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electronic, optical and magnetic properties [1-4], or their particular behaviour
in flow [5H7].

As it turns out, these anisotropic systems are strongly sensitive to interfa-
cial interactions. Indeed, upon confinement, a delicate energetic balance be-
tween adhesive (LC-surface interaction) and cohesive (intermolecular interacs
tions) forces occurs, subject to thermodynamic conditions. Understanding the
different phenomena occuring for liquid crystals in confinement presents a fun-
damental problem [8-10], and are critical to many LC technologies whichrinvolve
a direct interaction with surfaces [11H13].

Different numerical studies have been made to understand this process where
the LC’s are forced to arrange themselves, or self-assemble, at conditions of con-
finement. Most of these studies have been dedicated to the case.6f a fluid com-
posed of rod-like molecules (prolates) [10,14-19], and fewof them have focused
on the effect of confining a discotic liquid crystal«(eblates)[20-24]. A discotic
liquid crystal (DLC) consists of disc-shaped mespgens, composed, as a majority,
of polycyclic aromatic cores surrounded by pluralhnumber of flexible aliphatic
chains [25]. While prolates tend to form smectic phasespwhere the particles align
themselves in layers that posses a preferential orientation, oblates tend to ar-
range themselves into columnar phases, due'to strong 7 interactions [4]. This
unidirectional arrangement, coupled with its promising charge carrier mobilities
and the fact that they can be considered as organic semiconductors, make the
DLC a particularly interesting candidate for applications on the photovoltaic
industry [4,[26]27]. Neverthelessymore attention is needed to complete design
principles for DLC’s in a ¢onfined environment that improve the handling of its
orientational order.

A common strategy to achieve a desired orientation, or improve the orienta-
tional order on confined,LLC systems, is by the manipulation of the local order
of particles adsorbed into the solid surfaces, or anchoring of the walls; this local
order promoted by the walls is'known to induce such order on the rest of the
fluid via elastic forces |28]. The orientation of molecules within the surface can
be manipulated by'various means, such as photoallignment techniques [29], sur-
face chemistry [30] and topographic patterning [31], only to name a few. Three
broad classes of anchorings can be used to describe the type of alignment: pla-
nar, homeotropic and tilted. In the first case, the director is parallel to the
surface, while a hemeotropic anchoring means that the director lies normal to
the surface, and, in the last case, the director is tilted with respect to the surface.
In thetspecific case of a homeotropic anchoring, in which the discs lie “face-on”
on the surface,/a particular benefit for the performance in photovoltaic cells is
expected [25].

Hence) the global and local structure of a confined DLC could be enormously
affected by the nature of the DLC-wall interaction. For instance, it could be
expected that imposing a strong anchoring represents an improvement in the
global molecular alignment of a confined DLC, this is, that by increasing the
adhesive force of the confining surface, not only the particles adjacent to the
wall improved their alignment, but that they also induce such improved order,
via elastic forces, at the bulk region of the DLC where the direct interaction
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of the walls is no longer present. Herein we address such question, about,the
importance of the anchoring strength with regard to the bulk behaviour, by
performing molecular dynamics simulations of four systems confined by two
parallel walls (slab geometry), separated by a fixed distance and with/different
anchoring strengths, while exploring different temperatures.

The rest of the paper is structured as follows: Section [2] presents the model
used to mathematically describe our system and the details of the molecular
simulation employed, Section |3| contains the results for all the/confined systems
studied in this work and the corresponding results for the unbounded system.
Finally, the concluding remarks are included in Section

2 Model description and simulations

Figure 1: Schematic yiew of the system under study. Notice at the origin a green
unitary vector @ which forms an angle 6 with the vector normal to the wall (z direction).
This angle will turn useful in, the definition of a disc-wall potential which is angle-
dependant.

