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Computer simulations of wetting of solid surfaces by liquid crystals
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Atomistic computer simulations are presented, consisting of droplets of model liquid crystal molecules
wetting a generic crystalline surface. It is shown that the type of wetting that occurs is highly dependent on the
value of the surface interaction parameter g, switching between partial wetting (no spreading) for g¢=2.0 to
complete wetting for e=2.5. e is the multiplicative factor which scales the well depth of the fluid-surface
interaction energy. During complete wetting, the spreading occurs through the growth of a precursor layer, and
a set of secondary terraces. The temperature affects the structure of the droplet, as might be expected when
different phases are sampled, and also the shape of the spreading droplet, and the rate of spreading. In
particular, in the smectic-A phase at 350 K, for values of &g just large enough to induce complete wetting, the
precursor film assumes a diamond shape, with edges normal to the [110] directions in the crystal surface. It is
shown that spreading occurs through diffusion across the surface, with the radius of the precursor layer
increasing with the square root of time. Mass flow studies indicate that the spreading occurs by molecules
cascading over the top of the droplet to feed the growing precursor layer. Calculations of contact angle
relaxation are in qualitative agreement with experimental findings.

DOI: 10.1103/PhysRevE.75.041703

I. INTRODUCTION

In this paper we present a simulation study of terraced
wetting of a liquid-crystal fluid on a solid surface. To model
the liquid-crystal fluid we use the atomically detailed repre-
sentation of 4-n-octyl-4'-cyanobiphenyl (8CB) developed
previously [1].

The phenomenon of terraced wetting occurs when a fluid
droplet completely wets a planar surface. As the droplet
spreads radially, the macroscopic fluid edge is preceded by a
microscopic “precursor film” which is comprised of a few
molecular monolayers arranged in a characteristic “terraced”
structure. The first monolayer, i.e., that closest to the surface,
spreads most rapidly, followed by the next monolayer and so
on. The macroscopic droplet acts as a reservoir, supplying
fluid molecules to fuel the expansion of the terraced precur-
sor film.

The “precursor film” mechanism was first observed in
droplets of polydimethylsiloxane spreading on silicon wafers
by Leger et al., using ellipsometry [2]. Subsequent work by
Heslot and Cazabat et al. enabled the analysis of the spread-
ing profiles with submonolayer detail [3,4]. It was found that
the precursor film was generally of a uniform thickness, cor-
responding to a single monolayer. However, under certain
conditions, multiple terraces were observed, with the higher
terraces also consisting of monolayers, but with smaller radii
[3]. This finding contradicted the prevailing belief that drop-
lets adopted a smooth “pancakelike” structure during spread-
ing. It also suggested that any theory of complete wetting
must take both short range forces and molecular dynamics
into account.

It is possible to identify distinct terraced wetting regimes
for “high-energy” and “low-energy” surfaces [4]. For high-
energy surfaces, wetting occurs through the spreading of sev-
eral monolayer terraces. On the other hand, only a single
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terrace or monolayer is observed for a low-energy surface. In
both cases, the rate of radial spreading of the wetting mono-
layer was found to be proportional to the square root of time.
Thus, the precursor film evolves over the surface in a diffu-
sive manner, overcoming the liquid cohesion to behave like a
two-dimensional gas. For this to occur, molecular anchoring
to the surface must be negligible.

Since it was first discovered, considerable literature, both
experimental and theoretical, has appeared concerning ter-
raced wetting. Of particular note is a semicontinuum model
proposed by de Gennes and Cazabat, which treats the mono-
layers as elastic sheets [5]. Other theoretical analyses have
made use of molecular-kinetic theories of partial wetting to
determine the dynamics of the contact angle [6-8].

Recently, experiments have been performed on the ter-
raced wetting and spreading of liquid crystal systems [9,10].
Bardon et al. [9] observed “trilayers” as well as monolayers
in the spreading of 8CB droplets on silicon substrates. The
trilayers consisted of a smectic bilayer on top of a monolayer
in which the molecules were tilted. The stability of the
trilayer was thought to be due to the presence of electrostatic
interactions between the molecules in adjacent layers. The
authors analyzed spreading profiles over a range of tempera-
tures finding that the trilayer configuration was always
present. Experiments also reveal the presence of spreading
trilayers in other nCBs, even those for which there is no
smectic phase. From this, the authors conclude that the struc-
ture in the spreading terraces is not a direct reflection of the
phase structure in the bulk system, but may in fact be in-
duced by short-range forces and fluid-surface interactions.

A number of simulation studies have been performed on
simple fluids, with the focus being to reproduce the “diffu-
sive” dynamics of the precursor film radius R(¢), which is
observed in experiment, and characterized by R(1)\t. A
series of simulations of simple atomic fluids [11-13] and
light chain molecules [14] have demonstrated that registra-
tion of the fluid molecules with the surface is critical in de-
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termining the spreading dynamics of the monolayer. A rough,
atomically detailed surface, with atoms or molecules under-
going no significant penetration (absorption) was eventually
shown to lead to “quasidiffusive” spreading of the monolayer
and the experimentally observed spreading dynamics [15].

Coarser-grained models have also been used to study wet-
ting phenomena. For example, Miiller et al. have examined
the wetting of smooth surfaces using Gay-Berne particles,
and concluded that there is no evidence of a first order
prewetting transition in this system [16].

The simulation of anisotropic fluids undergoing complete
wetting would seem to be an important stage in the under-
standing of terraced wetting. Atomistic models are able to
account for the details of the fluid-surface registration neces-
sary for diffusive spreading. However, their use severely lim-
its the system sizes which can be studied. Although several
simulation studies have explored interactions of 8CB liquid
crystals with crystalline substrates [17-20], the work pre-
sented here uses atomistic molecular dynamics simulations
to examine liquid-crystal molecules spreading on surfaces.

