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A B S T R A C T

Nematic liquid crystal elastomers (LCEs) are advanced materials known for their shape-changing capability in
response to external stimuli such as heat, light, solvents and electromagnetic fields. This makes them excellent
candidates for applications like soft robotics and energy harvesting. While studies on their physical behavior
have shed light on the complex nonlinear mechanics of LCEs, investigations through all-atom molecular
dynamics (MD) simulations remain an underutilized avenue compared to experimental and theoretical analyses.
This limited use is primarily due to the lack of well-established frameworks for conducting high-fidelity
atomistic simulations of LCEs. To bridge this gap, we introduce an all-atom MD simulation framework based
on the Polymer Consistent Force-Field (PCFF), which models the polymerization and crosslinking processes for
a category of acrylate LCEs and captures their synthesis history- and composition-dependent properties. Our
computational framework empowers us to simulate the spontaneous deformations and shape memory behavior
upon temperature changes and enables us to observe the auxetic effect under elastic strains by generating
models that closely replicate experimental findings. Moreover, this study not only validates the numerical
models but opens up new avenues to explore the intricate behaviors of LCEs through their molecular structures
and facilitate computational design advancements.
1. Introduction

Liquid crystal elastomers (LCEs) can show significant reversible
deformations up to a few hundred percent strains when subjected
to external stimuli such as heat, light, solvents or electromagnetic
fields (Clarke et al., 2001; Guo et al., 2021; Van Oosten et al., 2007),
nd are promising materials for applications like robotics and energy
arvesting (Rogóż et al., 2016; Stuart et al., 2010; Li et al., 2012). This
s due to their advanced structural architecture containing two major
uilding blocks: liquid crystals and polymeric chains. Liquid crystals are
ypically composed of relatively rigid rod molecules, called mesogens,
hat are polarized to form long-range orientational order (Warner and
erentjev, 2007). The average direction of all mesogen long axes is
ermed the director. For example, in thermotropic nematic LCEs, the
ong-range orientational order can be imprinted into the polymeric
etwork, where liquid crystals are attached, such that a macroscopic
hape-memory effect can be achieved upon heating or cooling (Warner
nd Terentjev, 2007).

The last decade has witnessed a surge in experimental fabrica-
ion, characterization, and numerical and theoretical modeling of LCEs
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E-mail addresses: mihaila@cardiff.ac.uk (L.A. Mihai), haoran.wang@usu.edu (H. Wang).

(Warner, 2020; Hussain et al., 2021; Mistry, 2021; Soltani et al.,
2021; Park et al., 2023). Conventionally, designing and producing
LCEs required a background in synthesis chemistry and complicated
experimental conditions and was primarily limited to thin films (Ula
et al., 2018). The development of versatile ‘click’ reactions has sig-
nificantly lowered the technical barriers of LCE synthesis (Saed et al.,
2016) and enabled the fabrication of bulk-scale LCEs using 3D printing
technology. This further led to promising applications in various disci-
plines (Ware et al., 2015; de Haan et al., 2014; Kotikian et al., 2019;
White and Broer, 2015). At the fundamental level, continuum elasticity
theories of LCEs have been developed to capture or predict phenomena
such as soft elasticity and shape shifting (Warner and Terentjev, 2007).

In a recent experimental study, Mistry et al. (2018a) reported the
observation of an intriguing auxetic response in monodomain acrylate
LCEs. When a thin film is stretched perpendicular to the director, its
thickness first decreases to a critical tensile strain and then increases
while its volume remains unchanged. The critical tensile strain varies
from 0.79 to 1.02, depending on the strain rate. Such auxetic behavior
has been shown to agree with theoretical model predictions by Mihai
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et al. (2022, 2023). The emergence of biaxial order is proposed to be
the driving force of the auxetic effect (Raistrick et al., 2021; Wang
et al., 2022). In a separate study of the same nematic LCE, uniaxial
tension tests lead to a three-region stress–strain curve similar to a
semi-soft elastic behavior characterized by gradual rotations of the
director; however, the 2D optical tracking of the director reveals an
apparent sudden rotation of the director, similar to a mechanical-
Fréedericksz transition (Mistry et al., 2018b). A later experimental
study has revealed that the apparent sudden rotation is because almost
all measurement techniques can only resolve a single director, and what
likely happens is that minor and major biaxial directors swap at some
threshold strain (Wang et al., 2022). These phenomena require more
understanding of the LCE behavior at a molecular scale.

Molecular dynamics (MD) simulations are important and promising
tools for studying LCEs (Wilson, 2005). A vast majority of existing
MD simulations use the Gay-Berne coarse-graining potential (Skačej
and Zannoni, 2012; Moon et al., 2019; Whitmer et al., 2013; Brown
et al., 2009; Mihai et al., 2021), where mesogens are modeled as
ellipsoidal particles with anisotropic interactions. With the coarse-
graining potential, the isotropic–nematic phase transition (Ilnytskyi
and Neher, 2007; Wilson, 1997) and shape-memory effect of LCEs (Il-
nytskyi et al., 2012) are replicated, and their mechanical properties
are characterized (Stelzer et al., 1995; Allen et al., 1996; Skacej and
Zannoni, 2014). However, these models have been developed for gen-
eral LCEs to demonstrate certain universal behaviors, and they cannot
be relied upon to investigate the composition-dependent behavior of
different LCEs. Fewer all-atom MD simulations use force fields such
as the general Amber force field (GAFF), Optimized Potentials for
Liquid Simulations (OPLS), Dreiding, and Polymer Consistent Force-
Field (PCFF) (Boyd and Wilson, 2015; Cheung et al., 2002; Prathumrat
et al., 2021). Among them, GAFF, OPLS, and Dreiding force fields tend
to overestimate the phase transition or glass transition temperatures;
PCFF and its variation predict LCE glass transition temperatures and
viscoelastic properties with good accuracy and partially retrieve their
spontaneous deformation behavior upon heating. The better perfor-
mance of PCFF is attributed to its additional cross-coupling terms and
the 6–9 LJ potential compared to the 6–12 LJ potential in other force
fields (Prathumrat et al., 2021).

