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We investigate the properties of freely suspended nematic nanodroplets of increasing size formed by
elongated Gay—Berne mesogens, using extensive molecular dynamics simulations. We find that the
nanodroplets have an elongated shape with an aspect ratio changing with size and that in the 50-100
nm size range (¥ = 50 000-100 000 particles) they show a spontaneous symmetry breaking of the
surface bipolar director field into a twisted pattern, whose chirality we quantify with a specific index.
The droplets are found to be inhomogeneous in terms, e.g. of the local orientational order, and a
detailed description of their internal and interfacial structure is given,

1 Introduction

The condensation of vapour can lead to the formation of freely
suspended liquid droplets whose shape is spherical for a normal
isotropic liquid, as long as gravity effects are negligible. The
spherical shape, as known since the work of Lord Rayleigh over a
century ago,” results from the balance of the surface free energy
#, = surface area x o, depending in turn on the surface tension
¢ and the bulk free energy &, proportional to the droplet
volume. The characterisation and prediction of droplet shapes
for micrometric sizes and below are now very important in ink-jet
technology where they are used not only for standard ink
printing, but also to deliver controlled picolitre quantities of
some functional material, e.g. an organic semiconductor, in a
precise position over a surface as required in a variety of organic
electronic applications.>?

Liquid crystals (LC) are important examples of those modern
functional materials and have been proposed for applications
going from organic field effect transistors (OFET) to organic
photovoltaics (OPV) where their ability to yield molecular
organisations that couple fluidity (and thus defects and annealing
potential) and long-range order (e.g. to improve charge carrier
mobility over isotropic materials) is particularly appealing
(see e.g. ref. 4).

Apart from the rather large, micron sized droplets, either
freely suspended or dispersed in a liquid or polymer matrix,*®
much smaller liquid or liquid crystal droplets, in the range of 50—
500 nm, thus with volumes between femtolitres and attolitres can
now be prepared and studied,™® and are expected to be important
in the fabrication of nanodevices. In particular micro- and nano-
sized nematic droplets are most promising for biosensor
applications,>™*!

Dipartimento di Chimica Fisica e I[norganica, Universita di Bologna,
Bologna, Italy. E-mail: claudio.zannoni@unibo.it; Fax: +39 051
2093690, Tel: +39 051 6447012

It should be observed that the liquid crystal droplets we are
interested in here have various differences with respect to
isotropic ones in that: (i) their shape is not necessarily spherical
as the surface tension of liquid crystals is anisotropic and an
anchoring energy term'>"* contributes to the free energy balance,
(ii) the molecular organisation at the droplet surface is certainly
not easy to predict and can vary from radial to tangential, or to
other more complex ones and (iii) the droplet interior can be non-
homogeneous, e.g. in terms of the local order.5¢

The external shape aspect of LC droplets has been studied for
a long time, at least for “large” micrometric sized droplets in
suspensions. Important milestones in this field were the experi-
ments of Bernal and Fanckuchen'* leading to the observation of
elongated spindle-like shaped droplets, or micelles, formed by
colloidal aqueous suspensions of tobacco mosaic virus particles,
and of Zocher's reporting the formation of similar aggregates in
colloidal lyotropic LC of inorganic rod-shaped vanadium pent-
oxide particles followed by many others more recently.**?

These elongated aggregates called ractoids have a three
dimensional shape ideally obtained by the revolution of an arc of
acircle around its chord, They are obtained when the constituent
particles are tangential to the boundary and are endowed with
topological point defects (also called hoojums®) of the (bipolar)
director field at their sharp apexes.

All these observations were reported for lyotropic systems
(even though as diverse as virus suspensions and chromonic
systems), where the aggregates stand in an isotropic medium, but
a similar behaviour has also been found for thermotropic
mesogens,*!

Dispersions of droplets of micro (PDLC) or even of nano
(holographic PDLC, H-PDLC) size in polymeric matrices*>* or
encapsulated in a polymer capsule,® all cases where of course the
droplet shape is fixed, can also be obtained by suitable
polymerisation.

From the theoretical point of view the modelling of the equi-
librium shape and director distribution in tactoidal nematic
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droplets has been built up and refined over the years by various
authors and in particular Herring,*® Chandrasekhar,*® Wil-
liams,* Huang and Tuthil®® and Virga®® Frank’s elastic
continuum theory*® and Wulff construction®® have been
employed to predict equilibrium shapes showing that they can
vary from lenticular or regular with a continuous director field
without disclinations to tactoid as the ratio between the aniso-
tropic and isotropic contribution to the Rapini anchoring
energy'? varies from negative to greater than one.* The role of
anchoring energy in tactoids has also been discussed'® and their
topological defects studied.'-**

Even for the simpler spherical shape LC droplets can provide
surprising effects. Thus, Volovik and Lavrentovich®' observed
spherical droplets where the director field lines connecting the
two poles rather than being simple arcs (meridians), i.e. bipolar
structures, showing only splay and bend droplets, were instead
twisted, making the droplet chiral. Williams*” put forward the
theoretical prediction that a spontaneous chiral symmetry
breaking with the onset of a twisted director configuration
should occur in spherical droplets of achiral mesogens with
tangential boundary conditions when the splay, twist, and bend
LC elastic constants (Kj;, Ksy, and K33) obey the inequality
K“ = K22 + 0.43[(33.5’27

Chiral droplets were actually experimentally obtained, in
agreement with these predictions, by Lavrentovich and Sergan®
and Xu, Kitzerow and Crooker.**

Prinsen and van der Schoot®** have extended the model of
Williams?” by allowing the LC droplet to have a non-spherical
shape (e.g. elongated) and the director field to be not perfectly
bipolar. By introducing an anchoring parameter they predicted a
variety of transitions between homogeneous, bipolar, and
twisted nematic configurations, occurring upon changing size at
certain critical droplet volumes. Recently Tortora and Lav-
rentovich®” have demonstrated and explained the origin of a
spontaneous chiral symmetry breaking into loxodromes (ie.
surface director patterns intersecting the droplet meridians at a
constant angle) in micrometric tactoid droplets of chromonic
liquid crystals deposited on a flat surface from aqueous solutions.