2.1 Disc-dise and disc-wall interaction

The system consists of a discotic liquid crystal confined in a rectangular slab,
whose walls are separated by a fixed distance L* = L, /o with o( the diameter
of the discogen, as seen in Fig. [I} The particle-particle interaction is defined by
a Gay-Berne pair potential [32]

Uy, 0y, 855) = 4e(y, 0y, 85) (2" + 2;,°), (1)
where t; 5 = rij/ry is the unit vector that connects the centers of particles ¢
and’ j, 0, is the unit vector along the principal axes of discogen z, and € is
the strength anisotropy function (see below). In the last expression, = is an
orientation dependant function defined by

= ol (2)

=ij = ~ ~ )
rij — o(w;, 0y, ) +ogf
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where o7y represents the thickness of the discogen. The contact distance,be-
tween particles ¢ and j, is given by

o(t;, 0y, 15) = Uorfé(X) (3)

where the molecular anisotropy parameter y, is defined as

K2 —1
— - 4
X= 5 (4)
with k = o¢¢/0¢. The function I'(w) is defined by
c? + 2 — 2weicicij
_ 1 7 1))
Tw)=1-w - wQij ) (5)

with ¢; = u; - 45, ¢;j = u; - Ty, and ¢;; = u; - u;. Finally, we define the strength
anisotropy function as:

€(y, 0y, 1) = €oey (0, U5)eh (T, 0j0T;5), (6)

with 4 and v adjustable exponentsg

_1
ey, 0;) s [T=x’e] 7, (7)
and
ea (0, 0y, 845) = (), (8)
where )
K)w —1
y=Frr-1 ©)
(W) 41

and k' = €./es. Here ¢ represents the potential well depth for an edge-edge con-
figuration, and € the potential well depth for a face-face configuration. Making
k' = 0.2 in the potential favors the face-face configuration between the discs, so
that the nemati¢ and columnar phases are promoted (Figure [2a)).

We will express a set of parameters for the Gay-Berne potential using the
notation GB(x, k', p, v), as proposed by Bates and Luckhurst |33]. The
parametrization of the system investigated in this study is GB(0.345, 0.2, 1.0,
2.0), anfaspeet ratio regularly chosen due to its similar proportions with a
molecule with a triphenylene core [34]. Notice that this set of parameters pro-
motes thexformation of columns of discs, since the strongest attraction between
nematogens happens when their axis are parallel to each other and to the vector
that/connects their centers.

The wall-disc interaction is also modeled with a Gay-Berne potential [24] of

the form:
2 orf ? Iif ’
V(z,0) =€ | — (—L ) - (— 21
(=, 6) = [15 (Z— Zshift(9)> (Z - Zshift(o)) ] (10)

x [1 4+ APy(cos(6))],
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where Py(z) = %(3:102 — 1) is the second order Legendre polynomial, ¢, is an
energy prefactor which determines the strength of the anchoring with respect
to the disc-disc interaction, and @ is the angle between the vector normal to the
wall and the vector along the principal axes of a given discogen (see/Fig. .
The function zuif: determines the wall-disc contact distance and is«defined as

samige(6) = 05 [Uo (1 . cos2<0>>2 - off] (11)

+X

The advantage of this model for the wall-disc interaction over other existing
in the literature is that it allows calculating the forces andigorques in an easy
way, hence facilitating a molecular dynamics simulations. It also allows changing
the depth of the magnitude of the anchoring energy, as'well /as the preferred
anchoring orientation. The type of anchoring at'the walls'is determined by
the value of the parameter A. For example, A = =0:5,promotes a planar
or edge-on anchoring, while A = 1.0 encourageshran homeotropic or face-on
anchoring. In this work, we set A = 1.0 forsall casesrand used four different
values of ¢, (namely, 1,5,10 and 15), this is, we,set‘a face-on anchoring and
choose four differente anchoring strengths, as depicted in Fig. where we plot
V(z*,0 = 0) as a function of z* = z/agpthe distance of the particle to the wall,
for ¢, = 1,5,10 and 15 which are ‘depicte,by .the black, red, blue and green
lines, respectively. As we will show in'the discussion section, this values for ¢,
together with the rest of the system-parameters, represent configurations within
typical experimental setups [17;35}36].