Here, we investigate the accuracy of PCFF-based MD simulations
with the aim of establishing a high-fidelity computational framework
for all-atom MD simulations of LCEs. In the first part, we introduce
the MD simulation steps for polymerization and crosslinking to obtain
LCEs using PCFF. Our PCFF-based MD simulations demonstrate the
shape-memory behavior and auxetic response of acrylate LCEs with
great accuracy when validated against experiments. We then analyze
the atomistic-level behavior of the MD simulations to understand the
underlying physics of the LCE shape-memory and auxetic effects.

This work paves the way for future studies of the process-structure–
property correlations and computational design of nematic elastic ma-
terials.

2. MD simulations

The LCE computational models in this study are composed of
2-ethylhexyl acrylate (EHA), 6-(4-cyano-biphenyl-4′-yloxy)hexyl acry-
late (A6OCB), and 1,4-bis-[4-(6-acryloyloxyhex-yloxy)benzoyloxy]-2-
methylbenzene (RM82). The molecular formula of the three monomers
and the schematic of their polymerization and crosslinking are shown in
Fig. 1(a). Among the three monomers, A6OCB and RM82 are reactive
mesogens, which contain rod-shaped rigid parts denoted by the blue
and red ellipsoids in Fig. 1(a). The non-mesogenic EHA can increase
the flexibility of the polymer backbone. Their molar ratios vary in
different models to study the composition-properties relations. In the
course of polymerization, the double-bonded carbon atoms located at
the terminal reactive sites of monomer molecules establish new bonds
with adjacent counterparts in other monomer molecules. This acrylate
2

t

polymerization process continually progresses, developing an acrylate
backbone, as depicted in Fig. 1(a). Notably, RM82 exhibits reactive sites
at both ends, enabling it to function as a crosslinker when its two ends
are integrated into backbones within different polymer chains.

2.1. Interatomic potential validation

The interatomic potential plays a crucial role in accurately modeling
LCEs at the atomistic level. Here, we use the PCFF, which has shown
promising results in MD simulations for RM257 and PETMP-based
LCEs (Prathumrat et al., 2021). Before delving into simulations of
LCE polymerization and crosslinking, we first validate the PCFF by
comparing the simulation outcomes of monomers against experimental
data. These monomers and their mixtures exhibit consistent properties
regardless of their synthesis routes or molecular structures within LCEs.
Therefore, they serve as a reliable benchmark to gauge the precision of
PCFF-based simulations. We focus on calculating steady-state density
𝜌 and the nematic–isotropic transition temperatures, 𝑇𝑛𝑖. Each model
comprises 1000 molecules, and we employ an NPT ensemble at 300
K to attain equilibrium under constant pressure of 1 atm for up to
5 nanoseconds (ns). All models reach equilibrium within 2 ns. We
obtain 𝜌 from the simulations in the last 1 ns. Table 1 lists densities
obtained from MD simulations using PCFF at 300 K for EHA, A6OCB,
and RM82. We note that, in general, these simulations using PCFF
tend to slightly underestimate monomer densities when compared to
experimental values (Lide, 2004).

The 𝑇𝑛𝑖 is calculated for 5 models with different molar ratios of
A6OCB and RM82 monomers. The models are heated to 800 K to
remove any orientational order and then quenched to 300 K with an
NPT ensemble. During quenching, an electric field is applied to align
the mesogens. After 1.5 ns, a stable nematic phase is formed, and the
electric field is removed, after which the whole model is equilibrated
at 300 K for 5 ns. To quantify the LC order of the models, we use the
parameter of 𝑆2, the largest eigenvalue of the molecular ordering tensor
below

𝑄𝛼𝛽 (𝑡) =
1
𝑁

𝑁
∑

𝑖=1
[ 3
2
𝑢𝑖𝛼(𝑡)𝑢𝑖𝛽 (𝑡) −

1
2
𝛿𝛼𝛽 ], (1)

here 𝑁 is the total number of mesogens, 𝑢𝑖𝛼(𝑡) and 𝑢𝑖𝛽 (𝑡) are the unit
irectional vectors of each mesogen’s long axis at time 𝑡, for 𝛼, 𝛽 =
, 𝑦, 𝑧, and the Kronecker delta is 𝛿𝛼𝛽 = 1 when 𝛼 = 𝛽, and 0, otherwise.
or ideally isotropic liquid crystals, 𝑆2 = 0; for ideally nematic liquid
rystals, 𝑆2 = 1. When applying an electric field of 1 volt/angstrom, 𝑆2
eaches an equilibrium value of 0.8–0.9 within 10 ns, representing a
ematic phase. The eventual nematic LC molecules have order ranging
rom 0.60 to 0.73. Starting from the stable nematic LC monomers at 300
, we heat the models gradually to observe the evolution of LC order.
ig. 2(a) shows the evolution of LC order with respect to temperatures
or A6OCB and RM82 monomer mixtures. Following Maier–Saupe the-
ry (Luckhurst and Zannoni, 1977), we use 𝑆2 = 0.4 as the critical
C order for nematic–isotropic phase transition (Boyd and Wilson,
015), and calculate 𝑇𝑛𝑖 by linear interpolation. The estimated 𝑇𝑛𝑖 in
ig. 2(b) are in remarkably good agreement with experimental data
btained from differential scanning calorimetry measurements (Jull
t al., 2022). The density and 𝑇𝑛𝑖 calculations for monomer mixtures
xhibit high-fidelity results from PCFF-based MD simulations. Due to
he lack of OPLS-based MD simulations of LCEs, we also use OPLS
otentials to calculate 𝑇𝑛𝑖, which turns out to be 200 K higher than
hose in experiments. For the monomer mixtures of RM82 and A6OCB,
AFF has been proven robust for predicting their 𝑇𝑛𝑖 (Jull et al., 2022).