In this paper we present simulation results for the spread-
ing of an atomistically detailed fluid of liquid-crystal mol-
ecules on the (001) crystal plane of a generic face centered
cubic (fce) lattice. We employ a model 8CB liquid crystal
molecule, which has been described in detail elsewhere [1].
The model 8CB molecule is derived from real 8CB, but uses
a united-atom representation to eliminate hydrogen atoms,
and possesses no electrostatic interactions. These simplifica-
tions were made in order to satisfy a need for computational
efficiency, without sacrificing too much of the atomistic de-
tail. It is inevitable, therefore, that this model will fail to
provide detailed agreement with the experimental work on
8CB. For example, it cannot reproduce the phase transition
temperatures of 8CB quantitatively (see Sec. II below), and
does not possess the specific interactions responsible for the
complex layering observed in the spreading of real 8CB sys-
tems [9]. However, the model 8CB molecule is useful for
demonstrating generic liquid crystalline behavior, providing
a convenient intermediate level of complexity between the
single-site Gay-Berne models, and the fully atomistic or “all-
atom” potentials that are used by some workers.

We begin with simulations of spherical droplets of model
8CB molecules in coexistence with their vapor, to analyze
the nature of the phases present for a near spherical droplet.
We then describe simulations of these droplets spreading on
the fcc surface, for systems containing 595 and 1953 mol-
ecules, at temperatures of 350 and 425 K, on surfaces with
various surface energies. For the spreading systems we focus
on the radial dynamics and on the structure of the spreading
monolayers. We also present the dynamics of the fluid-
surface contact angle and internal mass flow fields.

II. METHODS

Molecular dynamics (MD) simulations were performed
on droplets of model 8CB molecules, both in isolation and in
contact with a crystalline substrate.

The model 8CB molecule has been discussed previously
[1,19,21] and consists of a united-atom representation of
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4-n-octyl,4’-cyanobiphenyl (8CB), in which the hydrogen at-
oms are subsumed into the adjacent carbon atoms and elec-
trostatic interactions are ignored. The molecule possesses 22
distinct interaction sites which may be identified with the
vertices and the cyano group in the standard stick represen-
tation of the molecule

CN :

The potential energy expression employed consists of har-
monic bond-length and bond-angle terms, a cosine expansion
for bond torsions and a Lennard-Jones term for approximat-
ing the van der Waals interactions. The force field parameters
were taken from the Amber force field [22] and from the
work of Cross and Fung [23]. The parameters for the dihe-
dral angle between the two phenyl rings were chosen to pro-
duce a twist of about 30° between their planes. A complete
list of parameters has been given elsewhere [1].

The effect of electrostatic interactions on molecular pack-
ing can be important but usually modifies rather than domi-
nates the behavior [24]. For our purposes, neglecting electro-
statics  greatly = reduces computation times; the
implementation of long range forces is particularly expensive
in simulation work, increasing computation times by an or-
der of magnitude. The molecular model was thus chosen for
maximal computational efficiency while providing near-
atomic detail. It yields generic liquid-crystalline behavior
but, as a consequence of the lack of electrostatic interactions,
fails to reproduce the phase behavior of the real 8CB system.
For example, real 8CB has the following sequence of phases
[25]:

294.5 K 306.5 K 3135 K
crystal — smectic A; — nematic — isotropic,

where the smectic-A; phase has an interdigitated bilayer
structure, caused by antiparallel stacking of the polar 8CB
molecules, whereas the model 8CB system has the following
approximate simulated phase sequence [1]:

400 K 425 K
smectic A — nematic — isotropic.

The surface used in the spreading simulations is the (001)
plane of a generic face centered cubic (fcc) solid. Each atom
of the solid is connected to its twelve nearest neighbors by
harmonic springs, of stiffness k. kg is set equal to (k), the
mean bond stiffness averaged over all bonded atom pairs in
the fluid. The equilibrium bond length d is set equal to the
average minimum energy separation between nonbonded
fluid atoms, i.e., d=2"%(oy), where (o) is the average
Lennard-Jones range parameter between the fluid atoms. The
lattice constant a, is then set so that the nearest neighbor
separation in the [110] direction is equal to dg, i.e., a
= \Edss. Choosing the lattice parameter for the surface in this
way gives ay~ 5.9 A. The mass of the surface atoms is cho-
sen to be comparable to the atomic masses of the fluid atoms,
so that the time scales of the restoring forces in the solid and
fluid are similar. In this way, the integration of the equations
of motion remains efficient in the spreading system without
the need for multiple time scales. The surface consists of
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TABLE 1. The parameters used to represent the generic fcc crys-
tal surface, and its interactions with the fluid.

Parameter Value
Atomic mass 20.0 g mol™!

ks 3250.0 kJ mol~2 A2
dg 4.1557 A

€ave 0.5270 kJ mol™!
& 1.0 -5.0

Tt 3.7025 A

three layers of atoms. The atoms in the first and second lay-
ers are free to move in any direction, while those of the
bottom layer are fixed in place. The parameters defining the
surface are summarized in Table I.

The interaction between the surface and fluid atoms is of
a Lennard-Jones form adding an additional term to the sys-
tem potential

Ngurface o 12 o, 6
Ui= 2 48f38ave (£> _<£) s (1)
=1 Tij Tij

where i stands for a fluid atom, and the sum is over all atoms
of the surface. The fluid-surface range parameter oy, was
chosen such that o7, =(c%). The strength of the fluid-surface
interaction is conveniently expressed as the geometric aver-
age of the fluid-fluid values &, (see Table I). However, in
the simulations presented below, this value is scaled by &g,
which is a controlling parameter whose value determines the
type of wetting that will occur. Therefore, in what follows, it
is convenient to quote &g as a dimensionless scaling factor
for the average fluid-surface interaction energy.

Liquid droplets in stable coexistence with the vapor phase
were simulated at constant volume, using the Nosé-Hoover
implementation of the canonical NVT ensemble [26,27]. In
all cases a collection of molecules at liquid densities was
placed at the center of an enlarged simulation box and equili-
brated for periods of up to 8 ns. Initial simulations consisted
of 595 molecules (13 090 atoms) at 350 and 425 K corre-
sponding to the smectic A and isotropic phases of the bulk
system [1]. These simulations were equilibrated for 8 and
4 ns, respectively. Subsequently, larger systems of 1953 mol-
ecules (42 966 atoms) were equilibrated at the same tempera-
tures. The equilibration of the larger systems was encouraged
by basing their initial configurations on the equilibrated
structure of the smaller systems. Thus at 350 K, the initial
configuration of the large system was a spherical droplet
with radial molecular orientations, while at 425 K the initial
packing of the molecules was chosen to be isotropic. As a
consequence, it was only necessary to equilibrate these larger
systems for 2 ns.