U(CI,‘, Clj, f'ij) V(z, 6 =0)

20 10‘ w

10

0 0%, % 08 1.0

Anchoring strength
-10 -10 wEy =1
w€y,=5

-20 ~20 nevs e
-30 -30

(b)

Figure 2:7(a) Disc-disc interaction potential as given by Eq. for the system
GB(0.345,0.2,1:052.0). The red line corresponds to the face-face interaction, the blue
line to the edge-edge interaction and the purple line to the edge-face interaction. A
schematic view.0f a pair of discogens interacting are included in the same order in
which the, lines of the potential appear (from left to right: face-face, edge-face and
edge‘edge). (b) Wall-disc interaction potential as given by Eq. [L0 with the parame-
tersyset_in this study. The black, red, blue and green line corresponds to a value of
€w = 1,5,10 and 15, respectively. In the four cases, the graphics represents a particle
in a face-on configuration (# = 0) approaching to a wall promoting a face-on anchoring
(A=1.0).
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2.2 Simulation details

Molecular Dynamics simulations have been carried out on an ensemble of 20000
particles inside of a parallelepipedic box of variable volume V. The simulation
box presents periodic boundary conditions along the x and y directions and is
limited along the z axis by two walls which promote an homeotrépic or face-
on anchoring. In this simulations the Nosé-Hoover thermostat/barostat, [37]
couple was used to held fixed the temperature of the system andhits average
tangential components of the stress tensor P;, and P, with Py, = P/ = 25,
and where each component of the stress tensor was determinedsby the standard
virial route. This value of the tangential pressure is taking in analogy to the
value of the normal pressure applied on a similar study developed by Bellier-
Castella et al. [24]. Nevertheless, our intention was to/study the effect of varying
the anchoring strength in a slab geometry, where the distance.between the walls
remained fixed, and, hence, in the ensemble we used, only the x-y area of the
box was allowed to fluctuate, such as in the ensembles used in refs [38-40]. In
this regard it is important to notice that, given that in this ensemble the normal
component of the stress tensor is set free, the system’s pressure does not remain
constant. This will turn of primary importance when we compare the results
for systems with different anchoring strengths.

The Nosé-Hoover thermostat constant,was set'at (); = 10, while the barostat
constant used was @), = 1000. These values of the thermostat and barostat
masses are similar to those used in Ref. [37]; although a small adjustment was
applied to the thermostat”mass in order to avoid strong fluctuations of the
kinetic energy. We have used og'and ¢ as length and energy units, respectively,
and standard reduced units (T* = kpZ/ey, P* = Poj/eo and p* = pog, where
kp stands for the Boltumann constant) for the rest of the system parameters.
Equations of translationaland orientational dynamics were integrated using the
velocity-Verlet algorithm with, & reduced time step of 6t = &t(02m/e) 2 =
0.0015 (where m = 1)!

In order to study. the system’s temperature dependence, a system is taken
from a high temperature of 7* = 3 (where the unconfined or infinite system
is isotropic) into,a low gemperature of T* = 2.3 (where the infinite system
has turned eolumnag)ythrough an annealing procedure with AT* steps of 0.05,
although a ‘smaller AT™ steps of 0.02 were used for the region of temperatures
where thesystems present a nematic phase. Simulation runs consisted of O(10°)
time steps for equilibration for each 7™, followed by production runs of 1 X
107 timesteps. To minimize configurational correlations between measurements,
thermodynamic and structural quantities were calculated every 100 timesteps,
from/which averagés were then determined.
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Page 7 of 23

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - JPCM-112737.R1

3 Results and discussion

3.1 Results

In what follows, results from simulations are presented for the DLC infinite
system and four different confined systems: face-on anchoring systems with
confinement length L} = 25, and anchoring strengths of €, = 1,5, 10 and 15;
the results of the unbounded system will be presented first, followed by{those
corresponding to all the confined systems.