We apply periodic boundary conditions throughout the MD sim-
lations and a cutoff distance of 12 Å for the LJ potential calcu-
ations, accounting for both computational accuracy and efficiency.
he Coulumbic term is excluded from the interatomic force field for
wo reasons. First, including the Coulumbic term yields lower phase
ransition temperatures, which may be caused by inaccurate atomistic
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Fig. 1. (a) The chemical structures of RM82, A6OCB, and EHA monomer molecules (left) where the rigid rod-shaped groups in RM82 and A6OCB are represented by blue and red
ellipsoids, respectively, and the formation of backbone chains and crosslinking between different chains through the acrylate polymerization between the reactive sites on different
monomers (right); (b) the reaction templates for polymerization and crosslinking in MD simulations to generate LCEs, where the C atoms in yellow triangles are the so-called edge
atoms connecting with the rest of polymer chains, and the C atoms in blue squares are the so-called initiator atoms between which new bonds form when two initiator atoms are
within a critical distance.
Table 1
Steady-state densities of EHA, A6OCB and RM82 monomers (g/cm3).

Monomers Experiments (Lide, 2004) PCFF-based MD simulations Deviation from experiments

EHA 0.880 0.847 3.70%
A6OCB 1.12 ± 0.1 1.049 Within the range
RM82 1.156 1.120 3.13%
partial charges in our simulations, requiring further investigation. Sec-
ond, according to Warner and Terentjev (2007), the ordering of liquid
crystal molecules is due to the steric effects (shape anisotropy) and ther-
motropic effects (van der Waals forces), and thus, the Coulombic force
is not crucial to the phase transition of LCEs (Warner and Terentjev,
2007).

2.2. Polymerization and crosslinking

The LCE models for MD simulations are created within LAMMPS
(Thompson et al., 2022) following the steps below. 1000 molecules
f the three monomers are fully mixed in a cube by equilibrating at
00 K with NPT conditions for 0.5 ns. A pressure of 10 MPa is used
o prevent void generating in the models. Subsequently, the models
re quenched to 500 K, and an electric field is applied to align the
esogens such that a nematic phase of monomers can be established.
hen, the polymerization and crosslinking of the monomer molecules
re started by using the REACTER module in LAMMPS (Gissinger et al.,

2017, 2020). To use this module, we create three reaction templates
to model the polymerization and crosslinking at different stages, as
shown in Fig. 1(b). The monomer–monomer reaction represents the
initiation of the polymerization process. In experiments, the polymer-
ization initiation is activated by photoinitiators. Here, we set a limit
of 16 monomer–monomer reactions corresponding to the 1.6 mol%
photoinitiators added in experiments (Mistry et al., 2018a). After the
monomer–monomer reaction, a short chain is formed. These chains can
grow by reacting with monomers, or reacting with other chains, as
3

shown in Fig. 1(b). A cutoff distance of 5 Å is used for polymerization
and crosslinking reactions, i.e., when the two initiation atoms in the
blue squares in Fig. 1(b) are within 5 Å, the reaction is activated. Using
a higher temperature and a relatively larger reaction cutoff distance
is necessary to finish the polymerization and crosslinking process in a
reasonable time. A smaller timestep of 0.5 femtoseconds (fs) is used to
stabilize the polymerization and crosslinking process. For all other MD
simulations in this study, we use a time step of 1 fs.

The degree of polymerization, characterized by the number of re-
acted monomer molecules over all monomer molecules, indicates the
progress of polymerization and crosslinking reactions. Fig. 3(a) shows
the evolution of the degree of polymerization for models with differ-
ent compositions. These compositions are chosen because they have
experimental results reported by other studies so we can calibrate and
validate our simulations. To study the size effect in MD simulations of
LCEs, we also include a larger model with 10,000 monomers. When
having a lower percentage of RM82, such as RM82:A6OCB = 1:9
denoted by blue circles and RM82:A6OCB:EHA = 1.7:3.4:4.9 denoted
by black squares in Fig. 3(a), the degree of polymerization grows faster.
This is due to the longer chain of RM82 compared to other monomers,
as shown in Fig. 1(a), making RM82 difficult to move in solutions
and thus slowing down the reactions between acrylates. The degree
of polymerization curves of the 1000-monomer models shows a bilin-
ear feature. In contrast, the larger model with 10,000 monomers has
polymerization and crosslinking reactions proceed relatively slowly.
All models’ degree of polymerization reaches ∼ 90% within 30 ns.
The different molar percentages of RM82 also influence the crosslink
density, shown in Fig. 3(b). Here, we treat the LCE models as side-chain
systems with acrylate backbones and RM82 crosslinkers, so the number
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Fig. 2. (a) The evolution of LC orders, 𝑆2, at different temperatures for A6OCB and
M82 monomer mixtures with different molar percentages of RM82; (b) the nematic–

sotropic transition temperatures of monomer mixtures estimated at 𝑆2 = 0.4 based on
ata in (a) compared against experimental data (Jull et al., 2022).

of reacted RM82 crosslinkers per unit volume is calculated as the
crosslink density. While the larger model has a relatively lower degree
of polymerization than the 1000-monomer model with the same com-
position, they reach nearly the same crosslinking density ∼ 4 mol∕cm3

in their final nematic LCE models. As demonstrated in many studies,
the crosslinking densities play a decisive role in many properties of
LCE systems (Ren et al., 2009; Brighenti and Cosma, 2021). Hence,
while having different reaction progresses, the LCE models of 1000 and
10,000 monomers should have consistent final molecular structures and
properties.

