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New applications of liquid crystalline materials have increased the need for precise engineering of elastic
properties. Recently, Sidky et al. [H. Sidky, J. J. de Pablo, and J. K. Whitmer Phys. Rev. Lett, 2018, 120,
107801] presented methods by which the elastic coefficients of molecular models with atomistic detail can
be accurately calculated, demonstrating the result for the ubiquitous mesogen 5CB. However, it is
beneficial to future applications to demonstrate how the process may be refined into a precise tool for
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engineering functional materials. In this work, these techniques are applied to the homologous series of
nCB materials and their binary mixtures, focusing on the standard bend, twist, and splay deformations,

DOI: 10.1039/c9me00065h using an automated process. Our results show exceptional agreement with published experimental

measurements for the nCBs and present a path forward to computational molecular engineering of liquid

rsc.li/molecular-engineering crystal elasticity for novel molecules and mixtures.

Design, System, Application

Liquid crystalline materials are widely used in industry, and continue to find new uses in technology in custom switchable materials which make use of
the molecules’ unique optical and geometric properties. Central to each of these applications are the elastic moduli which define the tendency of a liquid
crystalline material to resist orientational deformations brought on by surface interactions, electric and magnetic fields, or coupling to mechanical stresses.
Here we build on recent results examining the elastic constants of 5CB and extend it to nCB molecules using an efficient, automated formalism. This work
opens the door to computational investigations of elastic moduli as a tool for computational molecular engineering targeting bespoke elastic properties in
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pure nematic phases and mixtures.

Introduction

Liquid crystals (LC) are a class of fluids which exhibit long-
range orientational ordering and a resistance to spontaneous
deformation." While traditionally used in display
technologies,” advances in both our understanding of
elasticity and material fabrication have opened up many new
and interesting applications where the unique properties of
LCs can be exploited. Chemoresponsive LCs have been
designed to respond to targeted chemical species, which can
be quantified through polarized optical microscopy.’ LC
elastomeric materials can function as elements in soft robots
and sensors.* Topological defects and inclusion formation in
LCs have also been used as templates for molecular self-
assembly.” Many of these novel applications rely on the
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interplay between external, boundary and elastic restoring
forces, which is dictated by both the absolute magnitudes
and ratios of the elastic constants.

Advances in atomistic simulations have made it possible to
gain an unprecedented level of detail into the molecular
underpinnings of liquid crystalline behavior which can be
rigorously verified against experiment.®” By understanding the
role of molecular features such as conformational flexibility
and charge distribution, new LCs can be engineered in silico to
have highly specific thermophysical properties necessary for
biosensing, templating, and other emerging technologies. Until
recently,® it was not possible to economically predict the elastic
properties of molecular LCs and thus made it extremely
difficult to engineer novel LCs for these applications.

The work of Sidky, et al.® was a crucial first step in this
process, as there it was demonstrated how molecular
simulations may be used as a tool to predict the bulk elastic
moduli of the molecular liquid crystal models, focusing on
the ubiquitous 4-pentyl-4'-cyanobiphenyl, more commonly
known as 5CB. There, it was also shown that the saddle-splay
elastic constant k,,4, difficult to obtain in experiments, could
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be directly measured, and this revealed the underlying
positive definite nature of the mode in contradiction to recent
experimental suggestions based on indirect observation.”"?
The stability of 5CB and its homologues, in addition to their
achromic appearance and strong positive dielectric
anisotropy, has made them widely used in research'*'® and
industrial applications.”* Importantly, their elastic properties
have been well-characterized through experiment.'®™"’
Molecular models have also been parameterized to reproduce
basic thermodynamic properties such as density,
orientational order, and phase transitions.”*>*

The focus of this work is on automating the process of
determining elastic constants, building on the methodology
proposed in ref. 8 to the homologous series of
n-cyanobiphenyls (nCBs) 6CB, 7CB, and 8CB as well as their
mixtures. The mesogens in this series are illustrated in Fig. 1.
We seek to predict the splay, twist, and bend elastic moduli of
nCB nematogens through an automated version of the prior
algorithms® in order to test the limits and robustness of our
methods. This represents a step towards an ultimate goal of
computationally-guided LC engineering, and extends the
characterization of the elastic properties of existing LC
forcefields. We restrict ourselves to the three bulk elastic
constants because they are directly measurable in experiment
and their behavior is generally well-understood. Although
there are minimal structural differences between this series of
molecules, the extended alkyl chain has a strong effect on
ordering, which gives rise to the “odd-even” effect as the
homologous series is ascended.'®'”**** Though the number
n is arbitrary, for n < 5 nematic phases are not observed,
while for n > 7, the LC will also admit a smectic phase.

