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INVITED ARTICLE

Emergent chirality in achiral liquid crystals: insights from molecular simulation
models of the behaviour of bent-core mesogens
Juho S. Lintuvuoria, Gary Yub, Martin Walkerb and Mark R. Wilson b

aCNRS, LOMA, Univ. Bordeaux, Talence, France; bDepartment of Chemistry, Durham University, Durham, UK

ABSTRACT
We report insights into the behaviour of achiral bent-core liquid crystals using (a) atomistic
models of the PnOPIMB series of mesogens and (b) simple coarse-grained models that demon-
strate the spontaneous transfer of chirality between molecules by preferential selection of chiral
conformations. The models explain the unusual phenomena that chiral interactions can lead to
an increase in chirality (decrease in pitch) of a bulk cholesteric liquid crystal when doped with an
achiral material. We demonstrate also that chiral interactions are sufficiently strong to induce
nanophase separation of an achiral mesogen within a liquid crystal phase, into nanodomains of
opposite handedness by preferential selection of conformations that are instantaneously chiral
(i.e. nanophase separation of R and S conformations of a molecule that is strictly achiral). We
suggest that this unusual behaviour contributes to the templating of chiral structures in bulk
phases and, hence, to many of the extraordinary properties of bent-core mesogens that include
the formations of helical nanofilaments and the chiral dark conglomerate phase.
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1. Prologue: a Festschrift for Claudio Zannoni

I was woken at 5.30am by gentle birdsong and the sun
streaming through the wooden shutters of my small mon-
astic cell. I awoke with the idea for this paper clearly in my
mind: An idea born out of the conversations of the night
before over Marsala and wonderful Italian hospitality.

I was in the little Italian town of Erice, perched high
above the natural harbour of Trapani, on the western-
most part of Sicily, invited by Professor Claudio
Zannoni to attend the International School of Liquid
Crystals at the world famous Ettore Majorana centre,
set in four restored monasteries. I realised that week
that Claudio loved Erice (hence, the yearly
International School set in such a beautiful place);
but, he loved liquid crystals even more. Particularly,

he loved the insights into liquid crystalline structure
and dynamics provided by molecular simulation mod-
els. Over the years, the modelling work (and experi-
ments too) from the Zannoni group has provided
extraordinary insights into how liquid crystal mole-
cules pack and arrange themselves in so many subtle
ways. Consequently, I am honoured to be asked to
write an article for this Festschrift and maybe it is
fitting that the idea for this paper arose from discus-
sions in Erice.

Of course, ideas born over Marsala may gloss over
some of the following finer details:

● How can we produce a coarse-grained mesogenic
model that is super quick, quick enough and

CONTACT Mark R. Wilson Mark.Wilson@durham.ac.uk

LIQUID CRYSTALS
2018, VOL. 45, NOS. 13–15, 1996–2009
https://doi.org/10.1080/02678292.2018.1492037

`

© 2018 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted
use, distribution, and reproduction in any medium, provided the original work is properly cited.

http://orcid.org/0000-0001-6413-2780
http://www.tandfonline.com
http://crossmark.crossref.org/dialog/?doi=10.1080/02678292.2018.1492037&domain=pdf


sensitive enough to be able to provide insights
into the effects we are interested in?

● How can we do sensible molecular dynamics
(MD) by linking together anisotropic units with-
out the integration of the equations of motion
becoming intractable?

● How can we introduce structural chirality into the
model in a way that mimics what might occur in
bent-core mesogens?

● How can we measure chirality in a convenient
way within a simulation model?

Many years later, all these problems are now soluble;
and we are at last able to write the paper! Here, (like so
many others in the field) I am again indebted to
Claudio because the insights that Claudio has provided
in numerous papers, over many years, have provided
the knowledge and the inspiration to tackle these (and
many other) problems. Grazie mille Claudio.

Mark Wilson, Durham, May 2018.

2. Introduction

The importance of chiral interactions in molecular
systems has a long history dating back to the pioneer-
ing work of Pasteur. Back in 1848, Pasteur was able to
separate, by hand, left-handed and right-handed crys-
tals of tartaric acid salts to provide resolution of two
enantiomeric forms [1]. Here, chiral interactions at the
surface of growing crystals are sufficiently strong to
cause spontaneous enantiomeric resolution and the
formation of enantiopure compounds.