Fig. 4(a) displays the atomistic configurations of the nematic LCE
systems with different compositions at 300 K. The rod-shaped rigid
part of RM82 and A6OCB are represented by blue and red ellip-
soids, respectively, and the remaining atoms forming flexible chains
are represented by gray spheres. Due to the applied electrical fields
during polymerization and crosslinking, all the nematic LCEs have
their directors in the 𝑥-direction. Fig. 4(b) shows the acrylate atoms
only, where red atoms represent the polymerized acrylate atoms on
backbones and green atoms represent the unreacted sites. Note that
the 1000-monomer models in Fig. 4 have different sizes due to their
ifferent compositions. For the convenience of visualization, they are
caled to the same size in Fig. 4. The nematic LCE models have the LC
rder, 𝑆 , ranging from 0.7 and 0.8. To account for the polydispersity
4

2

Fig. 3. The evolution of (a) the degree of polymerization and (b) crosslinking density
during MD simulations of polymerization and crosslinking for nematic LCEs with
different compositions.

of the chain lengths between crosslinks, we calculate the polydispersity
index, 𝑃𝐷𝐼 = 𝑀𝑤∕𝑀𝑛 where 𝑀𝑤 is the weight average molecular
weight and 𝑀𝑛 the number average molecular weight. The LCE model
with 10% RM82 has the highest 𝑃𝐷𝐼 of 1.62. With increased RM82, the
𝑃𝐷𝐼 monotonically drops. The low values of 𝑃𝐷𝐼 indicate relatively
uniform chain lengths between crosslinks.

Fig. 5 presents the calculated glass transition temperatures, 𝑇𝑔 ,
of the nematic LCE models and their comparison with experiments.
In MD simulations, 𝑇𝑔 is determined by (i) plotting the density vs.
temperature data points and (ii) finding the temperature at the inter-
section of the bilinear curve from the density vs. temperature data (Jull
et al., 2022; Prathumrat et al., 2021). When the molar percentage
of RM82 increases, 𝑇𝑔 generally increases except for the LCE model
containing EHA. EHA monomers have been added in experimental
studies to increase the flexibility of the polymer chains and thus lower
the 𝑇𝑔 (Mistry et al., 2018a). Such an effect is well captured by our
atomistic model. Furthermore, increasing the degree of polymerization
also increases 𝑇𝑔 . In summary, our MD simulations of acrylate LCEs
predict 𝑇𝑔 values with good accuracy.

3. Results and discussion

3.1. Spontaneous deformations and shape memory

The ability of thermotropic nematic LCEs to deform spontaneously
and exhibit a shape memory effect relies on their transition between
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Fig. 4. (a) Atomistic configurations of nematic LCEs with different molar ratios of RM82, A6OCB, and EHA monomers where the rod-shaped rigid groups in RM82 and A6OCB
mesogens are represented by blue and red ellipsoids, respectively, as shown in Fig. 1(a), and the remaining atoms forming flexible chains are represented by gray spheres; (b)
polymerized backbone atoms (red) and unreacted acrylate C=C atoms (green) for the 6 LCE models.
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Fig. 5. The glass transition temperatures of the 6 nematic LCE models in Fig. 4 with
ifferent degrees of polymerization predicted by MD simulations compared against
xperiments (Jull et al., 2022).

he nematic and isotropic phases during heating and cooling. At lower
emperatures, these LCEs exist in a nematic state, where mesogens
lign along a defined director, maintaining order. Heating disrupts
his order, shifting the LCEs into an isotropic phase where mesogens
ose alignment. In our LCE system, heating causes a shrinkage along
he director’s dimension and expansion in the other dimensions. Upon
ooling, this process reverses, allowing the LCEs to revert to the original
hape by ‘remembering’ the configuration imprinted by the mesogens
ithin the polymeric network. Although these behaviors are commonly
bserved in experiments, replicating them accurately using MD simu-
ations presents a challenge. Here, we introduce MD simulations aimed
t replicating and studying the spontaneous deformations and shape
emory effects observed in acrylate LCEs.

