. reported the synthesis of
shape-memory LCEN composites filled with surface-
modified MWCNTs [138]. They found that two-way
actuation behaviour of the material under a uniaxial
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stress was significantly influenced by the presence of
nanotubes. The neat LCEN showed a reversible actua-
tion of about 20% upon thermal cycling (Figure 19(a)).
In contrast, the composite containing the 0.75 wt-% of
nanotubes exhibited a reversible actuation of about
75% under the same stress level (Figure 19(b)).
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Moreover, the addition of MWCNTSs greatly reduced
the stress threshold required to initiate the shape
change (Figure 19(c)). By investigating the micro-
structure evolution of the composite upon mechanical
deformation, the authors revealed that the presence of
MWCNTs reduced network rigidity of the LCEN,
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facilitating the polydomain-monodomain transition
of the LC domains (Figure 19(d)). Similar results
were also observed through the incorporation of gra-
phene oxide [139].

Li et al. explored the possibility for the develop-
ment of multi-functional LCENs [140]. They
designed a simple approach that allowed for com-
bining different functional building blocks, including
azobenzene chromophores, liquid crystals, and
dynamic ester bonds. An azobenzene-based epoxy
monomer was polymerised with an aliphatic dicar-
boxylic acid to create exchangeable ester bonds
that can be activated by a transesterification catalyst
(Figure 20(a)). The LCEN exhibited various photo-
induced bending behaviour enabled by the photore-
sponsive azobenzene molecules. For example,
polarised blue light was used to control the macro-
scopic orientation of the azobenzene molecules on
the light-fronting surface, which allowed for a bidir-
ectional bending of the LCEN (Figure 20(b)). The
use of polarised UV light also resulted in controlled
bending behaviour of the LCEN but through a
different mechanism. In this case, the polarised UV
light triggered a trans-cis transformation of the azo-
benzene molecules on the light-fronting surface,
generating contractive forces along the polarisation
direction of the UV light and resulting in controlled
bending behaviour (Figure 20(c)). The developed
LCEN also exhibited light-induced triple shape
memory behaviour owing to the photothermal

effect of the azobenzene molecules (Figure 20(d)).
In addition, when combined with the dynamic
ester bonds within the system, the photothermal
effect allowed the LCEN to be repaired and repro-
cessed using UV light (Figure 20(e)).

To enhance the photoinduced mechanical force
of photoresponsive LCENs, Lu et al. developed a
strategy that exploited the mechanical strain energy
of pre-stretched LCEN films (Figure 21(a)) [141].
Laminated films were prepared using pre-stretched
LCEN film and biaxially oriented polypropylene
(BOPP) film. By controlling the pre-strain of the
LCEN film and architecture of the composite film,
photoresponsive 3D objects with robust and con-
tinuous macroscopic motions were realised. For
example, light-driven wheels and ribbons with con-
trollable rolling speed and direction were developed
using bilayer LCEN/BOPP composites (Figure 21
(b)). The ability to precisely control the movement
of these 3D objects allows for the design of soft
robotics with more sophisticated motions. In sub-
sequent work, the team incorporated gold nanorods
(AuNR) into the LCEN, which enabled a near-
infrared-light (NIR) responsiveness in addition to
the UV-responsive behaviour of azobenzene (Figure
21(c)) [142]. When the researchers properly inte-
grated the two mechanisms, a photo-operated
robotic polymer crane was fabricated, capable of
grasping, lifting, lowering down, and releasing an
object (Figure 21(d)).
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cal Society.

Conclusions and outlook

In the past few decades, remarkable advances have
been made in the field of LCENs. While these
materials were initially developed as a mechanically
reinforced version of epoxy resins, continued
research has revealed their huge potential by com-
bining liquid crystals and epoxy networks. Com-
pared to traditional epoxy resins, the presence of
the LC domains provides considerable flexibility to
tailor the properties of LCENs and enables novel

PSP v o PG SUUPPH —

.

IS S
8 o

TR am AV on, bending
PR A _ — § - &

functionalities that are not offered by the conven-
tional systems. Compared to other liquid crystalline
networks, the versatile epoxy chemistry of LCENs
allows for a greater control of the LC phase for-
mation and network structures. This unique combi-
nation will continue to yield LCEN systems with
novel structures and properties.

However, the successful preparation LCENs with
desired functionalities will depend on the precise con-
trol of network structure and LC orientation, which
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Figure 21. (a) Preparation of pre-stretched LCEN, (b) laminated LCEN/BOPP composite ribbons with controllable rolling speed and
direction, (c) schematic illustration of two actuation mechanisms of AuNR/LCEN composites enabled by NIR and UV-vis lights, (d)
light-controlled robotic crane fabricated through the integration of AuNR/LCEN composites with different actuation mechanisms.
Adapted with permission from refs [141,142]. Copyright 2017 and 2018 John Wiley and Sons.



requires a rational selection of polymerisation path-
ways and processing techniques. While the step-
growth polymerisation offers the possibility to tailor
the LC phase formation of LCENSs through the control
of the chain growth process, effective methods are lar-
gely limited to the change of curing temperature or
chemical reactivity of the monomers and curing
agents. In this regard, the chain-growth polymeris-
ation pathway represents a valuable option to control
the overall reaction since both the initiation and
propagation steps can be modified. The cationic poly-
merisation of LCENSs, in particular, has shown great
potential for the development of highly ordered
LCENs with low cure shrinkage in an oxygen-rich
environment and can be used in combination with
acrylate-based systems to develop hybrid liquid crys-
talline networks. Concerning LC orientation control,
additive manufacturing appears to be a powerful
method to generate LCENs with macroscopic and pro-
grammed orientation. However, this area remains lar-
gely unexplored. The robust and versatile epoxy
chemistry is expected to allow for the formulation of
LC inks suitable for various printing techniques. In
addition, the development of LCENs will continue to
benefit from the progress in nanomaterials. While
the use of traditional nanomaterials, such as CNTs
and GNPs, have been found effective in improving
the thermal and mechanical properties of LCENS,
these improvements are far less ideal due to aggrega-
tion of the nanoparticles. Continued research on resol-
ving the dispersion issues of nanoparticles and the
exploration of novel fillers for LCENs, such as two-
dimensional nanomaterials (graphene and MXenes),
are needed to fully exploit the potential of LCEN com-
posites. The challenge will be to properly integrate
these tools to achieve the targeted structures and prop-
erties that can be translated into useful functionalities
and applications. Another critical aspect to consider is
the sustainability of LCENS. So far, scientific research
has mainly addressed the preparation of LCENs with
exchangeable crosslinks, which can be reused or
recycled, thereby reducing waste disposal into the
environment. In this respect, a remarkable advance-
ment should encompass bio-based resources to pro-
vide novel functional LCEN epoxidised precursors,
inline with the new international chemical regulations.
This strategy will limit the consumption of non-
renewable resources and CO, emissions, pushing aca-
demic and industrial actors to enhance circular econ-
omy models.
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