In liquid crystal systems, chirality is ubiquitous:
from chiral mesophases to the humble twisted nematic
display. Back in 1888, Friedrich Reinitzer discovered
the first liquid crystal from a derivative of cholesterol
[2,3]. The cholesteryl benzoate molecules that Reinitzer
worked with were chiral; but, it turned out that this
‘molecular chirality’ was transmitted to the whole
phase. Hence, the first liquid crystal phase discovered
was itself chiral: the cholesteric (chiral nematic) phase.

Intriguingly, liquid crystals can show chirality without
the molecules themselves being chiral [4]. Under the right
conditions, achiral molecules can give rise to chiral struc-
tures [5–8]. This emergent chirality is a fascinating phe-
nomenon and manifests itself in many different ways. For
example, doping a cholesteric liquid crystal with an achiral

bent-core molecule can lead to an increase in the helical
twist (decrease in pitch) of the cholesteric helix [9,10].
Contrary to expectations, the achiral molecule, in this
case, behaves like a chiral dopant with a stronger helical
twisting power (HTP) than the cholesteric host. In fact, for
bent-core dopant molecules, subtle changes, such as the
lengthening of an achiral chain, can lead to increases in the
twist of the chiral host [11,12]. We know also that achiral
bent-core mesogens can form the twist-bend nematic
ðNTBÞ phase [13], where molecules form a short pitch
local heliconical organisation, similar to that seen in the
NTB phase of achiral liquid crystal dimers [14–18] and the
related SmCTB phase [19]. Moreover, for achiral bent-core
molecules, the presence of spontaneous saddle splay defor-
mation is sufficient to prevent long-range orientational or
translational order, leading to the formation of structures
such as the dark conglomerate phase, which exhibits large
homochiral domains [20–22].Whilst spontaneous racemi-
sation of a crystal growing from a solution of two distinct
enantiomeric forms seems a beautiful natural manifesta-
tion of chiral interactions, chirality arising from strictly
achiral molecules in a fluid, in which molecules are able
to sample a wide range of different conformations, seems
truly remarkable!

This paper seeks to provide insight into such sys-
tems from a molecular viewpoint via the use of mole-
cular simulation models. We show that achiral bent-
core molecules can possess chiral conformations that
have exceptionally high HTPs. We show that the bend
angle in the centre of a bent-core mesogen can influ-
ence the values of HTP and that achiral chains couple
to an instantaneous chirality arising from twist within
the molecular core. We demonstrate chirality transfer
between molecules, leading to the preferential selection
of chiral conformers of one handedness over their
mirror images. We also show that nanophase segrega-
tion can occur into chiral nanodomains, mediated by
preferential chiral interactions.

3. Computational

3.1. Atomistic modelling

Atomistic MD simulations were carried out using the
GROMACS 4.5.5 package [23]. The calculations use our
own modified version of the GAFF force field (GAFF-
LCFF), which has been developed in two recent publica-
tions [24,25], including for bent-core mesogens [25].

Table 1. Optimised Ryckaert-Bellemans coefficients, Cn ðkJ mol�1Þ, obtained from fitting to quantum chemical data.
Dihedral C0 C1 C2 C3 C4 C5
φ1 7.84303 0.05211 – 10.2469 0.15508 2.12905 – 0.30770
φ2 3.51008 0.77797 – 12.7412 – 2.19178 11.5901 1.39879
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The energy function employed in the MD simula-
tions is given by

EMM ¼
X
bonds

Krðr � reqÞ2 þ
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angles
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where req; θeq are, respectively, natural bond lengths
and angles, Kr; Kθ and Cn are, respectively, bond, angle
and torsional force constants, σij and �ij are the usual
Lennard-Jones parameters and qi; qj are partial electro-
nic charges. Changes in EMM arising from deviations in
improper dihedral angles, ω, are represented by cosine
functions using the force constants, kd, the harmonic
coefficients, nd, and the phase angles ωd. The standard

Lorentz-Berthelot mixing rules, �ij ¼ ð�i�jÞ1=2 and
σij ¼ ðσi þ σjÞ=2, have been applied throughout this
work.

The Antechamber software from AmberTools 1.4
was used to generate GAFF topologies, with the point
charges derived from the AM1-BCC method. GAFF-
LCFF force field parameters from [24,25] were added
in this stage. The GAFF topologies and coordinate files
were converted into the GROMACS format using the
ACPYPE script [26]. Atomistic simulations were car-
ried out for one molecule in the gas phase using a
stochastic dynamics (SD) methodology, a 1 fs time-
step and a cutoff of 1.2 nm. Typical run lengths were
in the region of 500 ns (5� 108 steps). Further, SD
calculations employing restraints on different parts of
the molecule were carried out also, as described in
Section 4.1.