Fig. 6(a) presents the strain evolution of the nematic LCE model
blue round markers) with the molar ratio of RM82:A6OCB = 5:5
uring heating from 300 K to 600 K. The nematic LCE model at 300

is in a nearly cubic configuration with three edge lengths, 𝑙𝑥 =
2.12 Å, 𝑙𝑦 = 89.72 Å, 𝑙𝑧 = 90.37 Å. Then, for each 50 K increment, the
CE model is equilibrated at a constant temperature and zero pressure
or at least 20 ns until no visible change in model sizes and 𝑆2 can
e detected. At 450 K, 𝑙𝑥 = 87.45 Å, 𝑙𝑦 = 91.66 Å, 𝑙𝑧 = 100.61 Å,
orresponding to 𝜖𝑥𝑥 = −5.08% and 1∕2(𝜖𝑦𝑦 + 𝜖𝑧𝑧) = 4.36%. The strain
volution during the heating process predicted by MD simulations is
n excellent agreement with experiment data (red square markers)
n Fig. 6(a) (Jull et al., 2022). In particular, 350 K is a threshold

temperature at which significant deformations start, demonstrating the
remarkable accuracy of MD simulations compared to experiments. The
uniaxial order, 𝑆2, predicted by MD simulations, drops from 0.78 to
0.45 (blue round markers) vs. the drop from 0.62 to 0.50 in experiments
(red square markers) in Fig. 6(b) during the heating from 300 K to 450
K. Thus, 𝑆2 shows a qualitative agreement between MD simulations
and experiments. The quantitative discrepancy can be caused by a few
factors. Firstly, despite our efforts to replicate the polymerization and
crosslinking procedures in experiments, our simulations cannot capture
all the details. For instance, different methods for aligning mesogens are
employed in experiments (surface rubbing) and simulations (electric
field), leading to potential discrepancies in the crosslinking topology
between our atomistic models and actual experimental conditions.
Secondly, variations in time and size scales between simulations and
experiments can also contribute to disparities in 𝑆2. The process-
structure–property correlation for LCEs can be an interesting topic for
6

future investigation with MD simulations. We further heat the LCE
model in MD simulations to 600 K. The results of strains vs. temper-
atures in Fig. 6(a) show an increasing slope when the temperature gets
higher, while the results of 𝑆2 vs. temperatures in Fig. 6(b) show a
larger slope in the intermediate-temperature region. Thus, the shape
changes and the nematic order are not highly consistent in our MD
simulations. The correlation between spontaneous deformations and
nematic order needs further investigation. The first two columns in
Fig. 7 show the mesogen configurations of the LCE model at 300 K and
600 K, respectively. The alignment of mesogens along the 𝑥-direction
at 300 K exhibits the nematic phase, while the mesogens at 600 K
become more randomly orientated. By contrast, the RM82 mesogens
of the blue ellipsoids at 600 K in Fig. 7 still display some alignment
along the 𝑥-direction compared to the A6OCB mesogens of the red
ellipsoids, contributing to the value of 𝑆2 = 0.25. This is not surprising
since, when we calculate 𝑇𝑛𝑖 for A6OCB and RM82 monomers for PCFF
validation in the previous section, we notice that RM82 monomers take
20–30 ns to reach equilibrium during phase transition, compared to
3–5 ns for A6OCB monomers. In the crosslinked LCE, the motion of
RM82 mesogens is further restricted, and thus they take longer time to
become stable during the phase transition at 600 K. The LCE model at
600 K in Fig. 7 is obtained after MD simulation of equilibration at 600
K for 60 ns, which is negligibly short compared to the time duration
up to a few minutes or even hours in experiments to observe natural
deformations. Therefore, long-time MD simulations are important to
fully capture the heat-induced spontaneous deformations of nematic
LCEs.

In contrast to the spontaneous deformation during heating, the
isotropic-to-nematic transition at cooling and the resulting shape
changes back to its original state are more challenging to model by
MD simulations. Appropriate selection of force fields and modeling
of molecular structures is critical for realizing the disorder-to-order
transition and the shape memory effect. Fig. 6(c) shows the strain
evolution during the cooling of the isotropic LCE model obtained from
the previous heating process. Starting from 600 K, the isotropic LCE
model is equilibrated at a constant temperature and zero pressure with
a 50 K decrement. The equilibration at each temperature is maintained
for 50 ns to achieve a stable size. During the cooling from 600 K to
300 K, the average strain along the 𝑦 and 𝑧-directions shows a 16.38%
recovery perpendicular to the director, and 𝜖𝑥𝑥 shows a 11.89% strain
recovery along the director, as displayed in Fig. 6(c). Simultaneously,
the uniaxial order 𝑆2 increases from ∼0.25 to ∼0.45. Note that the
smallest 𝑆2 we can obtain at 600 K is 0.22, which is not fully isotropic.
Our primary interest here is to observe the shape changes back to the
nematic phase from an isotropic state to validate the shape memory
effect of our MD models. Thus, we further heat the LCE model from
600 K to 800 K, at which temperature, an even lower 𝑆2 ∼ 0.14
is obtained with a larger spontaneous deformation compared to the
original nematic LCE at 300 K. In reality, the acrylate LCEs in our
studies should decompose when subjected to high temperatures up to
800 K. So, the 800 K heating process here merely aims to achieve a
more isotropic LCE model, which will take time beyond the limit of
MD simulations at 600 K. Using a similar cooling procedure, the strain
and 𝑆2 changes are more significant than the cooling from 600 K to
300 K. The average of 𝜖𝑦𝑦 and 𝜖𝑧𝑧 shows a 26.93% strain recovery
perpendicular to the director, and 𝜖𝑥𝑥 shows 13.82% strain recovery
along the director. The directions perpendicular to the initial director
show a better shape memory effect.