In practical applications, liquid crystal devices tend to
utilize mixtures of liquid crystal molecules. Liquid crystals
mixtures can be formulated to have a broad nematic phase
range, elastic response and dielectric anisotropies which are
distinct compared to the components. Elasticity, in particular,
is important in determining equilibrium morphologies and
material responses. Despite this importance, limited
knowledge exists about the connections between microscopic

5CB 6CB 7CB 8CB

Fig. 1 The nematic liquid crystal 5CB is related to many other
common mesogens, including the homologous series generated by
extending the alkyl tail. In this work, we directly measure the elastic
constants of 6CB, 7CB, and 8CB from molecular simulation.
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composition and macroscopic elastic response in liquid
crystal blends. Therefore, in this work, we use a representative
binary mixture with mole fractions xscg = 0.5 and xgcg = 0.5 to
explore the splay, twist, and bend moduli of mixtures. We
explore the connections between microscopic composition
and macroscopic elastic response of liquid crystal blends.
This further extends the robustness of our methods.

Methods

The computational methods used here follow ref. 8 closely.
For completeness, we will provide a brief summary and
highlight the differences. The linear-order elastic free energy
density of a uniaxial nematic, absent of any molecular polarity
or chirality, may be represented in the Frank-Oseen form.>’

1 1 1 .
f= Ekn(Vxﬁ)z + Ekzz(ﬁxVxﬁ)z + 5k33(ﬁxVXn)2
1)

1 . .
+ 5(’(22 + k24) [Tr(Vn)z - (V X 1’1)2]

This expression contains the most commonly used elastic
terms: splay (ky4), twist (k,,) and bend (ks3). The additional
term, referred to as ‘saddle-splay’, depends on k,,; and
penalizes bidirectional deformations. While the prior work
demonstrated this can be measured, the process requires
many more molecules to set up the appropriate anchoring
and boundary conditions for the problem, and is thus
significantly slower. Notably, no measurements of k,, exist for
nCB molecules other than 5CB, limiting available data for
validation. We thus focus here on the standard modes of
deformation for which data can be readily obtained.

The nCB molecules are represented using the united atom
forcefield parameterized by Tiberio et al.*® After preparing an
initial configuration for each molecule type, the process of
obtaining elastic constant estimates is entirely automated.
Each pure cyanobiphenyl system contains 400 molecules, and
is initially prepared by running 100 nanosecond NPT
simulations at 1 bar in Gromacs 5.1.3.>° For binary mixtures,
the system contains 200 cyanobiphenyl A and 200
cyanobiphenyl B. The temperatures examined are between Ty
and Ty - 20 K. The transition temperature is independently
determined by performing an initial simulation sweep
centered on the values reported in ref. 20, and determining
when the equilibrium value of the nematic order parameter S
exceeds 0.1; the measured Tx; correspond to those reported in
the previous paper. The equilibration time is considerably less
than the 400 ns used for 5CB in our previous work, though a
reasonable length is necessary to allow for elastic constant
prediction at this scale. A Langevin thermostat and
Parrinello-Rahman barostat with 7, = 5 picoseconds are used
with a time step of 2 fs for all simulations.

In accordance with ref. 8, the average volume at the each
temperature is obtained in the initial round of simulations,
and configurations with this volume are automatically drawn
from the completed NPT trajectories and used to initiate a
second round of NVT simulations with edge restrictions
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applied using a harmonic restraint having modulus & = 10° kJ
mol ™ which serves to align the molecules along the 2 axis. For
these simulations we utilize the same timestep as in the
constant-pressure case. Four uncorrelated instances are
generated at each simulated temperature to function as
independent walkers during the elastic measurement, and
enhance the convergence of the free energy measurement. The
number of independent walkers is known from prior
experience to provide sufficient coverage of local free energy
landscape, though this number can be tuned to a particular
application based on the computational resources available.
The simulations at this step were carried out for 400 ns,
considerably less than the 1 timescale of the previous study.®
We arrived at this number through experimentation, but feel
that it is entirely appropriate for most calamitic-type
nematogens. Importantly, this step may be trivially parallelized
to increase the speed of convergence to the underlying free
energy landscape and improve the accuracy of the calculations.

The final step involves estimating the elastic constants
from a biased simulation. With edge restrictions in place
which align the molecules along the z axis, a deformation ¢
is applied in the central region according to the elastic mode
desired. We take ¢ to be on,/ox for splay, an,/ox for twist, and
on,/oz for bend. Parabolic free energy profiles obtained via
the adaptive biasing force method>’*® (ABF) as implemented
in SSAGES 0.6 (ref. 29) are used to extract the final elastic

1 . .
constant as f :Eyk,-iéz where y is a geometric factor

accounting for the finite restriction and deformation
regions.®® To assist readers in reproducing our results, we
have posted relevant scripts and Gromacs and SSAGES
runfiles in a free online repository located at https://github.
com/shijiale0609/atomistic_elastics.