The original GAFF force field parameters do not
accurately represent the two dihedral angles φ1 and
φ2 within the benzalaniline (N-benzylideneaniline)
fragment, as shown in Figure 1. Moreover, GAFF-
LCFF [24,25] has not yet been extended to include
these. To rectify this, we calculated torsional para-
meters from electronic structure theory calculations
and fitted these to atomistic potentials. The quantum
chemical potentials were calculated using the Gaussian
09 package [27]. The B3LYP hybrid functional was
used to calculate the energies in combination with a
6–311+G* basis set. The resulting potential (after sub-
traction of contributions from the rest of the force

field) was fitted to the Ryckaert-Bellemans function in
Eq. (2) by minimisation of the squared differences
between quantum chemical and force field energies.
The fitted parameters are given in table 1. As shown
in Figure 1, φ1 has minima at 0� and � 180� resulting
in a preferred planar arrangement of the connecting
group with the phenyl ring. Whilst φ2 prefers angles of
� 45� and � 135� corresponding to a nonplanar
arrangement. This nonplanar preference coupled with
a preferred nonplanar arrangement of linking ester
groups [25,28] gives rise to twisted conformations for
many bent-core molecules, which, following Kawauchi
et al. [28], we suggest is important in contributing to
the nature of the neighbour-neighbour interactions
exhibited by these molecules.

3.2. Coarse-grained modelling

A coarse-grained simulation model was designed in
which a mesogen was represented by L=D ¼ 4 spher-
ocylinders of width D ¼ σ0 ¼ 1, joined together to
form a continuous ‘bent tube’ with flexible joints, as
shown in Figure 2. We choose two models: one with
four spherocylinders arranged to resemble a bent-core
liquid crystal molecule, and a generic model com-
posed of three spherocylinders. The latter is chosen
as the minimum number of sites needed to generate
true structural chirality within a ‘rigid’ bent-core fra-
mework (i.e. a bent-molecular core linked to one
additional site, which can sample different orienta-
tions relative to the bent-core, as shown in
Figure 2(b)).

Adjacent spherocylinders were bonded together
through harmonic springs, Ubond ¼ kbondðl� l0Þ2, link-
ing the ends of the spherocylinder line segments.

Additional harmonic potentials, Uangle ¼ kangleðθ� θ0Þ2,
were used to constrain the angles of terminal spherocy-
linders with respect to the axis vector of the central
spherocylinder for the three-site model and with respect
to neighbouring spherocylinders for the four-site model.
Equilibrium values for bond lengths and angles are given
in Table 2. For this phenomenological model, which is
akin to a DPD model for a liquid crystal mesogen [29]
(but with anisotropic sites), force constants are chosen to
be sufficiently large to maintain the molecular geometry
for the chosen simulation conditions and the soft-core
spherocylinder potential described in the following,
whilst sufficiently small to conserve energy for the chosen
time step, δt. As usual, nonbonded interactions were
excluded between directly bonded spherocylinder sites.

To control the conformational chirality of the model
molecule, a ‘dihedral’ potential was employed to

1998 J. S. LINTUVUORI ET AL.`



control rotation around a spherocylinder, as defined by
the angle γijkl (Figure 2(b)). Two dihedral potentials
were considered,

Udih ¼ A 1þ cos nγijkl � γ0

� �h i
(2)

and

Udih ¼ �A cos
γijkl
2

� γ0

� �n

þ cos
γijkl
2

þ γ0

� �n� �
þ A

(3)

Here, the parameter A controls the height of the
barrier between the consecutive wells and γ0 is used
to change the equilibrium dihedral angle (and hence
the chirality). The integer n sets the number of wells
in Eq. (2) and controls the width of the two wells in
Eq. (3). In our calculations, for γijkl we measure the

torsional angle between ends of spherocylinder line
segments for a central spherocylinder and the cen-
tres of mass of the two adjacent spherocylinders (i.e.
γijkl ¼ γ1;2;20;3 would be the single dihedral defined

Figure 1. (Colour online) Fitted dihedrals for a benzalaniline (N-benzylideneaniline) molecular fragment.
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for the three-spherocylinder model) and integrate
the forces and torques that arise from the chosen
potential (Eqs. (2) or (3)). For the three-site model,
there is just one dihedral angle defined,
γijkl ¼ γ1;2;20;3. However, for the four-site model,

there are two dihedral angles: γ1;2;20;3 and γ2;3;30;4 as

shown in Figure 2. Note that, for the three-spher-
ocylinder model, choosing values of γijkl ¼ γ1;2;20;3 ¼
180� or γ1;2;20;3 ¼ 0� results in an achiral (planar)

molecule; and, for the four-spherocylinder model,
choosing both γ1;2;20;3 and γ2;3;30;4 equal to values of

either 180� or 0� similarly results in an achiral
(planar) molecule.