Fig. 7 depicts the mesogen configurations and the overall model
sizes at different temperatures during heating and cooling, where we
can track the shape memory behavior and the changes in mesogen ori-
entations. Many nematic LCEs show a sharp transition in deformations
and the LC order at 𝑇𝑛𝑖 (Clarke et al., 2001; Warner, 2007), which
has also been captured by coarse-graining MD simulations (Ilnytskyi
et al., 2012). In contrast, our study reveals a distinctive behavior:
both deformations and the 𝑆2 exhibit gradual evolution during the

heating and cooling process, in agreement with experimental findings
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Fig. 6. When heating from 300 K to 600 K the nematic LCE model with molar ratio, RM82:A6OCB = 5:5, (a) the strain changes along the director (x direction) and perpendicular
to the director, and (b) the evolution of uniaxial order, 𝑆2, predicted by MD simulations in comparison with experiments. When cooling the same LCE model from 600 K and
from 800 K, respectively, (c) the strain changes along the director (x direction) and perpendicular to the director, and (d) the evolution of uniaxial order, 𝑆2, predicted by MD
simulations.

Fig. 7. The top view (𝑥𝑦 plane) and the front view (𝑥𝑧 plane) of mesogen configurations for the LCE model at 300 K, at 600 K, at 300 K after cooling from 600 K, at 800 K,
and at 300 K after cooling from 800 K, which demonstrate the shape-memory behavior of nematic LCEs upon heating and cooling.
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Fig. 8. When stretching the nematic LCE model in the direction (𝑧) perpendicular to the director (𝑥), (a) the nominal stress 𝜎𝑧𝑧 vs. nominal strain 𝜖𝑧𝑧 curves show three regions;
(b) the nominal strain 𝜖𝑥𝑥 denoted by black squares monotonically decreases with the stretch along 𝑧 and the nominal strain 𝜖𝑦𝑦 denoted by blue triangles first decreases then
increases with the stretch; (c) the instantaneous Poisson ratios vs. nominal strain 𝜖𝑧𝑧 curves show negative 𝜈𝑥𝑧 when 𝜖𝑧𝑧 > 1.35; (d) the volumetric evolution of the LCE model and
he voids within the LCE model before and after uniaxial tension show negligible porosity effect.
n acrylate LCEs of a similar nature (Mistry et al., 2018b; Jull et al.,
2022). Consequently, estimating 𝑇𝑛𝑖 based on our MD simulations is
challenging. The widely accepted Maier–Saupe theory (Luckhurst and
Zannoni, 1977), which establishes a critical 𝑆2 value of 0.4 for the
nematic–isotropic transition in low molar mass liquid crystals, is not
directly applicable to LCEs. Besides, the cause of the residual 𝑆2 at 800K
and its influence on phase transition remains to be further investigated.

There have been discussions on whether one should treat the acry-
late LCEs and other similar LCEs as: (i) side-chain LCEs with polyacry-
late backbone and RM82 crosslinkers or (ii) main-chain LCEs back-
boned by RM82 chains. MD models allow us to calculate the radius
of gyration, which can help to elucidate the molecular topology. The
shape changes observed in our MD simulations indicate that the radius
of gyration parallel to the director, 𝑅∥, should be larger than the
radius of gyration perpendicular to the director, 𝑅⟂. However, when
calculating the radius of gyration using the acrylate backbones, 𝑅∥ =
153 Å, smaller than 𝑅⟂ = 214 Å, which conflicts with the shape changes
in our MD simulations. By following Kramers’ Theorem (Rubinstein and
Ralph, 2003) and treating the LCE as a branched system, we obtain
𝑅∥∕𝑅⟂ = 1.62 with 𝑅∥ = 1174.15 Å and 𝑅⟂ = 724.03 Å, which is
qualitatively consistent with the shape changes in our MD simulations.
The relatively low anisotropy of 𝑅𝑔 and the complicated crosslinking
topology created by RM82 indicate that our LCE model has a mixture
of main-chain and side-chain crosslinking structure.

3.2. Mechanical behavior and auxetic effect

The mechanical behavior of a nematic LCE under the uniaxial
tension perpendicular to the director has been extensively studied
8

experimentally and theoretically. Generally, during uniaxial extension,
LCEs demonstrate soft elasticity representing low-resistance liquid-like
deformations. Recent experiments have observed the instantaneous
negative Poisson’s ratio in acrylate LCEs, i.e., an auxetic behavior. This
section introduces our MD simulations of the soft elasticity and auxetic
behavior of LCEs under uniaxial tension perpendicular to the initial
director.

Fig. 8(a) presents the nominal stress 𝜎𝑧𝑧 vs. nominal strain 𝜖𝑧𝑧 when
the nematic LCE with the composition RM82:A6OCB = 5:5 is stretched
at 300 K in the 𝑧-direction, perpendicular to the initial director along
the 𝑥-direction. During the tension test, a constant strain rate of 𝜖̇𝑧𝑧
is used while 𝑥 and 𝑦 dimensions are adjusted to maintain 𝜎𝑥𝑥 = 0
and 𝜎𝑦𝑦 = 0 by adopting the NPT ensemble in MD simulations. The
highly nonlinear stress–strain curve can be divided into three regions.
To identify the critical stretch ratios between different regions where
the stretch ratio 𝜆 = 1+ 𝜖𝑧𝑧, we use the intersection of the linear curves
between two neighboring regions. Region I resembles the mechanical
behavior of isotropic rubber under uniaxial tension, ending at the
stretch ratio 𝜆1 = 1.09; Region II shows a significantly decreased
stiffness due to the rotation of mesogens, ending at 𝜆2 = 2.53; with
the director now aligning in the stretch direction of 𝑧, Region III sees
a return to the stiffer mode. The threshold between Regions I and
II and the subsequent large plateau in Region II is very similar to
the experimentally observed stress–strain curves of highly anisotropic
main-chain LCEs (Clarke et al., 2001; Biggins et al., 2008). Using the
critical stretch ratios, we can estimate the anisotropy of the step-length
tensor, 𝑟 = ( 𝜆2𝜆1

)2 = 5.39. Then, we can obtain the thermally induced
length changes, 𝜆𝑚 = 𝑟1∕3 = 1.75, larger than what we observe in Fig.
6(c). Regions I and III have an identical slope in our MD simulations,
representing Young’s modulus, 𝐸⟂ = 700 MPa. Compared to Young’s
modulus and stress levels up to a few MPa in experiments, the higher
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magnitudes predicted in our MD simulations are attributed to the high
strain rate of 2.5 × 108 s−1 and the temperature of 300 K below its 𝑇𝑔 .
Therefore, long-time MD simulations capable of modeling tension tests
and heating-cooling processes over several hours would be valuable to
validate these LCE models.