Overall the problem of droplet shape and director configura-
tion seems to be well handled at the continuum theory level for
micron sized droplets. However, it is worth noting that as the
droplet size shrinks to the nanolevel the applicability of
continuum type theories, and of their top-down predictions,
becomes less obvious or even questionable.

Here, we take a different, complementary, approach and
consider the formation of the LC droplet from the molecular
level up, without assuming a priori the validity of continuum
elastic equations, but rather hoping to test their applicability
which is, it should be said, often amazingly good even on the
nano-range.!>**

From this point of view computer simulations provide us with
a powerful and reliable way to investigate the formation and the
evolution of LC nanodroplets under various conditions and
allow a direct analysis of the ordering inside them. The advan-
tage of computer simulations is that they do not require a prior
knowledge or an assumption about the mesoscopic material
properties like (anisotropic) surface tension or elastic constants,
since these quantities collectively emerge in the simulated sample
from the properties of the underlying pair potential between the

constituent particles. This direct approach turns out to be also an
advantage because the calculation from computer simulations of
the mesoscopic material properties (e.g. elastic constants,3**
flexoelectric coefficients,* or surface tension*’°) which consti-
tute the input parameters of the continuum models and theories
is not straightforward because of its slow convergence, and it is
subjected to large statistical errors. Moreover, the surface tension
calculation presents an added difficulty arising from the necessity
of extending the available algorithms (e.g. see ref. 47-51), origi-
nally devised for planar or spherical interfaces, to more complex
and a priori unknown geometries.

Computer simulations have been previously performed on
micro/manodroplets typically confined by a dense medium, e.g.
for studying the orientational order and defects of micrometric
liquid crystal droplets®™ embedded in a solid (typically a
polymer) matrix (PDLC and H-PDLC) and thus with a fixed
volume and shape.

Different methodologies and models have also been used.
Thus, in one approach, Lebwohl-Lasher type lattice models,
where molecules (or groups of molecules) are represented by a
vector (“spin”) positioned at the sites of a cubic lattice, have been
used to study the orientational order, director distribution, and
topological defects inside spherical nematic droplets with
different boundary conditions (radial, bipolar, ezc.),>*7 also in
the presence of external fields.>®

While the previous works assume a certain droplet shape and
boundary condition, an anisotropic lattice gas spin model has
been used by Bates®® to study with Monte Carlo simulations the
shape of nematic microdroplets.

Another mesoscopic technique that has been employed is
dissipative particle dynamics (DPD), where a single nanodroplet
formed by mesogens constituted of sticky sphere chains con-
nected by springs and confined inside spherical regions has been
simulated to study the effect of an external field on a LC
droplet.?®

Off-lattice models of Gay-Berne (GB) ellipsoids® or hard
spherocylinders®’ confined to spherical pores have also been
studied. de Pablo and coworkers®26* have recently used
molecular dynamics to study the changes of molecular organi-
sation taking place in a spherical GB droplet when changing the
anchoring strength and its direction with respect to the surface.
These effects are becoming very important for visualising
through simple polarised optical investigations the presence or
absence of analytes in a suspension of LC microdroplets, with
obvious applications for sensors,

Considering off-lattice atomistic or molecular models without
the constraint of fixed shape, ot confinement an early study of
freely suspended nematic droplets in a vacuum® was performed
using an atomistic model of 5CB (4'-n-pentyl-4-cyanobiphenyl)
to create aggregates of 26 and 50 nematic molecules, At the time
of the work a validated force field for 5CB, able to reproduce its
bulk properties,®® was not available. Moreover the very small
number of particles forming these droplets, more comparable to
the size of a nucleation centre than to a stable liquid nanodroplet,
does not really allow us to compare the simulation results with
theories. The limitation on the sample size when dealing with
atomistic models is still significant nowadays, given that the
current sample sizes for systems of this complexity are rarely
beyond a few thousand molecules,'?
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Larger sample sizes can be studied with molecular resolution
models where each molecule is replaced by a simple object
endowed with certain interactions, like the attractive-repulsive
Gay-Berne ellipsoids®®*"™ or hard spherocylinders.”™

The formation of LC nanodroplet emulsions by phase sepa-
ration from a homogeneous solution of Gay-Berne mesogens
(Nge = 200, 300, and 400) of 3 : 1 length—to—width ratio in an
isotropic solvent (Ny; = 5000 — Ngp Lennard-Jones spherical
particles) has been studied by us™ and extended by Brown ef al.”®
Also in this case deviations in the length-to-width aspect ratio of
the LC droplet from a spherical shape have been observed and
the internal order described.