Nonbonded interactions between spherocylinders
were described by a soft-core spherocylinder model
[30,31] (see in the following) with a parametrisation,
Umax ¼ 100:0�0; Uattr ¼ 2000:0�0; �1 ¼ 220:0�0;
�2 ¼ 0:0�0. This parameterisation is known to lead to
nematic stability over a wide density range for single
site mesogens [30,31]. We employed the MD metho-
dology of reference [30] using the GBMOL program
[32–34]. Simulations were carried out at T� ¼ kT=�0 ¼
3 in the nematic phase, with typical runs employing
2–4 million MD steps.

The soft-core spherocylinder interaction potential is
given by
where U�

max is the interaction energy of fully over-
lapped particles, d� is the line segment distance and
�� is the well depth. U�

attrðr̂ij; êi; êjÞ, the magnitude of the
attractive component is angle dependent, i.e. a function
of the orientation of the vector from a centre of mass,

Figure 2. (Colour online) (a) Schematic representation of the three-spherocylinder and four-spherocylinder coarse-grained models. The
diagram for the four-spherocylinder model shows the position of the four points used for the definition of the dihedral angle γ1;2;20;3. (b) A
periodic dihedral potential around a spherocylinder is employed to favour desired equilibrium dihedral angles and provide energetic
control over conformational chirality. (c) Three-dimensional representation of an instantaneously chiral conformation.

Table 2. Force constants and equilibrium bond lengths and
angles for the coarse-grained models used.

l0= kbond= θ0= kangle=
Mesogen σ0 ð�σ�2

0 Þ ð�rad�2Þ
Three-site modela 0.0 50.0 45 200
Four-site modelb 0.0 100.0 120,140 200

aGeneric three-spherocylinder model. bTwo different geometeries were
employed for the four-spherocylinder model.

U�ðdÞ ¼
U�

maxð1� d�Þ2 þ ��; if d� < 1
U�

maxð1� d�Þ2 � U�
attrðr̂ij; êi; êjÞð1� d�Þ4 þ ��; if 1 � d�< d�cut

0; if d� � d�cut

8<
: (4)
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r̂ij, and orientations of particles i and j (̂ei and êj ). This
potential can be easily tuned for different liquid crystal
behaviours by altering the four parameters: U�

max, U
�
attr,

�1 and �2 [30,31] in a similar way to the well-known
Gay-Berne potential [35].

For the three-site spherocylinder model, N ¼ 4000
molecules were simulated in a cuboidal box
(Lx ¼ Ly 	 41:35σ0 and Lz 	 58:48σ0) with periodic
boundaries in x and y directions. A repulsive wall was
employed in the z -direction, acting on the z -compo-
nent of the centre of mass of spherocylinders, rz,
beyond the top or bottom of the simulation box:

Uwall ¼ Awallð1� rz=σwallÞ2 with Awall ¼ 100:0�0
and σwall ¼ 3σ0.

3.3. Importance of choosing soft-core interaction
potentials

The key advantage of the coarse-grained DPD-like
model used in this work is the speed of equilibration.
The model is sufficiently repulsive to promote liquid
crystal behaviour through anisotropic excluded volume
interactions but sufficiently soft to allow rapid move-
ment through phase space, avoiding the jamming
which is sometimes seen with harder particle coarse-
grained models. The benefits of this type of model have
been demonstrated by Zannoni and co-workers [36,37]
and used to look at changes in molecular organisation
in the actuation cycle of a liquid crystal elastomer [38].
We also note the similarity of our four-site model to
the Monte Carlo model of Peroukidis et al. [39]. In
their model, they used spherocylinders of different
sizes for the core and ‘tail’ of a bent-core mesogen,
allowing the molecule to adopt both chiral and achiral
conformations. They observed the formation of clusters
exhibiting local smectic order, which were either ortho-
gonal or tilted, together with homochiral domains
through a helical arrangement of the tilted smectic
clusters.

We note in passing that the use of a soft repulsive
wall together with our soft-core spherocylinder model
leads to very weak anchoring at the wall surface by
design. This means that the wall does not restrict the
rotation of molecules in the x� y plane, allowing a
twist induced on a nematic director in the x� y
plane to easily overcome any influence that can other-
wise be introduced by the presence of harder walls. In
addition, the weak anchoring ensures that smectic
layers are not induced at the wall surface. An interest-
ing alternative will be the use of soft walls in combina-
tion with self-determined boundary conditions, as in
the recent work of Kuhnhold and Schilling [40].