In order to characterize the orientational order of the system, we calculated
the largest eigenvalue of the orientational tensor [41]:

1L X
Q=5y ;wm Qi —1) (12)

where ) denotes the tensor product, I corresponds to the identity matrix, and
N is the total number of particles contained in thesystem. The normalized
eigenvector corresponding to A,q. is the gystem director n, and S = A4z i
referred to as the orientational ordér parameter. If’S = 0 the liquid crystal is
in an isotropic state. As the number of particles whose unit vector along their
principal axis that are aligned with the director increases, the .S increases up to
reach a maximum value S = 1 which eccurs when all the particles are perfectly
aligned with the director.

The results for an annealing process of an unbounded system composed of
2000 discotic molecules at P* =425, were presented first by Bates and Luck-
hurst [34]. In figure [3] we show the results obtained with our code for the same
system with 20000 particles inside of a cubic box of variable volume V', using
a Nosé-Hoover thermostat/barostat couple with the same thermostat/barostat
constants defined in the simulation details. It is important to state that the
results presented in [34].and those obtained in our studies are practically iden-
tical, and, hence,results from Ref. [34] show no finite size effect. The general
behaviour of the unbounded system were analyzed in detail inside of the above
mentioned, reference. Here we only show those results for facilitating the com-
parison between the unconfined and confined systems.
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Unbounded system

Figure 3: Order parameter vs reduced temperature calculated,with NPT molecular
dynamics simulations of the unbounded system with 20000 particles and P* = 25.

With regard to the confined systems, a well known, fact is that the anchoring
induces an stratification of the fluid, forming ordered layers near the wall that
gradually looses orientational and translational order as one moves away from
the walls [28]. Since the systems under consideration are inhomogeneous due to
the layering induced by the walls, then the orientational and positional order
of the fluid will be position dependant. Im,this case, the value of the local
orientational order parameter S(z*) isicalculated on thin layers of normalized
width 0.05 along the z direction, and corresponds to the largest eigenvalue of
the time average of the orientational tensor Q on a given layer.

The results with the calculation‘ef.the order parameter for all the confined
systems with L} = 25,and face-on anchoring are shown in Fig. where we
plot S as a function of the distance z*, for several values of T*. The lowest
temperature shown was determined by the first temperature value where the
system presents a columnar phase.
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Figure 4: Results for the order parametet of the four confined systems: (a) lowest
anchoring strength of gun= 1, and temperature range of 7™ € [2.54, 3.0], (b) anchoring
strength of e, = 5, and temperature range of T* € [2.52,3.0], (c) anchoring strength
of €, = 10, and temperature range,of T* € [2.52,3.0], and (d) the highest anchoring
strength used for this study with €, = 15 and a temperature range of T € [2.36, 3.0].
Although different temperaturesare considered in each plot, notice that the same color
scheme is used for all of them, for instance, in the four panels the black lines represent
the temperature of 77 = 3.0 and the blue lines represent the temperature of 7" = 2.66.

Although the orientational order promoted by the walls is always higher
adjacent_to-the walls for higher values of €,,, the system where the isotropic-
nematic transition happens first, this is, at the highest temperature, corresponds
to the system with the lowest value of €,. Observe the green line in Fig {a}
which represents the S profile of the system where €¢,, = 1 at a temperature of
T* = 2.68, at this.temperature the nematic phase is observed. Notice that at
the/same temperature, the systems where €¢,, = 5 and 10 present a lower order
parameter at the center of the cell (green lines in db|and [4cl respectively). This
behaviour has a consequence in the isotropic-nematic transition temperature:
the /system where ¢, = 5 presents a nematic phase first at 7% = 2.66; the
system where ¢, = 10 turns into nematic at T* = 2.64 and, finally, the case
with the higher anchoring strength turns nematic at 7* ~ 2.60. In other words,
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although a strong anchoring induces a higher order parameter in the layers
adjacent to a wall, the orientational order at the center of the cell decreases
as this anchoring strength increases. This results in a lower isotropic-nematic
transition temperature at the center of the cell for higher values of the anchoring
strength.