A Monte Carlo simulation of aggregates of 200-700 hard
elongated spherocylinders (aspect ratio of 11 :1) at different
osmotic pressures has been performed by Trukhina er al,™
finding that at sufficiently high osmotic pressure, elongated
nematic droplets are formed with a uniform director field for the
smaller ones and a bipolar structure for the larger ones.

Very recently Rull, Romero-Enrique and Fernandez-Nieves”
have used Monte Carlo simulations for studying the effect of
molecular elongation, i.e. length-to-width ratiosof 3: 1,4 : 1, and
6:1 on the shape anisotropy of freely suspended Gay-Berne
nematic nanodroplets in coexistence with their vapour, They
found that the particles aligned tangentially at the surface and
along the main axis of the drop, and that by increasing the aspect
ratio the shape of the drop becomes singular in the vicinity of the
defects, and there is a crossover to an almost homogeneous
texture, In this case the effect of the droplet size was not inves-
tigated and the total number of Gay-Berne particles, including
the coexisting vapour, was Ngg = 4000.

We notice that in all the off-lattice simulation studies of freely
suspended droplets a relatively small number of particles was
investigated and that the peculiar switch to chiral structures
predicted by theory® for sufficiently large droplets was never
observed, The theoretical expectations are in any case that the
chiral structure is not likely to appear for droplet formed by rigid
rod-like particles and that some degree of flexibility may be
required.®

The aim of the present work is that of addressing the issues of
nanodroplet shape and chirality, obtaining viz coarse-grained
molecular dynamics (MD) simulations a molecular level
description of the self-organisation process and the structural
characterisation of freely suspended nematic nanodroplets in
equilibrium with their vapour. We will investigate size dependent
effects for droplet size more than an order of magnitude larger
than the current ones” reaching sizes that in real units would be
of the order of tens of nanometres and compare these MD results
with the available experimental findings and theoretical predic-
tions. We have used the Gay-Berne pair potential®™7%7 and
performed molecular dynamics (MD) simulations, rather than
Monte Carlo, so as to be able to follow the time evolution of
aggregate formation.

In particular, we have focused on determining the structure of
the nematic—vapour interface, the director distribution, and the
possibility of observing a spontaneous chiral symmetry breaking
in a freely suspended nematic nanodroplet of achiral mesogenic
particles. More specifically, the plan of this paper is the
following: in Section 2 we present the pair potential model and
the technical details of the molecular dynamics simulations,

Section 3 describes the procedure devised for preparing the initial
MD samples and their subsequent equilibration towards stable
freely suspended nematic nanodroplets in equilibrium with their
vapour. The analysis of the properties and structure of these
aggregates of various number of particles is discussed in Section
4. A Conclusions section closes the paper.

2 Model and technical details

As already mentioned, we have chosen to model our mesogenic
molecules at the coarse-grained level with the uniaxial Gay—
Berne pair potential,**™" an anisotropic generalisation of the
venerable Lennard-Jones model where the interaction between
two ellipsoids with axes ¢, = 0, # o. and interaction strengths
&, =&, ¥ €, 18 written as

Ugn(r,i i) = deos(P iy i) u'*(r ity i) — u8(ryin )] (1)

In particular, the shifted term w(r,i,,it;) = a /(r — o(F iy, i) +
o) depends on the centre—centre distance r, the modulus of the
intermolecular vector ¥ = ry — r; = r# and the anisotropic
function o(f,i,,&,) approximating the contact distance between
two ellipsoids®™™® having orientations of their D .., axes defined
by the unit vectors 4; and centre of mass at #; = (x;, V5. ;). The
contact function depends on the orientations and on # and it is
parameterised with respect to the length-to-width ratio « = o,/o,.
The anisotropic interaction function &(#,d;,i,) scales the ampli-
tude of the Uy pair potential, and it is parameterised in terms of
«, and the additional coefficient ' = &./e, defining the ratio
between the end-to-end and side-by-side well depth energies,””
In addition, the empirical parameters o, 4, and » can be used to
tune the width and depth of these attractive wells.

The molecular units of length oy, energy ep, and mass my,
have been used to define the dimensionless values of energy U* =
UlUy = Ulsy, temperature T* = T/ Ty = Ti(kg ™ &), pressure P* =
P/Py = Pl(ay &), number density p* = p/py = o> NIV, and time
t* = tty = tl(eq a0 mg)'"”. All physical observables have been
computed in dimensionless form, and to compare them with real
units we can take as references the width, the energy (in terms of
the kgTny isotropic-nematic transition temperature), and the
mass relative to the 4'-n-octyl-4-cyanobiphenyl (8CB) mesogen.
This choice correspondsto g =5 x 10 %m, gy = 1.4 x 10721 ],
and mg = 4.8 x 107* kg, The derived units of time and pressure
are instead o =3 x 107'% s and P, = 112 bar.

We have relied on previous simulation works®$” to choose a
parameterisation for the GB potential and thermodynamic
simulation conditions providing a nematic phase coexisting
in equilibrium with its vapour using as parameters: k = o/, = 3,
K = e e, =125, 0. = lop, p =2, v = 1, and mass m* = mimy =
1.5. The dimensionless bulk transition temperatures between the
crystal, nematic and isotropic phases for this model are respec-
tively Ten = 0.50 and Ty = 0.54.%7 This parameterisation is
also interesting because it leads to a tangential orientation of the
mesogens at the nematic—vapour interface, as shown in ref. 60,
thus realising one of the basic conditions leading to bipolar and
possibly twisted structures.