3.4. Quantifying molecular twist in the bulk

To quantify the effect of molecular chirality on the twist
of the bulk phase, for boxes with walls in the z -direction,
the simulation box was divided into layers with thickness
of 1.7σ0 along the z-axis. A local nematic director was
calculated for each layer, nlayer from diagonalisation of
the ordering tensor for the central spherocylinders. This
allowed the calculation of the twist angle, ϕðz=σ0Þ, along
the z-axis. For linear increases in ϕ along z, the bulk
pitch, p, can be obtained by a linear fit, ϕðz�Þ ¼ az� þ b,
as p ¼ 2π=a.

3.5. Calculation of HTPs

Ferrarini et al. [41–44] showed that molecular isosur-
faces could be used to evaluate the chirality order
parameter, χ, which is proportional to the HTP of a
mesogen in a nematic phase. To calculate χ, we use the
step-by-step approach described in detail by Earl and
Wilson [45]. Specifically, we first calculate a molecular
surface from an atomistic molecular conformation (or
a coarse-grained representation in the case of the
coarse-grained models). We used an isosurface corre-
sponding to the van der Waals surface accessible to a
spherical probe with a diameter of 5 Å (in the case of
coarse-grained models the probe was placed in contact
with the surface of the spherocylinders). Isosurfaces
were generated using the simple invariant molecular
surface routine of Vorobjev and Hermans [46] with a
resolution of 10 dots per Å2. We next calculated a
normal vector at each surface point and then calculated
the surface tensor T, the helicity tensor Q and the
ordering matrix S (see Eqs. (3), (4) and (6) in [45]) in
order to evaluate χ. χ values were determined for 1�
106 conformations for atomistic simulations and for
selected snapshots for coarse-grained models.

4. Results and discussion

4.1. Conformational distribution functions

Angular distribution functions, obtained from the SD
simulations, are plotted in Figure 3 for the bend angle
of the molecular core and the angle between the core
and chain. As shown in Figure 3, the measured dis-
tributions are highly dependent on the exact definition
of the angle. However, in the most commonly used
definition of the ‘molecular core’ (A1 in Figure 3) the
angle distribution function is peaked at 120� commen-
surate with that expected from a bent structure origi-
nating from a central phenyl ring. The distribution
function for A1 is, however, quite broad, reflecting
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the flexibility of the ester and benzalaniline linkages in
the core. Consequently, the idealised concept of a ‘rigid
bent-core’ is certainly not true. The core-chain angle
has a particularly wide distribution function, which is
peaked between 140� � 150� but which extends to
quite low angles arising from a long-flexible chain,
which is able to bend back on itself. Within a nematic
phase, we would expect these distribution functions to
be somewhat less broad, with the angle distributions
being coupled to the field of surrounding molecules.
The phenomenon is known well for chain conforma-
tions in n-alkylcyanobiphenyls, where preferential
selection occurs for conformations that enhance align-
ment with the nematic mean field [47,48].

4.2 χ values for PnOPIMB

Recently, Kim et al. [12] have calculated χ values for
various members of the PnOPIMB series. Here
(Figure 4), we repeat that work for n ¼ 8; 12; 16 using
the new GAFF-LCFF force field, and extend the calcu-
lation to the core only n ¼ 0 homologue. In addition,
we carry out SD calculations with MD restraints
applied to the chain (giving an all-trans chain), to the
ester group (giving a planar arrangement for the three
central rings) and to the whole core (giving a planar
arrangement for the whole core). Several features are
apparent from Figure 4:

● Excellent conformational sampling within the SD
calculations leads to distribution functions that

are symmetrical and centred on zero; demonstrat-
ing, as expected, no net chirality.

● The wings of the distribution function extend to
exceptionally high values of χ, around 50� larger
than values of χ that are associated with very high
HTP chiral dopants, such as bridged biaryls and
helicenes derivatives [45].

● The effect of the chain length is significant, with
increased chain lengths leading to a widening of
the distribution function. In contrast, the calcula-
tions with no chain give a sharply peaked distri-
bution. (We note that with GAFF-LCFF, which
has an improved description of the ester and
benzalaniline linkages, and the alkoxy chain, that
a widening of the χ distribution is seen for n>12,
which was not observed by Kim et al.)