Equilibrated droplets were positioned above the surface
so that the bottommost atom of the droplet was at the dis-
tance of minimum potential energy from the surface, i.e., z
=200 =4.16 A. The total momentum of the fluid system
was then rescaled to zero. MD simulations were performed
on the fluid-surface system using the Berendsen NVT en-
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semble [28]. Thermostatting, through uniform velocity scal-
ing, was applied only to the surface atoms and not the fluid
atoms. In this way no artificial forces were applied to the
fluid particles such as uniform momentum rescaling, which
would be inappropriate in such an inhomogeneous system.
Thus, thermostatting of the fluid particles was achieved
purely through their thermal equilibrium with the surface
atoms. This mechanism corresponds closely to that of the
real system. In all simulations, a cutoff radius of 8.0 A was
used for the nonbonded potential and the simulation time
step was 2 fs. This time step produced efficient momentum
exchange between the surface and fluid atoms ensuring that
the fluid remained in thermal equilibrium with the surface at
all times. The value used is larger than normal for atomistic
simulations, but is made possible through the use of united
atoms and the consequent lack of high frequency C-H vibra-
tions. The lateral size of the simulation box, i.e., in the plane
of the surface, was chosen so that the spreading droplet did
not come close to the box edge in the time scale of the
simulation. For the 595 molecule simulations the lateral di-
mensions were =400 A, while for the 1953 molecule simu-
lations they were ~700 A. Periodic boundaries were not
used.

Molecular dynamics simulations were carried out using
the DL_POLY_2 open source MD code [29]. The standard
DL_POLY_2 distribution was modified in order to perform
running analyses of intramolecular and intermolecular prop-
erties of the system. The existing implementation of the Be-
rendsen NVT ensemble was modified to rescale the momenta
of the surface atoms only. Small simulations were used to
establish the wetting conditions for the model, i.e., the values
of e necessary for partial and total wetting. Certain key
simulations were then repeated with the larger systems.

II1. RESULTS
A. Establishing the conditions for wetting
1. Simulations of model 8CB droplets

The behavior of isolated model 8CB droplets was consid-
ered in a preliminary communication [21] and will be treated
only briefly here. Droplets of model 8CB molecules in coex-
istence with their vapor were equilibrated at 350 and 425 K,
prior to being lowered onto the (001) surface of an fcc sub-
strate. The temperatures chosen correspond to the smectic A
and isotropic phases, respectively, of the bulk systems [1].
Although we are principally interested in wetting behavior,
the configurations of the isolated droplets are of interest in
their own right and offer insight into the phase structure of
the liquid-crystal fluid in the presence of a liquid-vapor in-
terface and confined to a near spherical volume. In each
simulation, a near spherical droplet was formed after about
50 ps, as might be expected since that shape minimizes the
area of the liquid-vapor interface and presumably also the
free energy, although this is not guaranteed in an anisotropic
system.

The systems at 350 K exhibit a predominantly radial
alignment of molecular axes, which might be expected since
homeotropic anchoring is strongly favored at the liquid-
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FIG. 1. (a) Two snapshots of a droplet of 595 model 8CB mol-
ecules, taken 0.5 ns apart after equilibrating for 8 ns at 350 K. (b)
The same system after equilibrating at 425 K. To aid visibility, each
molecule has been replaced by an ellipsoid aligned with the mo-
lecular long axis. The ellipsoids are shaded according to their ori-
entations within the simulation box; dark gray corresponds to a
large x component, light gray corresponds to a large y component,
and midgray corresponds to a large z component of the molecular
director. N.B. The images show the central c¢. 25 % of the simula-
tion box in each case.

vapor interface for this model [30] and has been observed in
real nCB systems using ellipsometry [31]. There is a tension,
however, between the preferred radial alignment and the
symmetry of the smectic A phase, which requires the mol-
ecules to arrange into layers. In the simulations, we are able
to observe the formation of layers, but there is a constant
shifting of the layer normal relative to the droplet, combined
with constantly changing deviations from the spherical form.
The details of the internal structure in the simulation change
repeatedly over time scales of about 1 ns [see Fig. 1(a)],
indicative of the inherent instability in the equilibrium con-
figuration. Similar shape changes have also been observed
experimentally. For example, studies of 8CB droplets in the
smectic-A,; phase show evidence of stratification, with the
surface of the droplet forming a system of terraces [32]. At
425 K, the droplet appears isotropic, and as expected retains
a spherical shape [Fig. 1(b)].

2. Terraced wetting of liquid-crystal droplets

The small, 595 molecule, liquid-crystal droplets were
used to explore the dependence of wetting behavior on the
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(b)

FIG. 2. Snapshots of liquid-crystal droplets during spreading,
consisting of 595 molecules after 4 ns at 350 K: (a) sessile equilib-
rium structure during partial wetting of the solid surface &¢=2.0;
(b) continuing spreading during complete wetting, with e¢=2.5. An
atomistic representation is used, with each atom drawn as a dot.

value of the fluid-surface interaction parameter &g. The
equilibrated 350 and 425 K systems were placed in contact
with (001) fcc crystal surfaces with different values of &g,
and allowed to spread under the influence of that interaction.
The wetting characteristics appear to depend sensitively on
the value of eg. For example, at 350 K and &;=2.0, we
obtain partial wetting and the profile of the droplet is essen-
tially static as shown in Fig. 2(a). On the other hand, the
same system with g;=2.5 exhibits continuous spreading for
the duration of the simulation [Fig. 2(b)].

The onset of complete wetting was observed to occur at
350 K for a value of g, between 2.4 and 2.5, while at 425 K
it occurred for g between 2.0 and 2.1. At each temperature,
lower values of &g promoted sessile structures, i.e., partial
wetting. The behavior of the larger, 1953 molecule droplets
was consistent with that of the smaller systems. In the com-
pletely wetting systems, distinct molecular monolayers are
visible in snapshots of the spreading fluid (see Fig. 3). These
precursor films, which grow out in advance of the main
spreading droplet, are characteristic of “terraced wetting.” In
the figure, a second terrace is also visible. The precursor
films observed in the simulations consist of a single mono-
layer of molecules in agreement with experimental studies of
complete wetting systems [3,4].