With regard to the systems with lower anchoring strength (e,, = 1), a change
in the curvature of the S profile occurs for temperatures below T* = 2.68 (green
line in Fig. : the curve changes from concave to convex and it will'remain
with that shape at lower temperatures. The case with ¢,, = 5 shows a similar
behaviour when turning from nematic to columnar (T* < 2:54), as/shown in
Fig. In other words, for these temperatures, the fluid at théeweénter of the
cell possess a higher orientational order as compared to the fluid which is part
of the interface. Further information about the positionalorder of the particles
at a given distance from the wall, can be obtainedsvia a quasi-two dimensional
radial distribution function calculated for layers parallel to the wall. This radial
distribution function can be defined as:

N(zy)

13
21y dr ey (13)

9(ray) =
where 7, stands for the xy projectiom of the distance between two particles,
27rgydry, stands for the area of a cell, parallel to the wall, of thickness dry,
and N(r4,) is the number of particlesinside this cell. Fig|5|includes the results
for this pair correlation function calculated for ¢, = 1 and at four different
distances from the walls: Az*= 0.35 (black lines), 0.7 (red lines), 1.2 (green
lines) and 1.5 (blue lines). Each layer thickness was set at 0.40(. Notice that
at T* = 2.56 (Fig p|ita)), the shape of the curve for the four layers is similar,
although more pronounced peaks can be distinguished for layers more distant
from the wall. For lowér temperatures this effect becomes more dramatic, and
the fluid increases notably its pesitional order for the layers that are closer to the
center of the cell. Observe, for example, the curves for T* = 2.4 in Fig. 5| (d),
where only the fluid in the two more distant layers (obtained for Az* = 1.2 and
1.5) are clearly in an hexagonal arrangement (green and blue lines, respectively).

10
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(a) T*=2.56 (b) T*=2.54 (c) T*=242 (d) T*=2.40
T T T T 25 25 i

= 1st layer
& 20d Jayer
~ 3rd layer
— dih layer

— 3rd layer |
— dth layer

Figure 5: Results for the system with the lower anchoring strength (e, = 1) at
four different temperatures: (a) T* = 2.56, (b) T* = 2.54, (c) T* = 2.42 and (d)
T* = 2.40. The upper row contains the results for the quasi-two-dimensional pair
distribution function, calculated for four different layers parallel to the wall (see text
for further details), and the lower row,includes the corresponding snapshots of the
system. The color code for the orientations of the mesogens is as follows: the blue
particles have their orientation vector parallel to a yector normal to the wall, and red
particles have orientation vectors perpendicular to the same reference direction. All
snapshots presented in this work were.obtained with the qmga software ﬂ4_2]

In the case of ¢, = 10 and 15, the pair correlation function reflects an
hexagonal arrangement at the interface, before it is observed at the system’s
bulk. The strongest anchoring induces first this arrangement: in the system with
€w = 10, g(rzy) changes at T* = 2.56 (Fig. @, and for the system with €, = 15,
T* = 2.58 is the first temperature at which this characteristic hexagonal pattern
is observed in the adsorbed layers (Fig. . Another difference between the
systems with lower anchoring strength, as compared to the two systems with a
stronger anchoringy'is related to the nematic-columnar transition. In the latter
two cases there aretemperature regions where a nematic-columnar coexistence
is obtained. This coexistence temperature region is wider in the case where the
value €, issbigger:nwhen ¢,, = 10, there are only two temperatures where the
coexistence is observed (T* = 2.56 and 2.54), while for the case with €, = 15,
the coexistence region is observed in the temperature region of T* € [2.38,2.52].