● For P12OPIMB, applying restraints to the whole
core (giving an approximately planar core), leads
to a big reduction in the higher values of χ.
However, applying restraints to the ester linkage
and the chain leads to only small changes in the χ
distribution.

We suggest that the huge instantaneous values of
χ seen in the wings of the distribution are responsi-
ble for the increase in HTP when a chiral nematic is
doped with PnOPIMB. Highly twisting conforma-
tions will be preferentially selected in a chiral mole-
cular field. Moreover, it appears that the main origin
of the high HTP values arises from twisted (chiral)
conformations of the core and if these are

(a) Molecular structure of P8OPIMB defining core, θ1, and core-tail, θ2, angles.
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Figure 3. (Colour online) Angle distributions for P8OPIMB from single-molecule stochastic dynamics calculations at 300 K using the
GAFF-LCFF force field.
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eliminated, by using a planar core, the χ distribution
is sharpened up considerably. We note, however, that
even in this case, chiral conformations of the chains
can occur and their HTP is amplified by the presence
of the bent-core shape. Constraining the chains to an
all-trans conformation does not reduce HTP signifi-
cantly for P12OPIMB. This is because the twist of
the core still leads to an overall twisted shape for the
molecule, with the two chains pointing in different
directions, and hence a large HTP is obtained.
Interestingly, if the chains are extended to n ¼ 16,
applying chain restraints leads to a further widening
of the distribution function. This suggests that, in
this case, it is not the addition of further ‘instanta-
neously chiral’ chain conformations that is most

important but rather the length of the chain that
contributes to an overall enhanced chiral shape for
the molecule as a whole. We explore these ideas
further with the use of idealised coarse-grained
models (see the following).

4.3 χ values for coarse-grained models

We carried out single-molecule dynamics calculations for
the three-site and four-site models, described in Section
3.2, using an equilibrium bond angle of 120� and an
equilibrium dihedral of 180� but with a very low force
constant (k ¼ 10ε) to allow easy sampling of twisted
conformations arising from other values of this dihedral.
In addition, we removed the two terminal

Figure 4. (Colour online) Top: χ distribution functions (arbitrary units) for a PnOPIMB molecule from stochastic dynamics calcula-
tions at 300 K. Middle: χ distribution functions for P12OPIMB employing chain, ester and core restraints. Bottom: An instantaneous
twisted conformation for P8OPIMB with χ ¼ 806:24 showing the molecular surface used to calculate χ.
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spherocylinders from the four-site model, leaving only a
‘bent-core’ (n ¼ 2 model). The results are given in
Figure 5(a).

Intriguingly, the n ¼ 3 system appears to be the model
that exhibits chiral conformations with the largest HTP.
However, the four-site model captures the same shaped χ
distribution that we saw from atomistic modelling. Not
surprisingly, removing the two terminal spherocylinders
to leave a n ¼ 2 system leads to a distribution strongly
peaked about χ ¼ 0 with only configurations where the
spherocylinders fluctuate out of plane contributing sig-
nificantly to χ. For the n ¼ 3 and n ¼ 4 models, the χ
values in the wings of the distribution are an order of
magnitude larger than those obtained with the highest
HTP conformations seen in the atomistic simulations.
This provides hope that, for these models, one might be
able to see induced helical twists on the scale of molecular
simulations (see Section 4.4).

Further insights are provided by examining how χ
varies with molecular conformation. For the three-site
model (Figure 5(b)) the value of χ peaks for a dihedral
of γ1;2;20;3 ¼ 105� ðθ ¼ 120�Þ and varies smoothly as a

function of this dihedral. The values of χ are also
shown to depend on the internal angle θ. For the

four-site model, with internal angles of 120�, the high-
est HTP occurs at φ1 ¼ �φ2 ¼ 90�;�90�, and there is
an unexpected dip in HTP for φ1 ¼ �φ2 ¼ 45�;�45�

(Figure 5(c)). Moreover, changing the internal angle to
140� (Figure 5(d)), as would occur in an oxadiazole-
based bent-core mesogen [49], subtly changes the form
of the curve, with the maxima shifting to φ1 ¼ �φ2 ¼
75�;�75� and the local minima shifting to
φ1 ¼ �φ2 ¼ 30�;�30�. We note that, for the four-site
model, conformations where φ1 ¼ φ2 (which, for an
achiral molecule, always have identical torsional ener-
gies to conformations with φ1 ¼ �φ2) have superim-
posable mirror images and hence χ ¼ 0.