50
o e
z(A) 259  Precursor layer Second terrace
l o J
0 | bt v : ,,.M»:-;ws«xn-‘,am;wrw : - : : | a.vlw DY ; |

-250 -200 -150 -100 -50

0 50 100 150 200 250
y (@A)

FIG. 3. The profile of a spreading droplet of 1953 molecules undergoing terraced wetting at 425 K, with e=2.5. The snapshot was taken
after 2.5 ns of spreading. An atomistic representation is used, and the precursor film is indicated. A single liquid-crystal molecule is outlined

to provide an indication of scale.
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FIG. 4. The number density of molecules as a function of distance from the surface for systems at (a) 350 K and (b) 425 K for different
values of the surface-fluid interaction &g. The profiles are short time averages of 100 ps, after approximately 4 ns of spreading.

B. Droplet structure during wetting

1. Molecular layering

Whether the wetting is partial or complete, we observe
layering parallel to the surface similar to that seen in simple
fluids, as indicated in Fig. 2. This is shown quantitatively in
Fig. 4, which shows profiles of the number density of liquid-
crystal molecules normal to the surface, for droplets on sur-
faces with various values of e, at 350 and 425 K. The lay-
ering is quite distinct both for the sessile droplets partially
wetting the surface and for systems nearing complete wet-
ting. The layering appears most pronounced for the lower
temperature system, for low values of er. For example, at
350 K and g4=1.5 we observe at least seven clear layers,
which is a consequence of the tendency to form layers being
enhanced by the liquid-crystalline packing of the molecules
in the droplet. As g is increased, the upper layers become
disrupted, and at the transition to complete wetting, i.e.,
when gy is slightly less than 2.5, only three layers remain
visible with, however, the first molecular layer considerably
more pronounced. The shape of the distribution is without
doubt a consequence of the fact that the molecules are
spreading rapidly across the substrate, thus limiting the z
extent of the model. At the higher temperature 425 K, with
gr,=1 the droplet is barely wetting the surface, and the sys-
tem is in its isotropic phase, so that there is only a minimal

indication of layering. As e, increases, we observe the for-
mation of layers close to the substrate. However, unlike the
350 K models, there is no driving force from the liquid crys-
talline phase to enhance the layering; the layering is solely a
result of the surface interaction. Finally, at ;,=2.0, i.e., very
close to the transition to complete wetting, the appearance of
the distribution at 425 K is very similar to the equivalent one
at 350 K. In all cases where layering occurs, the spacing
between the molecular monolayers is approximately 4.5 A,
and shows little variation with temperature.

2. Equilibrium structure during partial wetting

As explained above, for values of & below a critical
value we observe partial wetting of the surfaces and the
formation of sessile equilibrium structures. The equilibrium
configurations reflect properties of the bulk fluid and the
fluid-surface interaction as well as anchoring conditions at
the fluid-vapor and fluid-surface boundaries.

Figure 5 shows coarse-grained representations of the
equilibrium structure of large droplets (1953 molecules) at
350 K with g4=2.0, i.e., slightly below the value required
for complete wetting. After equilibrating for 4 ns, the droplet
adopts the static splayed “hedgehog” structure seen clearly in
Fig. 5(a). This appears to be the minimum free-energy con-
figuration, and is consistent with homeotropic alignment of
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(b) (d)

FIG. 5. The equilibrium structure of partially wetting droplets at
350 K with g¢=2.0: (a) side view, indicating homeotropic and pla-
nar anchoring at the liquid-vapor and liquid-surface interfaces, re-
spectively; (b) view normal to surface, revealing a radial director
structure at the droplet edge; (c) snapshot of molecules in the sur-
face layer only, for the same system as (a) and (b); (d) the same
system at 425 K. All parts are drawn to the same scale. The shading
of the ellipsoids is the same as in Fig. 1. N.B. The images show the
central =25% of the simulation box in each case.

molecules at the liquid-vapor interface and planar alignment
of molecules at the surface.

The view normal to the surface [Fig. 5(b)] reveals a di-
rector structure which is predominantly radial. The circular
symmetry is perturbed, however, by the formation of un-
splayed rows of molecules at the edges of the droplet. This is
consistent with the tendency to form localized smectic order-
ing which was observed in isolated droplets at this tempera-
ture. If we examine the arrangement of molecules in the
adsorbed layer only [Fig. 5(c)] we see that the splayed direc-
tor structure apparent at the surface does not persist all the
way to the center of the droplet, where it would form a point
defect. Rather we see small regions of localized order sur-
rounded by the radially aligned ring of molecules on the
perimeter. The molecular length sets a minimum length scale
for the system. This means that close to the center of the wet
region, we can infer that the free energy cost associated with
director splay becomes too large and the formation of a cen-
tral point defect is not favored.

In contrast to the droplet at 350 K, the “isotropic” sessile
droplet at 425 K shows very little ordering at the liquid-
vapor interface [see Fig. 5(d)]. There is still, however, an
indication that the substrate is influencing the overall shape
of the droplet, as the radial symmetry is far from perfect.

3. Structure of adsorbed monolayers during spreading

In this work we are particularly interested in the detailed
structure of the spreading monolayer and the macroscopic

FIG. 6. Coarse-grained snapshots of a 1953 molecule system
undergoing complete wetting (g¢,=2.5). (a) Side view of the system
at 350 K. Homeotropic alignment is clearly visible at the free
liquid-vapor interface. (b) The same system as (a) viewed from
above. The monolayer tends to adopt a diamond shape. (c) The
same system at 425 K. The spreading droplet has a higher degree of
radial symmetry than at 350 K. All images created after spreading
for 2.4 ns. N.B. The images show the central =25% of the simula-
tion box in each case.

fluid reservoir. Figure 6(a) shows a side view of the 350 K
system undergoing complete wetting. The homeotropic
alignment at the free liquid-vapor interface, which was ob-
served in the isolated droplet at 350 K (see above), is again
present during spreading. Planar alignment of molecules
wetting the surface is observed in the emerging precursor
film.