All MD simulations were run at constant volume and
temperature using the weak-coupling algorithm developed by
Berendsen,® and a dimensionless time step Ar* = At/to = 0.002.
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To choose an optimal value for the GB potential cutoff r. we ran
preliminary constant volume and temperature MD simulations
of an N = 10 000 spherical isotropic droplet at equilibrium with
its vapour using cutoff radii ranging from 4a; to 8. Eventually,
the GB cutoff r. = 505 was chosen since it gives average potential
energies within 2-3% from those obtained with larger r, values,
and it provides the same thermodynamic behaviour (at least far
from phase transition temperatures) without increasing unnec-
essarily the computational toll. It should be noticed that with this
choice of r. our phase space points do not exactly match any
longer with those of de Miguel er «/.%7 who used the lower cutoff
value r. = 4ay; furthermore the curved droplet interface also
determines an additional term in the hydrostatic pressure of the
nematic phase arising from Laplace’s contribution. However, as
discussed in the next section, these small differences have not
greatly affected the behaviour of our GB droplets with respect to
the phase diagram of de Miguel et al, at least in the nematic
region we used to perform MD simulations.

The simulations were ran using as parallel MD engine the
program LAMMPS #3# In particular, we have performed most
calculations using hybrid CPU/GPU architectures based on the
NVIDIA Tesla graphic processors and the CUDA programming
framework *®

3 Samples preparation and equilibration

In this section we describe the procedure followed for preparing
freely suspended nematic nanodroplets in equilibrium with their
vapour: an aggregate with size N = 47 000 GB particles will be
used to discuss the specific details, while the results for the larger
droplets are presented in the next section.

The nanodroplet preparation procedure started with a cubic
bulk nematic sample of ¥ = 27 000 GB particles simulated at
constant dimensionless temperature 7* = 0.53 and pressure P* =
0.0003, and with fully periodic boundary conditions in the three-
dimensions. After an equilibration of 5 x 10° time steps, the
sample attained an average number density (p*) = o’ N(1/¥) =
(0.297 and an orientational order parameter {P,) = 0.75, which
considering the effect of the cutoff radius discussed earlier are in
good agreement with the published bulk values reported by de
Miguel et al.” and Emerson, Faetti and Zannoni,® The dimen-
sionless temperature T* = (1.53 is close to the published phase
boundary between nematic and isotropic fluids, and was chosen
on purpose to reduce the probability of observing the formation
of either a surface-induced or a Laplace’s pressure-induced
smectic ordering into the sessile nanodroplet. The cubic nematic
sample was then inserted at the centre of a larger orthogonal
simulation box with sides five times larger than those of the liquid
crystalline aggregate (ie. Ly = L, = L. = 160.60p). The volume
not occupied by the nematic sample was filled with a supersat-
urated GB vapour previously equilibrated at temperature T =
0.53 and number density p* = 0,003, To remove any possible
correlation arising from this preparation procedure, and prior to
starting the MDD evolution of the two-phase system, we randomly
sampled linear and angular momenta of both vapour and
nematic particles from Maxwell distributions at 7" = 0.53. The
ensuing MD equilibration of 9 x 10° time steps was performed
under periodic boundaries at constant volume and temperature
as described before. The average dimensionless pressure for the

oo

Fig. 1 Longitudinal cross-sectional view of an equilibrated freely sus-
pended nematic droplet of size N = 47 000 at T* = .53 in equilibrium
with its vapour at {P*) = 0.0005 £ 0.0004 after 9 x 10° MD time steps
(plate A). The GB particles have been colour caded according to the their
orientation # with respect to principal inertia axis of the droplet (plate B).
For clarity the GB particles in the surrounding vapour phase are not
shown.

whole sample (ie. both vapour and droplet GB particles)
calculated during the equilibration run was (P*) = 0.0005 +
0.0004.

In the course of the equilibration the nematic aggregate
underwent a relevant size increase (due to a considerable surface
condensation of particles from the vapour phase almost doubling
the initial number of GB particles), and changed its shape,
assuming an eclongated form. Eventually, the equilibrated
number of particles of this 7% = 0.53 nanodroplet was N =
47 000, and the elongated aggregate was 90a, in height and 600
in width, which in real units corresponds to a droplet with axes
=45 nm and =30 nm long. The density of the surrounding
vapour was (p*)y,, = 0.00135.

The organisation of the mesogenic particles inside the aggre-
gate remained nematic during all stages of the equilibration
process, and from the longitudinal cross-section shown in Fig, 1
we could see that the nematic director spontaneously aligned
with respect to the longest (i.e. principal inertia) axis.
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Fig. 2 Population histogram of GB particles with a given number of
neighbours within a 50y distance from their centre for the equilibrated
nanodroplet shown in Fig 1A. The bins corresponding to the vapour, the
interface, and the bulk nematic phase have been filled respectively as solid
red, and respectively green, blue hatch patterns with different orienta-
tions. The thresholds used to identify the vapour and the nematic are
respectively 40 and 145 neighbours (see text).
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Fig. 3 Longitudinal cross-sectional view of a freely suspended nematic
nanodroplet, and surrounding vapour, showing the mapping of GB
particles in vapour (red), nematic (blue), and interface (green) as
described in the text and in the caption of Fig. 2.

By visual inspection one finds that the nanodroplet has a shape
more similar to an ellipsoid with blunted apexes rather than to a
spindle-shaped tactoid. Furthermore, by using a colour coding to
map the orientation of each GB particle with respect to the
overall inertia axis of the nanodroplet it is quite evident that the
director field has a bipolar symmetry (see Fig. 1).