4.4 Bulk simulations of the three-site coarse-
grained model

The effect of molecular-level chirality on a bulk phase
was initially determined via six simulations using the
dihedral potential of Eq. (2); using parameters A ¼
20:0ε0; n ¼ 1 and γ0 ¼ 0�, 10�, 30�, 45�, 60�, 70�.
These correspond to equilibrium dihedrals
γeq ¼ γ1;2;20;3 ¼ 180�, � 170�, � 150�, � 135�,

Figure 5. (Colour online) χ values for single molecule coarse-grained models.
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� 120�, � 110�. The simulations used the soft repul-
sive wall boundary conditions described in Section 3.2,
leading to macroscopic twists across the simulation
box, corresponding to a chiral nematic phase with a
small pitch length. We quantify the twist by calculating
the order parameter, S2h i ¼ hP2ðcos θÞilayer, and the

director, nlayer , along the z -axis of the simulation box
(as described in Section 3.4), and by plotting the
change in angle of the director with changing z, as
shown in Figure 6. The overall twist, ϕ, is seen to
increase from, ϕ 	 0�, for the planar (achiral) mole-
cules ðγeq ¼ 180�Þ to ϕ 	 278� for the highest chiral

strength ðγeq ¼ �110�Þ. The mean nematic order

parameter remains well inside the nematic region, ran-
ging from S2h i 	 0:67� 0:02 for the achiral system to
S2 	 0:604� 0:004 for the system with the highest
chirality. A small local increase in S2 near the wall
was observed (maximum of 17%) which drops to the
bulk value over the width of one histogram bin ð1:7σ0Þ.

To model the effects of adding achiral dopants (with
the possibility of chiral conformations) to a system,
achiral molecules were designed with two symmetrical
potential wells at γeq ¼ �110�, separated by a barrier of
height 20ε0 (corresponding to A ¼ 20ε; n ¼ 40 and
γ0 ¼ 55� in Equation (3)). Two host systems with
10% doping were considered: a chiral host phase with
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Figure 6. (Colour online) Top: Snapshots for N ¼ 4000 for the three-site spherocylinder model. Snapshots are viewed along the z
-axis of the simulation box for two chiral nematic systems, with γeq ¼ 1500 (top left) and γeq ¼ 1200 (top right). Bottom: The effect
of molecular chirality on the twist angle between a reference nematic director, nref , at the base of the simulation box and the local
nematic director, nlayer, along the z-axis of the simulation box.
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ðγeq ¼ �150�Þ and, as a control (to check statistics) a

second host achiral host phase ðγeq ¼ 180�Þ was also

employed. Both cases used a maximum barrier height
of 40�0.

Figure 7 shows the dihedral angle distributions,
SðγijklÞ, obtained for the solvent and dopant molecules.

The preferred handedness of the dopant molecules can be
obtained from the relative populations of right- and left-
handed molecules, nL and nR, provided by numerical
integration of SðγijklÞ. For the test case, i.e. dopant mole-

cules in the achiral nematic phase (dotted line in Figure 7
(a)), nL 	 nR within a statistical error of 1%. This level of
sampling is only possible because of the speed of the
coarse-grained model we employ, which means that it is
able to fully equilibrate the system and sample the con-
formations to a high degree of statistical accuracy.

When the same dopants are added to the chiral host
phase (dot-dashed line in Figure 7(a)) preferential
selection of conformations occurs for the conformer
with the same handedness as the host phase. Here,
relative populations of nL 	 59:3� 0.5% and nR 	
40:7� 0:5 were observed for a left-handed host sol-
vent. This same observation is found for a series of

values of different γeq for the dopant system. In the

case of γeq ¼ �150� , the dopants have conformations

with higher twisting power than the host phase. A
subsequent plot of bulk twist angle in Figure 7(b)
shows an increase in the twist of the system with 10%
achiral dopants in comparison to the pure chiral sol-
vent. From the linear fits, pitch lengths were estimated
as p ¼ ð88:5� 1:0Þσ0 and p ¼ ð103:2� 0:7Þσ0 for the
doped and pure systems, respectively. This corresponds
to a 17% decrease of the pitch length (increase in the
twist).

Three possible mechanisms can be evoked to explain
the increase in the bulk twist of the doped sample.

(1) Dopant molecules could increase the preferred
dihedral angles of the solvent molecules, thereby
increasing chirality of the solvent molecules.

(2) Dopant molecules are distributed evenly in the
system but the preferential selection of high twisting
conformations of the same handedness as the solvent
leads to an overall increase of the bulk twist.