Figure 6(b) shows coarse-grained snapshots of the spread-
ing of the 350 K droplet viewed normal to the surface. The
long axes of molecules in the wetting layer clearly lie paral-
lel to the surface. Of particular interest is the shape of the
wetting film. As noted previously [21], the spreading droplet
appears not to be completely radially symmetric, instead
forming a diamond shaped monolayer as it spreads. The
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edges of the diamond lie perpendicular to the [110] direc-
tions, and are characterized by the appearance of two-
dimensional close-packed smectic layers in the wetting film.
This behavior appears to be a consequence of the tendency
for the long axes of molecules wetting the surface to lie
along grooves in the [110] directions of the (001) surface
planes of the fcc lattice. It is worth emphasizing that the
appearance of Fig. 6(b) is not a consequence of boundary
effects in the simulation box; only the central =25% of the
box is shown, and the box extends for several molecular
lengths beyond the edge of the spreading droplet.

The appearance of the spreading droplet at 425 K [Fig.
6(c)] is in stark contrast to the 350 K system. Apart from
some localized orientational ordering, the precursor film in
this case appears to have near-circular symmetry, although
the growing edge is poorly defined and disordered. Most
notably, the close-packed two-dimensional layering in the
plane of the substrate is lost. There is also a pronounced
difference between Fig. 6(c) and the partial wetting system at
the same temperature [Fig. 5(d)], the latter possessing a
clearly defined boundary, and less perfect circular symmetry.

The diamond-shaped precursor layer in the 350 K system
appears to result from three factors: (1) residual orientational
ordering between molecules consistent with the bulk smectic
phase structure, (2) orientational anchoring of molecules
along grooves in the (001) surface, and (3) radial director
alignment at the macroscopic droplet edge. The third point, a
strong favoring of radial alignment at the macroscopic drop-
let edge was noted in the simulations of partial wetting drop-
lets (see above). Radial alignment on the crystal substrate
may be regarded as a two-dimensional analog of the homeo-
tropic alignment commonly observed at free surfaces in
these systems. It is reasonable to assume that this tendency is
also present during complete wetting.

Thus, for the 350 K system with g;=2.5 we observe ori-
entational ordering between molecules in the two-
dimensional surface layer which is consistent with the orien-
tational ordering observed in the bulk at the same
temperature. In addition we observe strong orientational cou-
pling to the surface. This represents a significant observation
specific to liquid crystal systems that translational degrees of
freedom are dominated by diffusive motion, while under cer-
tain conditions, orientational anchoring with the surface and
weak liquidlike orientational order remain. For the system at
425 K in equilibrium with the bulk isotropic state point we
see some localized orientational ordering in the spreading
monolayer, which is probably due to the strong orientational
anchoring effect of the substrate.

4. Surface registration

As indicated above, there is a tendency for the liquid-
crystal molecules in a spreading droplet to align with the
[110] directions in the substrate. For the (001) plane of the
fcc surface the [110] directions correspond to the loci of
local minima in the surface potential, forming distinct
“grooves” in the surface. For anisotropic liquid crystal mol-
ecules the potential energy is best minimized when the mol-
ecules run along these grooves. In fact, a close examination
of Fig. 5(c) suggests that there is also some preference for
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FIG. 7. Closeup of molecules adsorbed on the surface directly
beneath the fluid reservoir of the droplet (7=350 K, g¢=2.5). At-
oms are attracted to the minima in the surface potential causing the
molecules to lie along the “grooves” in the [110] (diagonal)
directions.

orientations close to the [100] directions of the substrate.
However, increasing gy to 2.5, i.e., switching from partial to
complete wetting, has the effect of polarizing the system into
the [110] orientations, as exemplified by Fig. 7 which shows
the wetting layer directly beneath the fluid reservoir at
350 K. A similar surface induced orientation has been ob-
served in previous simulations of liquid crystal molecules on

a range of different crystalline and corrugated surfaces
[19,20].

5. Molecular shape of adsorbed molecules

In a previous paper [1] it was noted that, as the bulk
model 8CB liquid crystal is cooled through the order-
disorder transition, the molecular shape becomes more biax-
ial. In the present case, we examine the change in shape as
the molecule becomes adsorbed onto the substrate. The mo-
lecular shape is characterized by the principal components of
the moment of inertia tensor. If L, L,, and L5 are the eigen-
values of the moment of inertia tensor then the shape of a
molecule can be taken as the dimensions of an equivalent
inertia  ellipsoid  with  principal axes (A,B,C)
=(L7"*,15"2,15"2) [33]. If we order the eigenvalues such
that A>B>C, A/C represents the aspect ratio of the mol-
ecule and B/C indicates the departure from uniaxial symme-
try, i.e., the biaxiality.

Table II shows the average aspect ratio and biaxiality for
the molecules in the wetting layer compared with molecules
of the fluid reservoir, for systems with ;,=2.5. It can be seen
that the molecules of the wetting layer are slightly more bi-
axial than those in the fluid reservoir at both 350 and 425 K,
and also have a slightly higher aspect ratio. Similar changes
were observed for g;,=2.0 (not shown). Although the differ-
ences shown in the table are small, nevertheless they are
statistically significant.

Averaging the moment of inertia tensor components over
the molecules of the adsorbed layer prior to diagonalization,
gives the average eigenvalues and eigenvectors throughout
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TABLE II. Aspect ratio (A/C) and biaxiality (B/C) for liquid-
crystal molecules in the fluid and in the wetting layer of droplets on
a surface with g¢=2.5. Also included are values for the bulk phase
taken from Ref. [1].

T=350 K T=425 K
AlC B/C AlC B/C
Fluid 3.225(1) 1.0304(2) 3.213(1) 1.0292(2)
Surface 3.233(2) 1.0325(4) 3.220(2) 1.0307(4)
Bulk 3.231(1) 1.0315(1) 3.218(1) 1.0301(1)

the adsorbed layer. The eigenvector of the largest eigenvalue,
corresponding to the axis of the smaller lateral dimension of
the average equivalent inertia ellipsoid is parallel to the z
axis in all cases, i.e., exactly normal to the surface. This is
the direction of the imposed biaxiality and suggests that the
molecules are flattened in the plane of the surface.