To quantitatively assess the attainment of an equilibrium state
we have monitored the time evolution of the populations of both
vapour and condensed particles, The MD trajectory has been
analysed and the GB particles sorted out into the two coexisting
phases by means of a neighbour counting algorithm (i.e. based
on the local number density value). In particular, for each MD
configuration we have calculated the histogram of the population
of GB particles with a given number of GB ellipsoids within a 5a
cutoff distance from their centre (see Fig. 2). Using these
spherical sampling regions it was possible to identify and map the
vapour, condensed, and interface particles during the entire
simulation run. As threshold values we have chosen a number of
neighbours lower than 40 for the vapour, and higher than 145 for
the nematic bulk: these values have been estimated from the
average values of density for the vapour and the nematic phases
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Fig. 4 Initial evolution of the populations for the vapour (red, contin-
uous curve), interface (green, dotted curve), and nematic (blue, dashed
curve) regions during the equilibration at 7% = 0.53 for the nanodroplet
with N = 47 000 (see Fig. 1). Time is measured in #, = (g0~ oo’mg)'”
units.

under these thermodynamic conditions.®” The interface particles
are consequently those with a number of neighbours in the cutoff
sphere between 40 and 145. As an example, we show in Fig. 3 a
cross-section of the equilibrated nanodroplet displaying the
results of this mapping procedure with the chosen threshold
values. The average thickness of the interface layer of the nematic
nanedroplet is approximately 3a,, corresponding to the length of
one GB particle, similar to what was found by an hyperbolic
tangent fit of the density profile across the interface in ref. 60. In
Fig. 4 we also report the initial evolution of these populations
during the nanodroplet equilibration. We see that at very short
times the number of nematic and that of interface particles
undergo a fast complementary variation, the former ones
increasing and the latter ones decreasing with time. During this
period the reorganisation from cubic to an elongated shape also
takes place. After 2.5 » 10° time steps the population of the
interface particles levels off to a stable plateau value, while the
condensation of vapour particles steadily continues, even though
at a slowing down rate until after 5 x 10° time steps (the end of
the MD simulation run) the populations of the droplet and the
vapour have reached the stable stationary state described before
for the equilibrated sample.

A first step towards the characterisation of the nanodroplet
structural features is the computation of the instantaneous order
parameter Po(¢) measuring the orientational order of the long
molecular axes along the mesophase director n. For a definition
of orientational order parameters see e.g. ref. 86, Using the
principal inertia axis of the nanodroplet as the overall nematic
director we see in Fig. 5 that the instantaneous overall order
parameter P,(7) equilibrates after approximately 2.5 x 10° time
steps (i.e. = 1.5 pus) and levels to a value slightly smaller than 0.6.
This behaviour, as observed for the population of the interface,
corresponds to the initial rounding of corners and edges for the
cubic nucleus towards first a globular and then an elongated
shape (with the associated formation of two apical defects in the
director field). In a bulk sample the previous order parameter
value would indicate a medium degree of orientational ordering,
However, this seems deceiving since a much higher local Py(r)
would be expected on the basis of a visual inspection of the
snapshot as shown in Fig. 1. This indicates that due to the
intrinsic shape anisotropy of the droplet, and the presence of a
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Fig. 5 Time evolution of the instantaneous overall order parameter P,
for the nematic nanodroplet with N = 47 000 (see Fig. 1}. Data points
have been sampled every 20 time steps from a MD run of 5 % 10° time
steps long.
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curved interface, the standard algorithm used to calculate the
order parameter in uniform bulk systems is quite inadequate for
our purpose. This is especially true in the apical regions where the
local director field departs from a cylindrical symmetry and
develops instead a radial distribution, with a topological point
defect {(boojum) at each of the apexes,

4 Simulation results

Using a qualitative argument, the stability of the elongated
organisations for nematic droplet of 10* to 10° GB particles can
be explained®*” in terms of the competition between orienta-
tional and elastic effects arising from the anisotropic potential,
which unfavours any local distortion of an otherwise uniform
director field, and eventually prevails over the surface tension
which would favour instead structures with minimal surface area.

Given the non-uniform nature of our droplet—vapour system,
some specific methodology has been developed. Tn particular, we
have investigated the ordering inside the droplet and structural
changes on moving from the core to the surface. A possible
strategy to characterise the orientational structure of a nano-
droplet would be that of partitioning it into smaller regions
(typically flat slabs or concentric shells) and then compute local
order parameter values. However, this approach comes out to be
not sensitive enough because, apart for the apical zones, the
differences in the orientational distributions of the slabs/shells
are smoothed out, if not completely lost, during the averaging
process, and all local order parameter values become similar
within their statistical uncertainty (which is proportional to the
inverse square root of the population of each partition, and as
such very unfavourable in our case). To avoid this technical
problem we have computed instead the (average) histograms of
the local angular distributions. These measure the probability
each molecule in a certain region has of assuming a certain
orientation cos f; with respect to the overall director which is
practically superimposable with the principal axis of the inertia
tensor of the droplet.