11
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Figure 6: Results for the pair correlation function calculated forithe systems with the
stronger anchoring strength: (a) e, = 10, at T = 2.58 and, 2.56, and (b) €, = 15, at
T* = 2.60 and 2.58. The pair correlation function igicalculatedrat four different layers
parallel to the wall: Az* = 0.35 (black line), 0.7 (red line), 1.2 (green line) and 1.5
(blue line).

Also useful for the structural/characterization of the systems is the den-
sity profile. We calculated this quamtity in the z* direction using p*(z) =
N./(Azydz), where N, is the number, of particles in a slab parallel to the wall,
Agzy is the area of the box in the x-y plane and dz is the width of the bin, which
in this case was also fixed/at 0.050¢. These results are shown in Fig. [7} where
we plot p* as a function of the distance z*, for several values of 7. The lowest
temperature shown was determinedyby the last temperature value where the
system presents a nematic phase; nematic-columnar coexistence and columnar
phase temperatures were emitted in order to avoid confusion by too many lines
in a single plot.

12
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Figure 7: Profiles for the reduced demsity in the z direction of the four confined
systems: (a) lowest amichoring strength of ¢, = 1 and temperature range of 7" €
[2.56, 3.0], (b) anchoring strength of ¢, = 5 and temperature range of T € [2.54, 3.0],
(c) anchoring strength of’e,, =)10 and temperature range of T* € [2.58,3.0], and (d)
the highest anchoring strength used for this study with ¢, = 15 and a temperature
range of T* € [2.54,3.0]."Although different temperatures are considered in each plot,
notice that the same'color scheme is used for all of them, for instance, in the four panels
the black lines represént the temperature of 7" = 3.0 and the blue lines represent the
temperature of, T = 2.66.

Notice the influence of the anchoring reflected through the presence of a
succession of peaks in the density profile. As the intensity of the anchoring is
increaged the high of the peaks near the interface increases but without changing
their location in the cell. The elastic forces between the DLC particles will in-
duce successive,layers, each one less crowded than the previous one as indicated
by progressively lower peaks. Similarly, lowering the temperature increases the
relevance of the potential energy between the particles and this promotes more
ordered and densely packed regions which translates into higher peaks which in
turn; translates into more particles at the interface and thus, less particles at
the bulk (considering the bulk as the region where the density levels-off to a
uniform value).

Fig. |8|shows the results of density profiles and their corresponding snapshots
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for the system with the higher anchoring strength, at temperatures that spanthe
beginning of the adsorbed layers up to the beginning of the nematic-columnar
coexistence region. At T* = 2.58, although there is an abrupt increase of the
adsorbed layers, the density profiles remains with the characteristic profile of
the interface. This changes at 7™ = 2.52 where a flat region near-to the left
interface can be distinguished in the density profile. In other wgrds, at these
temperatures there are two flat regions distinguishable in the density profile, one
with a nematic order parameter and the other with a columnar/order parameter,
and, hence, we labeled them as a nematic-columnar coexistence region.

(a) T* = 2.60 (b) T* =2.58 (c) T* =2.54 (d)P* =2.52

Figure 8: Results for the system with the stronger anchoring strength (e, = 15) at
four different temperatures: (a) T*,= 2.60, (b) T* = 2.58, (c¢) T* = 2.54 and (d) T*
— 2.52. The upper row contains the results of the density profile, while the lower row
includes the corresponding snapshots of the system. The color codes of the snapshots
as indicated in Fig.