Interestingly, the biaxiality and aspect ratios obtained in
simulations of the bulk phase are intermediate between the
fluid and surface values shown here. This is probably a con-
sequence of the fact that the fluid phase of the droplet is less
well ordered than the bulk phase, which is, in turn, a result of
the boundary conditions imposed by the substrate and the
free surface of the droplet.

C. Spreading dynamics
1. Rates of spreading

The spreading dynamics of the monolayer closest to the
surface were analyzed for droplets undergoing complete wet-
ting. Figure 8(a) shows the number of particles in the mono-
layer closest to the surface as a function of time. In all cases
the limit of the first monolayer is taken as the minimum in
the corresponding density profile normal to the surface (see
Fig. 4). After an initial period of =1 ns, corresponding to the
settling of the droplet onto the solid surface, we see that the
increase in the number of molecules in the adsorbed layer N
rises approximately linearly with time for g,=2.5, but levels
off to a constant value for a sessile droplet with £=2.0. The
spreading rate appears substantially faster at 425 K than at
350 K for the same value of &¢. Assuming a uniform density
in this layer and circular symmetry, it follows that N(z)
«R(#)?, where R(t) is the precursor layer radius. Thus linear
growth of N with time is consistent with radial spreading as
the square root of time, R(f) =\, in agreement with experi-
mental observations [3].

A more quantitative estimate of the growth rate was ob-
tained by measuring the radius of the droplet directly during
the simulation. The method adopted determined the droplet
radius from the radius of gyration of the lowest adsorbed
layer of molecules in the plane of the substrate. The resultant
spreading dynamics are shown for the two key state points in
Fig. 8(b), which shows logarithmic plots of the increase in
radius over the initial value R(f)—R(0) as a function of time.
The solid lines are lines of best fit with gradients of 0.5,
fitted to the region R(r)—R(0)=30 A. Similar spreading be-
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FIG. 8. (a) The number of particles in the precursor layer versus
time. A region of approximately linear growth corresponds to radial
spreading with R(f) = t. (b) Radial growth of the wetting mono-
layer over time, determined from the radius of gyration. The fit lines
have gradients of 0.5.

havior is observed at temperatures corresponding to both iso-
tropic and smectic bulk phases. From Fig. 8(b) we determine
a diffusion constant for spreading at 350 K as 0.92 A% ps~!,
compared to 5.25 A2 ps~!_at 425 K. It should be noted that
the deviations from the V¢ law observed at the shorter time
scales in Fig. 8(b) arise due to a combination of poor count-
ing statistics and the fact that the droplet has not made com-
plete contact with the substrate in this part of the plots.

It has been observed experimentally that, during complete
wetting, the precursor film spreads like a two-dimensional
gas with diffusion taking over from liquid cohesion. It fol-
lows that there is no molecular anchoring at the surface in
simple fluids [3]. From the low density of the precursor film
in our simulations and the radial spreading dynamics R(r)
%\t observed we conclude that our wetting film also re-
sembles a two-dimensional gas. We should expect no strong
molecular anchoring of the centers of mass of the molecules.

In order to investigate the symmetry of spreading droplets
in a more quantitative way, we divided the surface into eight
radial segments of equal angular width, m/4 radians, cen-
tered on the four [100] and four [110] directions in the sur-
face. Figure 9 shows the growth with time of the average
radii of the four [100] segments and of the four [110] seg-
ments, for the two key complete wetting systems at 350 and
425 K. Although the statistics for the calculation of the seg-
ment by segment radius are relatively poor, there appears to
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FIG. 9. Growth of the precursor layer radius along the [100]
directions and along the [110] directions, in completely wetting
systems.

be no systematic difference between the growth rates of the
[100] and [110] radii for either the 350 K or the 425 K sys-
tem.

2. Effect of growth rate on precursor shape

It was suggested above, that the diamond-shaped precur-
sor layer in the 350 K system results from a combination of
residual liquid-crystalline ordering from the bulk smectic
phase, orientational anchoring along grooves in the crystal
surface, and radial director alignment, which is the two-
dimensional equivalent of homeotropic alignment, at the
macroscopic droplet edge. Looking at the effect of the liquid-
solid coupling strength on the structure of the spreading film
provides further insight into these mechanisms. In much the
same way as in regular crystal nucleation, the growth rate of
the precursor film appears to be a critical factor. Figure 10(a)
shows a snapshot of a system of 595 molecules with &g
=3.0. Here we do not see the regular homeotropic alignment
at the edges of the spreading film, which is probably a con-
sequence of the smaller system size and the higher growth
rate of the film in this system. As a result, a diamond-shaped
wetting monolayer is not formed. However, the alignment
with the grooves in the [110] directions is still manifest. The
same system with g,=5.0 is shown in Fig. 10(b). Here the
growth rate is higher still and, again, the diamond-shaped
wetting monolayer is not formed. In addition, the weak
smecticlike liquid cohesion appears to be overcome by the
very strong liquid-solid coupling and the presence of two-
dimensional smecticlike layers is not pronounced. It is also
worth noting that the growth rate is higher in systems at
425 K than at 350 K (Fig. 8) and that this may account, in
part, for the difference in morphology between Figs. 6(b) and
6(c).

3. Contact angle dynamics

The contact angle at the point of intersection of surface,
liquid, and vapor is a useful dynamical property in many
theories of wetting, reflecting the surface tensions of the
liquid-vapor, liquid-solid, and solid-vapor interfaces.

PHYSICAL REVIEW E 75, 041703 (2007)

(b)

FIG. 10. 595 molecule droplets spreading at 350 K with (a)
er=3.0 and (b) £1,=5.0.

The variation in contact angle with time was measured for
cases of partial and complete wetting at different tempera-
tures. The procedure for obtaining the contact angle at each
time involved straight line fits to the foot of the droplet pro-
file at four points around the circumference corresponding to
the principal [100] axes of the surface. The average angle
these lines made with the surface was then taken as the con-
tact angle.