(3) The dopant molecules could undergo micro-
phase separation to form highly twisting clusters lead-
ing to an overall increase in the twist across the system.
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Figure 7. (Colour online) (a) Dihedral angle distributions from MD simulations. Chiral solvent (solid line), dopant in chiral solvent
(dashed line), dopant in nematic solvent (dotted line) and solvent without dopant molecules (dot-dashed line). (b) Twist angle for
nematic director along the z -axis: pure melt (squares) and system with 10% doping of achiral solute. The lines are least-squares fits
of the linear function fðzÞ ¼ az þ b. (c) Radial distribution functions, gðrÞ, for solvent molecules (solid line), dopant molecules
(dashed line) and solvent-dopant cross distribution (dotted line). (d) Snapshot of the dopant molecules, where solvent molecules
are removed for clarity.
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The first of these mechanisms can be immediately
ruled out. The calculated dihedral angle distributions
for the solvent with 10% doping (solid line in Figure 7)
and the pure solvent (dot-dashed line) are in agree-
ment within the line width. We expect also that this
mechanism is not experimentally important, i.e. most
chiral hosts are chiral due to the presence of chiral
centres or in-built structural chirality, and do not
tend to have highly twisting conformations, which
would come into play only when preferentially selected
through interaction with an achiral dopant. From the
results in Figure 7, the preferential selection of high
HTP conformers of the dopant mechanism clearly does
occur. However, this might be seen in conjunction with
the third mechanism. To test this, we looked at the
spatial distribution of dopant molecules by calculating
partial radial distribution functions, gðrÞ for all pairs of
species (Figure 7(c)). Each gðrÞ shows a peak at a
separation of r 	 1:3σ0 corresponding to nearest
neighbour interactions. However, the gðrÞ for the
dopant-dopant interactions shows the growth of a
slight shoulder between separations of r 	 2:4σ0 and
r 	 6σ0, indicating a slight preference for the forma-
tion of small clusters at this distance. A snapshot

picture (Figure 7(d)) confirms that at the 10% dopant
level the dopant molecules are uniformly distributed
across the simulation box, apart from some evidence
for the formation of very small local clusters. Hence, it
appears that preferential interaction between chiral
conformations of neighbouring dopants is likely to
contribute to an increase in overall HTP.

Further evidence of chiral selectivity can be
observed in related simulations. In Figure 8, we
show a snapshot picture taken from a uniform
nematic phase for the three-site spherocylinder
model. Here, a system of strictly achiral molecules
(with a preference for no chirality ensured from
γeq ¼ 180�) has been simulated and a colour coding

has been applied according to the handedness of the
molecules. From this, it can be seen how locally the
molecules prefer the same handedness as their neigh-
bours leading to nanophase segregation into small
domains with opposite handedness. In our model,
within a nematic phase, the chiral domains are
quite small as opposed to experimental findings in
more complex phases [20,21,50,51] where large
homochiral domains are sometimes found, enhanced
by strong neighbour packing effects. Nonetheless, the

Figure 8. (Colour online) A snapshots showing chiral nanophase segregation in an achiral nematic phase (γeq ¼ 180�) where the
colour coding has been applied as blue (red) left (right) handed conformations.
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preference for chiral interactions seen in our model
is clear.

5. Conclusions

We have studied chirality arising from achiral bent-
core liquid crystal molecules via atomistic and coarse
grained-simulation models. We demonstrate huge
HTPs for individual conformations of three bent-core
molecules, PnOPIMB (n ¼ 8; 12; 16), with the HTP
values increasing with alkoxy chain length. We show
that these conformational effects can be captured using
simple three-site and four-site soft spherocylinder
models. Further, we show, with a three-site spherocy-
linder model, that chiral induction can take place
within a bulk nematic phase.

For achiral molecules our coarse-grained simula-
tions show a uniform nematic phase; but, when con-
formational chirality is introduced, a chiral nematic
phase is formed with the measured twist angle of the
bulk phase increasing as the internal twist angle of
individual molecules is increased. Moreover, the simu-
lations demonstrate a decrease in pitch length
(increased twist) for a chiral nematic, when the system
is doped with an achiral dopant, in agreement with
surprising experimental results for bent-core molecules
[9,11]. Here, we see the preferential selection of high
twisting enantiomeric conformations over their mirror
images.

Finally, we note that we see evidence for local chiral
segregation into nanodomains of opposite handedness
within a bulk nematic phase. It will be interesting to
explore such effects further with a view to understand-
ing the formation of helical nanofilaments and larger
chiral domains within more exotic liquid crystal
mesophases.
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