Results and discussion

While data for nCB molecules is more sparse than that for
5CB, a few measurements are available in the literature. We
compare all of our calculations to experimental data from ref.
16 and 19; other measurements such as those reported in ref.
17 were not used due to substantial deviations from other
reported measurements.

Fig. 2 shows the elastic constant predictions for 6CB. The
computed values are in good agreement with experiment
across the reported temperature range. The values for k;; in
particular, match the experimental data very well. While &y, is
systematically higher than reported experiments, the
computed values fall within the typical range variability of
experimental measurements reported for 6CB."® Twist elastic
constants show a larger positive drift away from experimental
data as temperature decreases, but remain significantly
smaller than the other moduli, as expected, which results in a
negative deviation of k;/k,,. For this measurement, there is
minimal noise observed in our data for k; with decreasing 7' -
T, and the trendline is reasonably smooth and monotonic.

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Bulk elastic constants for 6CB (circles) obtained from
molecular simulation. Experimental data obtained from ref. 16
(squares). All elastic constants show good general agreement, with ks3
exhibiting the least deviation from experiment and k., showing
positive deviation, particularly at low temperatures.

The elastic constants for 7CB are shown in Fig. 3. Close to
the phase transition temperature Ty, all k; are in excellent
agreement with experimental data. At lower temperature, k;;,
ka2, k33 show a positive deviation. But simulated elastic moduli
keep the relationship that k33 > ki3 > ky. For this
measurement, there is still minimal noise observed in our data
for k; with decreasing 7 - Ty, and the trendline keeps
reasonably smooth and monotonic. We note that in this case, a
systematic overshoot occurs for all k;; relative to the data of ref.
16, similar to what was observed in ref. 8. When considering
the behavior relative to the other mesogens modeled here,

15

12

Kii (pN)

T —Tni(K)

Fig. 3 Bulk elastic constants for 7CB (circles) obtained from molecular
simulation. Experimental data obtained from ref. 16 (squares) and 19
(triangles). At low temperature, ki1, k2», k33 show a positive deviation.
But simulated elastic moduli keep the relationship that k33 > ki1 > koo,
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there is a possibility of an odd-even effect in this overshoot
relative to experiments which examined all four homologues.'®

Fig. 4 shows the elastic moduli for 8CB. For T - Ty
between -6 K and 0 K (comprising the nematic phase), the
simulated elastic constants are in excellent agreement with
experimental data. It is well known that 8CB exhibits a
smectic A-nematic transition at approximately 7 K below Ty,
which results in a divergence of k,, and kz;."® The formation
of layers along the nematic axis permits only deformations
which are curl-free.’ This gives rise to a power-law scaling
relation with a critical exponent of v ~ 0.67.>> However, as
the experimental k;; and k,, begin to diverge near the
smectic A-nematic transition, we see that our simulated
results do not exhibit the same behavior. It is clear that our
measurements are not indicative of the presence of a smectic
phase within our simulations.

This apparent discrepancy is due to a number of effects.
The first is a strong finite size dependence for the smectic A-
nematic transition in this force field model, which has
already been reported previously.® Compared to larger
systems, those containing fewer than N = 1000 mesogens,
which is our case, exhibit a considerable discrepancy in
smectic ordering.® Similar behaviors were previously observed
in combined phase and elastic property simulations of Gay-
Berne models.*® The second is that we force the alignment of
the 400 mesogens along the Z axis which may not be the
preferred orientation of layers in a fixed-size periodic box.
Thirdly, deformations to the mesogens are applied without
considering the presence of smectic layering. Finally,
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Fig. 4 Bulk elastic constants for 8CB (circles) obtained from
molecular simulation. Experimental data obtained from ref. 16
(squares) and 19 (triangles). For T — Ty, in the interval [-6 K, 0 K] within
the nematic phase, the simulated elastic constants are in excellent
agreement with experimental data. However, when close to the
smectic A-nematic transition we do not observe a divergence in kz;
and kz3 commensurate with the formation of a smectic phase. This is
due to the suppression and disruption of layered ordering caused by a
combination of the free energy sampling process and incommensurate
box dimensions in the NVT ensemble suppressing the smectic phase.
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simulations are carried out in the NVT ensemble which does
not easily permit collective structural relaxation. All of these
factors contribute to the suppression and disruption of
smectic layering which would manifest in the divergent
elasticities absent from our predictions. To properly
accommodate and characterize natural smectic layering a
semi-isotropic barostat would be necessary, allowing the box
dimension ratios to adopt those corresponding to layer
separation. The difficulties associated with this within the
context of our elastic measurements have been discussed
above. In principle, however, the methods we present may be
extended to study this intriguing behavior in systems on the
order of N = 3000 mesogens.® Though we are unable to
represent this divergence here, our results across the nematic
phase are an excellent match to the experimental results.