Figure 11 shows plots of the variation in contact angle
during spreading. The broad qualitative features of the decay
of the contact angle with time are in excellent agreement
with contact angle dynamics measured in recent spreading
experiments [7,34]. They also agree well with simulations of
spreading chain molecules [6]. Differences in time scale be-
tween simulation and experiment may be explained by the
differences in droplet volume considered. A contact angle of
180° corresponds to a perfect sphere sitting on the surface,
while a zero contact angle corresponds to complete wetting.
In each case the contact angle approaches a fixed value at
large times. For partial wetting this angle reflects the com-
peting surface tensions at the liquid-vapor and liquid-solid
interfaces [8]. For complete wetting the contact angle decays
to zero.

4. Mass transfer within the droplet

The average velocity field of the molecular centers of
mass throughout the fluid droplet has been measured at dif-
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FIG. 11. The variation in contact angle of a spreading droplet
with time in cases of (a) complete wetting (g¢=2.5) and (b) partial
wetting (g¢=2.0).

ferent stages of the simulations. The velocity field is indica-
tive of the dynamics of mass transfer within the spreading
droplet. In particular, we are interested in the mechanism by
which the molecules move from the “reservoir” of the body
of the droplet to the wetting precursor film.

Velocity fields in molecular simulation are notoriously
noisy. In an effort to improve the statistics and reduce noise
the vector field has been averaged over a 1 ns time period.
The droplet is partitioned into cylindrical shells at radial in-
tervals of 20 A and intervals of 4.5 A in the z direction,
corresponding to the observed molecular layer spacing. Spa-
tial averaging takes place over these cylindrical bins.

Figure 12(a) shows the velocity fields within a droplet at
425 K in the early stages of complete wetting (t=0—1 ns).
The most notable feature is the strong velocity field at the
edge of the droplet driving the rapidly emerging precursor
film. The velocity fields are consistent with a mechanism
where molecules migrate over the outer surface of the drop-
let on their way to the spreading precursor film, a mechanism
proposed by de Gennes and Cazabat for the preterracing pe-
riod of the spreading [5]. A small component in the —z direc-
tion is apparent, closer to the center of the droplet, as the
fluid reservoir slowly subsides.

The velocity fields in partially wetting systems have also
been examined. Figure 12(b) shows velocity fields for the
425 K system for the 2—3 ns period. Here it appears that the
fluid molecules are unable to penetrate into the precursor
wetting layers, instead returning to the fluid reservoir at a
higher level. Such behavior would again be in qualitative
agreement with the theory of de Gennes and Cazabat [5] and
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FIG. 12. Velocity profiles of droplets at 425 K: (a) the terraced
wetting regime during the initial preterracing spreading period
(e4,=2.5,t=0-1 ns); (b) during the latter stages of partial wetting
(84=2.0,t=2-3 ns).

has been observed previously in simulations of simple fluids

[15].

IV. DISCUSSION

The results presented above have demonstrated the
spreading of droplets of liquid-crystal molecules on crystal-
line surfaces at a microscopic level. Much of the behavior
observed, for example, the formation of a precursor layer, the
diffusive spreading mechanism and the mass transfer within
the droplet, is common to simple liquids. However, there are
some features of the spreading behavior that are dependent
on the mesogenic nature of the molecules. In particular, we
refer to the molecular orientation and layer formation within
the spreading droplet, and, for lower spreading rates, the dia-
mond shape of the precursor film [Fig. 6(b)].

This unusual spreading morphology is seen to be a con-
sequence of an interplay between the mesogenic orienta-
tional ordering, strong fluid-substrate interactions that orient
the molecules in the [110] directions in the surface plane and
boundary conditions that favor homeotropic orientation of
the liquid crystal molecules at the surface of the droplet. Of
these, it is the homeotropic boundary condition that appears
to have the dominant effect. Strong homeotropic alignment is
found at the liquid-vapor interface in spreading droplets at
temperatures corresponding to smectic ordering in the bulk
system. This observation agrees with recent simulations of
planar liquid-vapor interfaces at similar temperatures [30],
and also with experimental results [31].

An explanation for this preference may be given in terms
of the relative sizes of the elastic constants in the system. It
is well established for orientationally ordered liquid crystals
that the bulk elastic constant is higher for bend deformations
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than for splay. Homeotropic (radial) alignment at the surface
of a sphere would represent a splayed director field while
planar alignment would require a bent director field. Thus we
would expect homeotropic anchoring at the liquid-vapor in-
terface to be even stronger in the case of a spherical interfa-
cial surface. This accounts for the highly ordered splayed
‘hedgehog’ configurations observed for sessile droplets at
350 K and &4=2.0.

In addition, it is possible that the presence of the liquid-
vapor interface in the droplet system stabilizes the smectic-
like phase due to the free energy penalty associated with
“bend” deformations of the director field around the spheri-
cal surface. However, bulk simulations at the same tempera-
ture, with periodic boundary conditions, also predict a
smectic-A phase [1], which gives us confidence that the
smectic phase observed is not an artifact of the small system
size and periodic boundary conditions. Ultimately, this ques-
tion cannot be resolved without larger simulation sizes,
which will be the subject of future work.

An abrupt transition was observed from partial wetting to
complete wetting as the strength of the fluid-surface interac-
tion was increased. This sensitive dependence on the ener-
getics of the surface is in qualitative agreement with experi-
mental observations of partial and complete wetting on high-
and low-energy surfaces [4]. The higher temperature system
was more inclined to complete wetting, requiring a lower
value of g to induce wetting. To understand the crossover
from partial to complete wetting we can imagine a number of
competing influences within the system. Firstly, favoring the
formation of a sessile, near-spherical droplet on the surface
we have (1) the liquid cohesion of the drop due to the
Lennard-Jones interaction, (2) the desire to minimize the sur-
face free energy and form a sphere, and (3) the adoption of
the preferred homeotropic anchoring at the liquid-vapor in-
terface, which is not possible for planar aligned monolayers
completely wetting the surface. Favoring complete wetting
of the surface is (4) the attractive part of the surface-fluid
interaction. The energy scale for the effect of gravity on the
system is many orders of magnitude less than the Lennard-
Jones interaction and should not be significant. Factors (1)
and (4), the liquid cohesion versus the surface-fluid attrac-
tion, appear to be the key competing factors. It was noted
that the higher temperature, 425 K, system required a lower
value of & to induce wetting. This is consistent with a less
dominant liquid cohesion at 425 K compared with the 350 K
system.