We quantified the layering in‘the isotropic and nematic regions by calculating
the adsorption coefficient Iz« defined as:

L:/2
b= [ - e (14)
z=0
where p*Z standsifor the time average density at z* = L*/2. Figure@shows the
values of T',~ obtained for the range of temperatures of T* € [2.54, 3.00], where,
for allsthe anchering strengths, there are two clearly defined regions: isotropic
and nematic. Notice that the isotropic-nematic transition temperature decreases
when increasing the anchoring strength. For instance: for €, = 1,5,10 and 15
the isotropic region is obtained in the temperature ranges of T* > 2.7,2.68, 2.66
and,2.624respectively. In these isotropic regions, I' - is expected to have positive
values at high anchoring strengths due to the layering, whose average density is
bigger than the bulk density. As the temperature is increased, eventually, the
well of the wall potential becomes progressively irrelevant until the dominant
effect is the depletion produce by the repulsive part of the wall potential. In
this case the density near the wall is lower than the bulk density and, thus, I',-

14

Page 14 of 23



Page 15 of 23

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - JPCM-112737.R1

becomes negative. This is clearly observed in the case where €, = 5. Inpthe
case where €, = 1 the anchoring strength is so small that the depletion_effect
dominates over the whole isotropic region, and therefore I',« is negative.

In the nematic region the behaviour is the opposite, i.e., I« is an increasing
function of T*. To understand this let us notice that only the regien closeto
the wall contributes significantly to the integral in Eq. As can be seen in
Fig. [7] the oscillatory behaviour of p*(z) in this region makes its\contribution

. B
to the integral in Eq. |14} low sensitive to the value of T, thusy 0Ly "y —%P,FAZ,

oT
B *
where Az is the region near the wall. Since 65”—7, < 0, then 6—(1;1'1— > 0. An

exception exists though, for the system with the strongersanchoring used (e, =
15) presents a temperature region where a thin-thick layér transition is observed,
and which was also clearly recognized in the density profiles of Fig. In
this case, the drastic increment of layers adjacent to a wall promotes a bigger
contribution of the first term in Eq. and hence, imnthis region, I',« behaves
as a decreasing function of T*.

Figure 9: Adsorption ceefficient I',« calculated at temperatures where the confined
systems present isotropic and nematic phases, and for the four anchoring strengths
studied: €, = 1,5,10 and,15 are represented by the black, red, green and blue lines,
respectively.

3.2 Discussion

Figures [10] and {1} present two regions of the T' vs p* space which summarizes
the results of our study for the GB(0.5,0.2,1.0,2.0) fluid at P}, = 25 and its
comparison with the behaviour of the unconfined fluid. Fig. contains the
results forshigh/temperatures, where all the systems present isotropic and ne-
matic phases, while Fig. contains the results for the lower temperatures up
to T = 2.3, where all the systems have turned into a columnar phase.

At this point it is important to emphasize that our study is focused on the
comparison of systems with a fixed confinement length, where only the tan-
gential component P} = % (Pyz + Pyy) = 25 of the stress tensor is fixed, and,
hence, the direct comparison of an inhomogenous system where P = 25 versus
an homogeneous system where Py, = Pj = P}, = p" = 25, is more qualitative
than quantitative. Indeed, in these confined systems the pressure is not fixed
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but rather only the average value of the tranverse component of the pressure
Py}, which results in a different value of the normal component of the pressure
P = P},. As expected [43], only far from the interface, where the bulk is
recovered, all the elements of the diagonal of the stress tensor are equal. In our
study for temperatures where the system presents isotropic and nematic phases
the biggest difference obtained between the tangential and normal components,
at the bulk, is about ~ %0.6, which could be fairly treated within the numerical
error. Observe that for this temperature regions it is straightforward to'delimit
a region of the cell where the system’s bulk is present. Our results indicate
that, for temperatures where the nematic phase is present, the lower anchoring
strength results in Py > 25, while the other anchoring strengths result in a sys-
tem with Py < 25. Increasing the anchoring strength, reduces thie value of Py
in the system. Notice that, contrary to Pr, the normal pressure is independent
of z* for this inhomogeneous system. This is a goodilink between the behaviour
observed at the system’s bulk, for the isotropic and nematic regions, and the re-
sults for the normal pressure. For example, the system with the lower anchoring
strength has a Py > 25 and, hence, a density at the bulk slightly higher than
that obtained for the unbounded system at P* =25., Also, the system with the
higher anchoring strength has the lower value/of Ry which results in the lower
value of the bulk’s density.