Mixtures present a significant challenge for simulations
exploring the elasticity of liquid crystals, as they have the
potential for spatial inhomogeneity, and must be adequately
equilibrated to ensure compositions are uniform and
respond as expected to applied stress. The behavior of
mixtures of molecules can often exhibit nontrivial
dependences on composition which are difficult to predict.
Here, we study a representative binary mixture of 5CB and
8CB where each component has a mole fraction of 0.50 (xscg
= 0.5 and xgcp = 0.5). The resulting mixture has a broadened
nematic range relative to 8CB.** Elastic measurements for
this material were performed using the same protocol as
outlined above for pure nCB. Compositions were confirmed
to be effectively uniform throughout the simulation box upon
equilibration. Fig. 5 shows the computed elastic moduli for
this mixture. The raw values of the elastic coefficients are
between those of 5CB and 8CB as a function of T — Ty, as
may be reasonably expected.

To understand how the mixture elasticities relate to the pure
component properties, we plot each of the measurements of
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Fig. 5 Bulk elastic constants for a mixture with of 5CB and 8CB with
mole fractions xscg = Xgcg = 0.5.
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Fig. 6 Bulk elastic constant k4 for the 5CB/8CB binary mixture (xscg =
xgcg = 0.5) (black) compared with the calculated ki; constants for
5CB2 (red) and 8CB (blue). The LC curve (green) is a linear combination
of the elastic constants of 5CB and 8CB, weighted by mole fraction.

mixture k; on the same graph as those for 5CB and 8CB (see
Fig. 6-8). The values for k;; and k,, clearly intercalate the
representative nCB values, while, as the values for ks;; are
similar in 5CB and 8CB, all three values are closely bunched.
On examination, it appears like our measured values for the
mixture are a simple linear combination of the bounding nCB
values. To see if this is the case, we plot the linear
combinations of the elastic constants (green lines) of the
compositions alongside the measurements (black lines) in
Fig. 6-8 as a function of 7 — Ty Quite surprisingly, these two
curves lie almost on top of each other, despite all of the
potential for nonlinearities in these mixing rules, not the least
of which is related to the differences in Ty; for the three
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Fig. 7 Predicted bulk twist elastic kp, constants for 5CB/8CB binary
mixture. The curves are defined analogously to Fig. 6.
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Fig. 8 Predicted bulk bend elastic ks3 constants for 5CB/8CB binary
mixture. The curves are defined analogously to Fig. 6.

systems. Interestingly, exactly this sort of linear dependence
was found in lattice Lebwohl-Lasher mixtures in our prior
work.*® This likely means that linear mixing rules can be
expected for binary mixtures of chemically similar compounds.
Such a linearity likely does not extend to more complex
mixtures, or dissimilar chemical compositions. Still,
development of simple correlations for liquid crystalline
materials could be of great utility for engineering specific
elastic properties in to LC-based materials and devices, and
molecular simulations will be extremely useful to inform them.

Conclusion

In this work we have estimated the elastic constants of the
cyanobiphenyls 6CB, 7CB, 8CB and binary mixtures (Xscg =
0.5, Xgcg = 0.5) from biased molecular simulation using an
entirely automated procedure. We show that the simulated
elastic moduli of the cyanobiphenyls are generally in good
agreement with reported experimental values. We find that
the simulated elastic moduli of binary mixtures generally
follow a linear combination of the compositions with reduced
temperature. Difficulties arise in generating meaningful
uncertainties and dealing with the onset of the smectic phase
for 8CB. Both improving the prediction accuracy and applying
this methodology on a large scale are only possible if the cost
of elasticity measurements is substantially reduced. Currently,
up to 4 ps of total simulation runtime is required to generate
a estimate of a single elastic mode at a single temperature.
Developing newer or better optimized sampling
algorithms may significantly reduce this time and open the
door to in silico liquid crystal engineering. This would
necessitate some means of attenuating early-time noise
present in elastic measurements, and perhaps a
simplification of the order-parameter calculation which is
computationally expensive and involves third-order tensor

Mol. Syst. Des. Eng., 2020, 5, 1131-1136 | 1135
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algebra. As presented, the methodology developed is capable
of producing accurate elastic constants and merits further
study to elucidate the precise limit of efficiency while
retaining measurement fidelity. Further, a crucial next step
moving beyond cyanobiphenyls and examine
atomistic models of the myriad liquid crystal phases, from
molecules of historical interest, such as PAA and MBBA**3°
to more exotic bent-core molecules and models exhibiting
chiral®’ or twist-bend phases.®® Improving the breadth,
speed, and accuracy of these techniques will enable their use
in computational screening of new mesogenic compounds.
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