The positional mapping of the nematic particles has been
performed using two different approaches: the first is by
assigning them to a certain number of flat slabs sliced out
perpendicularly to the director and symmetrically distributed
with respect to the equator (see the inset in Fig, 6); the second one
to onion-like concentric shells (see the inset in Fig. 7). The former
particle labelling was performed after aligning the nanodroplet
(i.e. the eigenvector associated with the smallest eigenvalue of the
inertia tensor) with the laboratory Z axis, and then sorting the
nematic particles, according to their z; coordinate, into 10 slabs
of thickness =9g. The latter mapping was obtained instead by
recursively applying to the list of nematic particles the algorithm
devised to identify vapour, interface, and nematic regions. After
each iteration, the particles identified as interfacial ones were
labelled as belonging to a new shell and removed from the list; the
mapping process was then repeated until all nematic particles
were labelled. Using this prescription twelve concentric shells per
droplet have been obtained, We have averaged the angular
distributions over 1000 independent and well equilibrated MD
configurations at 7% = 0.53 collected in the final part of the
simulation run every 1000 time steps. The average orientational
distributions fy..p(cos @), and the one fhuk(cos §) for a bulk

i e g
apical slabs [Bl |
middle sfaby -

44 equutorial slabs === ;
| reference bulk —— /
{

0.0
cos

Fig. 6 Average orientational probability distributions fy,.p(cos 8) for
the GB particles of flat slubs sliced out perpendicularly to the droplet
director (ie. the principal inertia axis) as shown in the inset pictorial
representation: apexes (red, continuous curve, {(P;) = 0.18 & 0.04),
middle (green, dotted curve, (P,) = 0.55 £ 0.04), and equatorial (blue,
dashed curve, {P;) = 0.63 £ 0.03) slabs. The distribution fi.u(cos @) fora
reference nematic bulk at dimensionless temperature 7% = 0.53 and
pressure (P*) = 0.00061 is also plotted (grey, continuous curve, (P} =
0.68 £ 0.03).

nematic phase of N = 27 000 GB particles at temperature T* =
0.53 and pressure {(P*} = 0.00061 (i.e. a state point close to the
nematic-vapour phase transition) are reported in Fig. 6 and 7.
From the local orientational distributions obtained via a
mapping of the positions into flat slabs sliced out perpendicularly
to the director (Fig. 6B), we see that the difference of orienta-
tional order with respect to a bulk phase is smaller in the equa-
torial region of the droplet, while it steadily increases when
approaching the two apical boojums. Moreover, the branches of
these distributions, corresponding to opposite northern (+z) and
southern (—z) regions, are essentially superimposable as expected
on symmetry arguments, so the director distribution is invariant
upon reflection with respect Lo an equatorial plane normal to the
principal inertia axis. Moving from the essentially undistorted

& preao
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Fig. 7 Average orientational probability distributions flcos §) of
concentric regions of the droplet (ie. onion-like shells) as shown in the
inset pictorial representation: central core (blue, dashed curve, {P,) =
0.70 £ 0.03), middle (green, dotted curve, (P,) = 0.67 + 0.03), and
interface (red, continuous curve (P-) = 0.27 £ 0.04) shells. To improve
the statistics the core and middle regions have been obtained by
considering the particles belonging to pairs of adjacent concentric shells,
namely (1, 2), and (7, 8) obtained with the procedure described in the text.
See Fig. 6 for details.
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equatorial regions towards the apical defects the orientational
ordering progressively decreases and the orientational distribu-
tion f{cos ) becomes more and more flat.

We can also observe from the histograms of Fig. 7 the influ-
ence of the distance from the interfacial region and the apical
defects on the internal nematic order. While the central core and
the middle shells have orientational distributions which are
essentially indistinguishable from those of the nematic bulk, in
the outer shells the nematic-vapour interface and the local
surface curvature affect the orientation of the local nematic
director for a depth of = 12ay, corresponding to four molecular
lengths.

In the N = 47 000 particles nanodroplet (and smaller ones
studied in preliminary investigations not reported here for
brevity) we never observed any significant departure of the
director field from a bipolar distribution with cylindrical
(uniaxial) symmetry with respect to the inertia axis. However, as
we already discussed in the Introduction, first Williams*’ and
later van der Schoot and coworkers*-¢ theoretically predicted
that freely suspended droplets of nanometric sizes formed by
achiral nematogens could spontaneously break the symmetry of
the director field into a helical distribution of local orientations
when certain conditions for elastic constant, anchoring strength,
and droplet volume are met,

In particular it is expected that when the splay elastic constant
of the nematic is sufficiently large with respect to twist (i.e., vy =
K>5/Ky, sufficiently small) a spontanecous transition from an
untwisted (achiral) to a twisted (chiral) nematic field in nematic
nanodroplets could occur by converting a part of the splay elastic
energy (concentrated at the apexes) into a twist deformation.
Unfortunately, there are no previous theoretical calculations or
computer simulations of the elastic constants for the specific GB
parameterisation used here, and due to the large fluctuations of
the observables conventionally used for this type of calcula-
tions**** we did not attempt to compute them here.

Although we cannot check a priori if the requirements raised
by the previous models are met by our GB systems, we have
directly assessed by MDD computer experiments the nematic field
behaviour of nanodroplets with an increasing number of GB
particles trying to see if the smaller achiral droplets become chiral
as their size increases.