Fig. 8(b) displays the evolution of nominal strains 𝜖𝑦𝑦 and 𝜖𝑥𝑥 during
the uniaxial tension along 𝑧. While 𝜖𝑥𝑥 decreases in a linear mode
with respect to 𝜖𝑧𝑧, 𝜖𝑦𝑦 reaches a minimum of −0.3 at 𝜖𝑧𝑧 = 1.25 and
then starts to increase. Physically, it means that the thickness in the
𝑦-direction decreases and then increases, resembling what has been
observed in experiments for the so-called auxetic effect. Based on the
strain evolution, the instantaneous Poisson ratios, 𝜈𝑥𝑧 = −𝑑𝜀𝑡𝑧𝑧∕𝑑𝜀

𝑡
𝑥𝑥

and 𝜈𝑦𝑧 = −𝑑𝜀𝑡𝑧𝑧∕𝑑𝜀
𝑡
𝑦𝑦 can be calculated where the incremental true

strain 𝑑𝜖𝑡𝑖𝑖 = 𝑑 ln(1 + 𝜖𝑖𝑖). The results in Fig. 8(c) confirm that negative
directional Poissons’s ratio occurs during the uniaxial tension process.

Earlier experimental studies have proposed that the auxetic re-
sponse of LCEs is not driven by void generation but is an intrinsic
material behavior (Mistry et al., 2018a). Here, we track atomistic
configurations in MD simulations to validate the underlying mechanism
of auxetic behavior. To perform porosity analysis, the Gaussian density
method is used with a radius scaling factor of 150% and an iso-value
of 0.1 (Krone et al., 2012), such that the model at 𝜖𝑧𝑧 = 0 is void-
free, as shown in Fig. 8(d). When stretched up to 𝜖𝑧𝑧 = 1.9, the LCE
model shows voids denoted by the gray regions in Fig. 8(d). A closer
look at the largest void in Fig. 8(d) reveals that the longest diameter
is less than 2 nm; thus, the voids generated within LCEs are negligibly
small. This is consistent with the AFM measurements showing that no
voids larger than 5 nm (the limit of AFM measurements) are generated
in the acrylate LCEs during their auxetic behavior. Fig. 8(d) suggests
that the volume of the LCE model stays nearly constant from 𝜖𝑧𝑧 = 1.0
during which the auxetic behavior occurs. Therefore, we conclude that
the auxetic effect observed in our MD simulations of acrylate LCEs is
indeed an intrinsic material behavior at the molecular level.

Using MD models, we track the mesogen rotation under the uniaxial
tension. Fig. 9(a) presents the angle of the director with respect to the 𝑧
axis at different 𝜖𝑧𝑧 during the uniaxial tension. The director orientation
is determined by solving for the eigenvector of the molecular order
tensor in Eq. (1) corresponding to the largest eigenvalue. For the LCE
model with RM82:A6OCB = 5:5, the director shows a sudden rotation
at 𝜖𝑧𝑧 = 1.25 from the 𝑥- to the 𝑧-direction, similar to the mechanical-
Fréedericksz transition, as reported by the 2D optical tracking of the
director in experiments (Mistry et al., 2021). The sudden rotation
of the director is consistent with the theoretical prediction for the
uniaxial tension perpendicular to the initial director (Bladon et al.,
1993). The uniaxial order for the LCE model with RM82:A6OCB = 5:5
n Fig. 9(b) presents a gradual decrease to 𝑆2 = 0.16 at 𝜖𝑧𝑧 = 1.25
nd then a gradual increase to 𝑆2 = 0.4 at the end of the tension.

Such a process can be visualized in the mesogen configurations in
Fig. 9(c). The gradual transition of 𝑆2 during uniaxial tension has
been observed experimentally for a similar acrylate LCE (Haruko and
Kenji, 2013). Also indicated in Fig. 9(a–b) is that, when tuning the

olar ratios of A6OCB and RM82 in LCEs, we can adjust the critical
tretch ratio where the director rotation and auxetic effect occur. When
6OCB dominates the composition, the critical stretch ratio happens
arlier where the sudden rotation of the director and the minimum 𝑆2
an be identified, compared to the model with 100% RM82. Such a
omposition-dependent behavior can be explained in two aspects: (i)
he smaller A6OCB mesogens make them easier to rotate under uniaxial
ension, and thus, when A6OCB dominates in LCEs, the sudden rotation
f mesogens happens earlier; (ii) RM82 have reactive sites on both ends
nd thus a high molar percentage of RM82 generates a higher crosslink
ensity, making LCEs more resistance to mesogen rotations. Thus, the
ize of the mesogens and the crosslinking topology are critical for the
CE mechanical properties and the modeling of the mechanics of LCEs.