The height of the spreading droplets is approximately the
same as those observed experimentally, at around 50 A.
However, the lateral extent of the precursor film in the case
of terraced wetting is many orders of magnitude smaller than
for the droplets observed experimentally: just 200 A com-
pared with a few mm. The small size of the droplet in the
simulation limits the reservoir of molecules available to the
spreading foot. The rate of radial spreading, however, would
not be expected to depend on the size of the system while
sufficient molecules remain in the fluid reservoir, if the
spreading is diffusive. Heslot et al. observe that spreading of
the precursor film only starts to slow when just a few mo-
lecular layers remain of the fluid reservoir [3,4].

During spreading it was observed that the 350 K droplet
maintained strong homeotropic anchoring at the liquid-vapor
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interface. The splay imposed on the director field in this case
is less severe than for the spherical surface of the isolated
droplet. The free energy cost associated with a splayed direc-
tor field means that homeotropic alignment at the free liquid-
vapor interface is stabilized by the droplet wetting the sur-
face. Of course the planar aligned precursor film does not
permit homeotropic alignment at the liquid-vapor interface at
all and it is unclear exactly what the influence of the liquid-
vapor interfacial anchoring on the wetting characteristics
might be. A detailed comparison of the velocity fields for
equivalent 350 and 425 K wetting systems (either partial or
complete) should give insight into the role played by the
interfacial anchoring. This has not been possible here, due to
the large fluctuations inherent in such a small model. The
contact angle might also be expected to be affected by the
homeotropic alignment at the liquid-vapor interface. A more
detailed study of both is required, involving larger system
sizes, to make progress with these suggestions.

So far, all simulations have been performed on the same
(001) fee crystal surface, albeit with different values of eg,. It
would be interesting to vary the lattice constant, or use dif-
ferent surfaces, in order to determine under what conditions
the diffusive spreading dynamics break down and how the
structure of the precursor film is affected by changing the
width and spacing of the corrugation in the surface.

It is apparent that the spreading behavior of liquid-crystal
droplets depends sensitively on the interactions between the
liquid-crystal molecules and the substrate, and on the struc-
tures of both. In this respect, the atomistic model employed
here has an advantage over the course-grained equivalents,
allowing a much finer tuning of the energy terms. The flat-
tening of the molecules onto the substrate, i.e., the biaxiality
shown in Sec. III B 5, is another aspect of behavior that we
could not expect to find in coarse-grained systems. However,
it should be clear that the present model still represents only
an intermediate step between coarse grained and fully atom-
istic simulations.

For example, and as noted in the Introduction, the real
8CB system exhibits rather different behavior from that de-
scribed here. The main differences are (1) the spreading of
both a monolayer and a trilayer of liquid-crystal molecules
and (2) the fact that the molecules in the monolayer are tilted
away from the substrate [9]. The trilayer is in fact a combi-
nation of monolayer and smectic bilayer. It would appear
unlikely that the model 8CB system considered here would
be able to reproduce this exact behavior, principally because
of the lack of electrostatic interactions, which are likely to be
responsible for stabilizing the bilayer, and promoting the tilt
of the monolayer molecules. However, such behavior is spe-
cific to the nCB family of molecules, whereas the model
system utilized here is designed to reproduce more generic
types of behavior. In addition, it seems probable that much
larger simulation sizes would be needed, before it would be
feasible to successfully simulate a trilayer. Despite these
limitations, the model presented here has proved very suc-
cessful in developing an understanding of the molecular
mechanisms of the spreading of liquid-crystal droplets.

Finally, it is worth commenting that the experimental time
scales for complete wetting with a precursor foot of macro-
scopic dimensions are of the order of many hours. Such time
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scales are inaccessible in simulation work. In fact, the wet-
ting monolayer we observe in our simulations is only about
twice the diameter of the fluid reservoir. However, despite
this limitation, the simulations presented here still provide a
useful insight into the nature of the precursor film, both in
terms of its detailed structure, and the dynamics of its
spreading.

V. CONCLUSIONS

Simulations of isolated droplets show regions of localized
order consistent with the phase structure of the bulk system.
Smectic order in these systems appears to be frustrated by
the spherical symmetry of the droplet imposed by the surface
tension and the tendency to assume a homeotropic (radial)
alignment at the liquid-vapor interface.

With a relatively simple atomistic model we have simu-
lated spreading of a droplet of liquid crystal on an atomically
detailed surface. For suitable values of the surface-fluid in-
teraction strength e, terraced wetting was observed exhibit-
ing the characteristic layering and radial spreading dynamics
(<), as observed in simple fluids. Measurements of the
variation of the contact angle with time and of velocity fields
within the spreading droplet are in broad qualitative agree-
ment with experiment and previous simulations of simple
fluids. The studies of mass flow within the droplets indicate
that spreading occurs by molecules cascading over the top of
the droplet to join the precursor layer.

PHYSICAL REVIEW E 75, 041703 (2007)

In all cases it was observed that the molecules of the
wetting layer were less uniaxial (i.e., “flatter”) and more
elongated than the molecules of the macroscopic fluid reser-
voir. Although the difference was small, it was, nevertheless,
statistically significant.

Under certain conditions the shape of the precursor film
was not radially symmetric. A diamond-shaped wetting
monolayer was formed at 350 K, which is attributed to weak
smecticlike liquid cohesion, orientational coupling of mo-
lecular directors along the [110] directions in the (001) fcc
surface, a slow growth rate of the wetting monolayer, and a
surface-fluid interaction just strong enough to produce com-
plete wetting. Orientational anchoring with the surface oc-
curred through the alignment of molecules along natural cor-
rugations in the (001) surface.

For partial wetting droplets in equilibrium with the bulk
smectic state point at 350 K, a radial or splayed “hedgehog”
equilibrium structure was observed. This structure appears to
give the minimum free energy configuration consistent with
homeotropic alignment at the liquid-vapor interface and pla-
nar alignment at the liquid-surface interface.
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