Using the procedure described before, we have prepared six
cubic nematic samples at temperature 7% = 0,53 and the number
of GB particles ranging from N = 50 000 up to N = 110 000
(with increments of 10 000 ellipsoids) carved from an equili-
brated three-dimensional bulk system at the same temperature.
To prevent any bias towards the formation of a specific helicity
(chirality), the initial translational and angular velocities were
randomly sampled from Maxwell distributions with amplitude
corresponding to the desired temperature, and the sample-wide
values of the linear or angular momenta have been subsequently
set to zero. The empty volume surrounding the initial nematic
cubic core has then been filled in all experiments with a GB
vapour of density py., = 0.00135, corresponding to the equilib-
rium value previously obtained, With this prescription no
significant condensation or evaporation of GB particles took
place during the equilibration, allowing a rather precise control
of the overall number of particles in the nanodroplets. Each
system has then been thoroughly equilibrated for at least 5 % 10°

Fig. 8 Lateral views of the final configurations of two nematic freely
suspended droplets of ¥ = 100 000 GB particles spontaneously evolved
into two opposite left- (plate A) and right-handed (plate B) chiral struc-
tures. To help in the visualisation, the outer 3y thick interface layer and
the gas phase particles have been removed from both nanodroplets and the
core nematic GB particles are shown using a colour coding giving the
orientation with respect to the overall director (see the palette in Fig 1B).

time steps at temperature 7* = 0.53, in order to achieve a
stationary state. For the larger samples we actually did observe
the spontaneous evolution of the nematic director field of the
prolate nanodroplets into chirally twisted distributions very
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similar to the loxodromes observed by Tortora and Lav-
rentovich.?” For instance, for the N = 100 000 particles nano-
droplet shown in Fig. 8A an equilibrium left-handed pattern of
local surface directors has been observed. By repeating this MD
experiment and starting from a new configuration with the same
positions and orientations for the GB particles (but with different
sets of initial velocities), and zero total linear and angular
momenta, we observed instead the spontaneous development of
a right-handed twist in the nematic director field (see Fig. 8B).
Notice that to improve the graphical rendering of the surface
helical pattern we excluded from the visualisation both vapour
and interface GB particles.

To complete this phenomenological characterisation we report
in Fig. 9 a pair of snapshots showing the longitudinal and
transversal cross-sections for the twisted right-handed chiral
nanodroplet shown in Fig. 8B. By colour coding the particles
according to their orientation with respect to the principal
rotation axis it is possible to see that the twist deformation is
larger close to the equatorial interface regions, while the uniaxial
nematic field is fairly unperturbed in the interior cylindrical
region near the inertia axis and which is crossing the nanodroplet
from one apex to the other. Regarding the deviation from the
theoretical “slender” shape of a tactoid, our chiral nanodroplets
appear to be rather “blunted” with a fairly large splay angle at the
apexes. This suggests that in our GB nematic the elastic energy is
minimised by transferring a part of the contribution arising from
the splay deformation into a twisted director distribution, and

Fig. 9 Longitudinal (plate A) and transversal (plate B) views of the
cross-sections of the N = 100000 GB particles right-handed chiral
nanodroplet shown in Fig. 8B.

that the effect of surface tension of our GB model is not small
compared to the elastic one.

To quantitatively analyse the extent of these twisted distribu-
tions of orientations we have computed the histograms of the
probability of observing a suitable pseudoscalar single-particle
chirality index x; defined as the value of the scalar triple product
between three unit vectors

Xi=nm (_".L,i X Z+,i), 2)

where n is the overall nematic director, while r, ;and z.; are the
unit vectors giving respectively the orientation of the radial
position vector in cylindrical coordinates for each GB particle i,
and the orientation of the long molecular axis along the labo-
ratory Z axis. The last unit vector allows us to take into account
the cylindrical symmetry of the GB ellipsoids while avoiding
cancellation effects arising from the otherwise equally probable
+z; and —gz; orientations of the long GB molecular axes. In
practice, for each pair of unit vectors +z; we have chosen those
Z+,; giving a positive z;-Z scalar product (i.e. those z; unit vectors
with a positive Z component).

In order to reduce the statistical noise arising from the low-
structured interface region, the chirality analyses have been
performed discarding the GB particles in the outermost interface
layer {of thickness = 3a,), and considering only the remaining ¥,
nematic core particles. In Fig. 10 we plot the distribution of the
single-particle chirality indexes x; for the final configurations for
the N = 100000 GB particle nanodroplets with opposite
handedness of the helical director field (corresponding to the
snapshots shown in Fig. 8). Both chiral distributions present a
well defined peak Ymax 2 tail extending also in the region of
opposite values of x; with respect to the mode, and exchange each
other under reflection with respect to the x; = 0 axis.

We have also followed the spontaneous symmetry breaking
dynamics for both the right- and left-handed nanodroplets
sampling (every 1000 time steps) the mode xp.. of the chiral
index distributions for the N = 100000 GB particle nano-
droplets and plotted their time evolution (see Fig. 11) during the

20

{Left handed)| _r‘i“lll handed 1
= !

o
=
Mg,
=
_

Fig. 10 The probability distributions of the chirality index y for the
nematic core from the two equilibrated ¥ = 100 000 GB particle nano-
droplets at T = 0.53 and * = 1 x 10* shown in Fig. 8 spontaneously
evolved into a left-handed (blue, dashed curve, with 78 845 nematic core
particles) and a right-handed (red, continuous curve, with 78 895 nematic
core particles) helical distribution of surface orientations after starting
from two equivalent achiral initial configurations.
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early stages of the equilibration process. Notice that these plots
start at 5 % 10° time steps when the initial cubic samples have
already evolved into prolate nanodroplets for which the chirality
index can be actually computed. Similar analyses have also been
performed for the six nanodroplets with the number of particles
ranging between N = 50 000 and N = 110 000 GB particles with
the aim of identifying a lower limiting number of aggregate
particles for which a twisted nematic director field becomes more
stable than the cylindrical bipolar one.