Biaxial order parameters have been proposed to be relevant for
9

he emergence of auxetic behavior, according to the experimental w
Fig. 9. During the uniaxial tension of LCE models with different compositions (molar
ratio RM82:A6OCB = 1:9, RM82:A6OCB = 5:5, RM82:A6OCB = 10:0) along the 𝑧-
direction, (a) the director angle from the 𝑧-axis shows a sudden change, (b) the uniaxial
order 𝑆2 first decrease up to the nearly isotropic state and then increase, and (c) the
atomistic configurations for the LCE model with RM82:A6OCB = 5:5 at different strains
show that mesogens start from the alignment in the 𝑥-direction, become nearly isotropic
and eventually align in the tensile direction along 𝑧.

studies (Raistrick et al., 2021; Wang et al., 2022). When all mesogens
re symmetric about the director, we only have the uniaxial order, and
he molecular order tensor in Eq. (1) becomes Diag(−𝑄∕2,−𝑄∕2, 𝑄)
ith the director aligning parallel to the 𝑧-axis and 𝑄 representing
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Fig. 10. (a) The schematics of the orientation of a mesogen in terms of the three principal directions with 𝑍𝐷 being the director and the evolution of biaxial order parameters
during the uniaxial tensile test from (b) MD simulations and (c) experiments (Raistrick et al., 2021).
b
u
d
f
m
t
b

n
f
t
r
t
o
t
h
o

F

U
D

D

i
i

D

1

A

f
C

the uniaxial order parameter 𝑆2 mentioned above. When there is no
symmetry about the director, a biaxial order emerges and solving for
the eigenvalues of the molecular order tensor in Eq. (1) leads to

𝐐 =
⎡

⎢

⎢

⎣

−(𝑄 − 𝑏)∕2 0 0
0 −(𝑄 + 𝑏)∕2 0
0 0 𝑄

⎤

⎥

⎥

⎦

, (2)

where 𝑏 is the biaxial order parameter. Using the Raman spectroscopy,
𝑏 can be measured as ⟨𝑃220⟩ = 3

2 ⟨(1 − cos2 𝛽) cos(2𝛼)⟩, in addition
to the other biaxial order parameters ⟨𝑃420⟩ = 1

24 ⟨(7 cos
2 𝛽 − 1)(1 −

cos2 𝛽) cos(2𝛼)⟩ and ⟨𝑃440⟩ = 1
16 ⟨(1 − cos2 𝛽)2 cos(4𝛼)⟩, where 𝛼 and 𝛽

determine the orientation of one mesogen, as shown in Fig. 10 with
𝐷, 𝑦𝐷 and 𝑧𝐷 being the three principal directions corresponding to
he three eigenvalues in Eq. (2). The three biaxial order parameters
re determined for the nematic LCE model in our MD simulations, as
resented in Fig. 10(b). The evolution of ⟨𝑃220⟩ and ⟨𝑃440⟩ in Fig. 10(b)
uring the uniaxial tension perpendicular to the initial director exhibit
ualitative agreement with the Raman spectroscopy measurements in
ig. 10(c) (Raistrick et al., 2021): ⟨𝑃220⟩ drops to a negative value
uring the tension up to 𝜖𝑧𝑧 = 1.25 where the instantaneous auxetic
ehavior initiates, and then starts to increase; ⟨𝑃440⟩ shows relatively
maller changes along the positive direction during uniaxial tension
nd a peak value is recorded at 𝜖𝑧𝑧 = 1.25. In our MD simulations, ⟨𝑃420⟩

luctuates between −0.01 and −0.025 while ⟨𝑃420⟩ in experiments drops
n a consistent mode. Besides, the biaxial order in our MD simulations
oes not disappear immediately after the director rotation at 𝜖𝑧𝑧 = 1.25,
hich is also consistent with experimental observations. Thus, our
D simulations well capture the emergence of biaxial order during

niaxial tension perpendicular to the initial director and confirm the
elation between biaxial order and the auxetic response. Further insight
s required to understand the microscopic mechanism which leads to
he biaxial ordering and the auxetic response, however, the first step
owards simulating these systems using an all-atomistic approach has
ow been undertaken.

. Conclusions

Our study leverages PCFF-based all-atom MD simulations to repli-
ate the physical behavior of a particular class of nematic LCEs. The
odeling of the polymerization and crosslinking processes has proven

obust, accurately capturing the synthesis history- and composition-
ependent glass transition temperatures of the LCEs. The MD models
atch experimental observations well, demonstrating consistency both

n shape changes due to temperature variations and the manifestation
f auxetic behavior under uniaxial tensile load. Notably, our simula-
ions replicate the isotropic-to-nematic phase transition during cooling
nd the simultaneous restoration of the original shape, a conventional
hallenge to all-atom MD simulations. Auxetic responses have only
10

g

een found in one category of acrylate LCEs and, thus, are not a
niversal LCE property. Reproducing auxeticity in our LCE models
emonstrates the robustness of our all-atom MD modeling framework
or capturing composition-dependent behaviors. Using atomistic LCE
odels, we can identify critical factors such as the radius of gyra-

ion and the biaxial order parameters in relation to the macroscopic
ehavior of LCEs.

The framework we establish for all-atom MD simulations of LCEs
ot only fosters a mechanistic understanding of their behavior but also
acilitates the development of composition-specific models regarding
he mechanics and the computational design of LCEs. However, to fully
ealize the potential of all-atom MD modeling, it becomes imperative
o develop long-time simulations that align with the temporal scales
f physical experiments. Bridging this gap would significantly enhance
he utility and accuracy of the MD framework, advancing our compre-
ension and predictive capacity concerning the physical understanding
f nematic materials.
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