‘We see that the nanodroplet chirality is established after a few
nanoseconds and then remains stable over time. From each
histogram of the y; values the overall chirality index for a
nanodroplet is computed as an arithmetic mean with respect to
the N, core particles of the configuration, defined earlier, as

X = ( iv"x;-) / Ny. For right-handed nanodroplets we have

measured x > 0 while for left-handed director fields y < 0.
Furthermore, to compare the results from the MD simulations of
various number of particles we have calculated the absolute value
of the average chirality index |(x)| over the final 1 x 10° time
steps by sampling one MD configuration every 1000 time steps.
The values reported in Fig. 12 show a sharp increase of [(x)I
around a critical number of N = 80 000 particles, while for
smaller samples |{x)| was zero within the estimated statistical
uncertainties. Since the largest nanodroplet we studied was
formed by N = 110000 GB particles, we cannot make any
prediction about the upper number of particles boundary for
which the director distribution in the nematic nanodroplet
becomes again achiral. Incidentally, we also notice that the sheer
equilibration time necessary to equilibrate these chiral nematic
droplets increases rapidly with the number of aggregate particles.
A possible explanation lies in the fact that in the early stages of
the simulation as the droplets become larger the two apexes can
develop director distributions with opposite chiralities and the
prevailing of a twisted pattern over the other one comes out to be
a rather slow process compared to the equilibration of achiral
structures.

The comparison of the length-ro-width aspect ratios of our
nematic nanodroplets with those measured in ref. 37 reveals that
while the experimental values of this shape anisotropy parameter
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Fig. 11 The time evolution of the mode y,..x for the single-particle
chirality index y; distributions for two nematic nanodroplets shown in
Fig. 10. The early-stage values for t < 1000fy corresponding to the
relaxation from a cubic to an elongated shape of the aggregate have not
been plotted.
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Fig. 12 The absolute value of the average chirality index |(x)| for
nematic nanodroplets at 7% = (.53 with various number of GB particles
from N = 50000 to 110 000. The arithmetic mean values have been
computed with respect to the last 10° time steps of the MD trajectory and
by sampling a configuration every 1000 time steps. All simulations have
started from an achira!l initiul configuration.

give for all those sessile droplets length a constant length-to-width
ratio = 1.3 (and correspondingly a width-to-depth ratio =1), in
our freely suspended MD droplets we observe instead two
essentially linear regimes (see Fig. 13) in this ratio. For the
droplets smaller than N = 80 000 the shape anisotropy increases
with the number of particles, and the nematic aggregates become
progressively more elongated and spindle-like, However, in
correspondence to the appearance of a chiral surface director
field for N = 80 000, this trend is reversed, and the length-fo-
width ratio decreases with droplet size.

These ratios hint that for our samples (corresponding to
droplets of size below 100 nm) when N < 80 000 the weight the
elastic constants have in determining the overall shape anisot-
ropy is dominant over that of the surface tension. However, this
latter contribution becomes more relevant for droplets with a
number of GB particles & = 80 000 where the twisted pattern
reduces the overall elastic energy.

The structures observed for increasing sizes of the nematic
nanodroplets can be compared against the theoretical predic-
tions for the shape and the director field distribution®”-3%*¢ based
on a free energy expansion for the droplets. In particular, in their
papers Prinsen and van der Schoot** predicted an extremely
narrow stability region in the elastic-constant surface-tension
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Fig. 13 The average length-to-width ratios for the nematic nanodroplets
shown in Fig. 12.
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space for nematic tactoids with twisted director distribution to
exist. However, our observation by molecular dynamics
computer simulations of these organisations is rather serendipi-
tous since we did not perform a prior search in model pair
potential and its parameter space for a system fulfilling the
aforementioned requirements. So, it could be the case that these
chiral organisations for the nematic nanodroplet are easier to
come by than expected on the basis of these theoretical
arguments.

5 Conclusions

We have presented the results of MD computer simulations at
the coarse-grained level of freely suspended nematic nano-
droplets in equilibrium with their vapour formed by a number of
elongated 3 : 1 GB particles ranging from N = 50000 to N =
100 000, and corresponding to droplet lengths in the 50-100 nm
range, For the smaller size nanodroplets the physics of these
nematic systems appears to be dominated by the anisotropic
elastic properties of the nematic fluid, rather than its surface
tension and for aggregates formed by 2 number of GB particles N
< 80 000 the freely suspended droplets evolve into elongated
shapes with a symmetric bipolar director field and two boojum
defects at the apexes. The length-to-width ratio for these droplets
increases linearly with the number of particles and the overall
organisation is qualitatively compatible with that of a tactoid.
For droplets formed by a number of GB particles N = 80 000 we
have found a spontaneous formation of chiral surface distribu-
tions of the molecular orientations. This change in the director
field is accompanied by a departure from the tactoid shape and
the formation of a “flattened” or “blunted” shape, and the length-
to-width ratio decreases with increasing number of particles,
while chirality remains, at least up to our largest droplet size of
110 000 particles. Since the continuum models provide fairly
restrictive ranges of elastic constants and surface tensions for
observing chiral nematic droplets we argue that on the nanoscale
this kind of organisation may be more common than what would
be expected on the grounds of these theoretical predictions.
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