Figs. and show the averagendensity calculated in two different
ways: panel (a) shows the average in'the whole cell, while panel (b) shows the
average only in the central{partyof theicell/(z* € [10,15]), where the density
is approximately constant. Netice that in Fig. at temperatures where
all the systems remain in the isotropic phase T* > 2.7, the average density
shows no clear difference between amy of the systems. This means that the
equilibrium volume /obtained, for a given temperature and a given tangential
pressure component, is the same for all the systems if they remain in the isotropic
phase at the bulk. When the bulk of the system changes from isotropic to
nematic, the density changes abruptly, as can be seen from the density behaviour
of the infinite systemr (black symbols in Fig. . This changes the average
density of the entire system.
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29

2.7

Figure 10: Region of the phase diagram where the uncenfined and four confined sys-
tems are in the isotropic and nematic phases. The black lines represent the infinite
system, while the red, green, blue and cyan lines stand for the confined systems with
anchoring strength of ¢, = 1,5,10 and 15, respectively.:, Open circles represent the
isotropic phase and open triangles stand for the nematic phase. Two different re-
gions used for the calculation of the ayerage density aresshown: a) shows the average
density calculated over the entire cell; while in b) the average bulk density presented
corresponds to value obtained at the eentral region of the cell: z* € [10,15].

Further understanding of the temperature/depression of the Isotropic-Nematic
transition, can be obtained by analyzing the behaviour of the density at the sys-
tem’s bulk: Fig shows thatfor the unconfined system, the isotropic phase
(black circles) is obtained for T* 2 2u68/and the nematic phase (black triangles)
is obtained for T* €]2.54,2.66]. As/compared to the infinite system, the two
smaller anchorings do netimodify significantly the isotropic-nematic transition
temperature nor the width of the temperature regions where the nematic phase
is present (blue and green lines represent the results for ¢, = 1 and ¢, = 5
systems, respectively. Cirelesistand for isotropic phase while triangles stand for
nematic phase)./ For the system with ¢, = 1, the lowest temperature where
the isotropic phase is obfained, is slightly higher than the one obtained on the
infinite system (7% =2.7 vs T* = 2.68, respectively). This is the result of the
depletion effect of the walls at this low attraction strength, which translates in
a higher demnsity at the bulk as compared to the unbounded system. This result
is in accordance to what is observed for a system of hard spherocylinders con-
fined between hard walls [44]. For €, = 5, the system remains in the isotropic
phase for T7%:>"2.66, just as the infinite system. Notice that for the three above
mentioned systems, both the density and order parameter have similar values
in\this temperature range. This relationship, where a higher order parameter is
obtained for higher densities of the system, was observed in a previous numerical
study on an inifinte system of prolate liquid crystals [45]. A stronger anchoring
reduces the isotropic-nematic transition temperature, and results in a smaller
nematic temperature region. When ¢,, = 10, the nematic region is delimited
by T* € [2.58,2.64], while for the system with ¢, = 15, the nematic region
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is delimited by T* € [2.54,2.60]. At the nematic phase, the system with,the
stronger anchoring shows a particularly small increment in the bulk’s density
when lowering the temperature. This was previously depicted by the reduced
density curves shown in Fig. [0} and is the result of the layering at the,walls
which decreases the particles available to the nematic phase at the bulk.

2.55—1" ‘ ‘ "&‘ ‘ —

7
i
250 i
®
1
245 I\
. ®
= I
245 — bulk
— e =1
w
— &, =5
2351 — e =10
w
e =15

w

23 I I I I I

Figure 11: Region of the phase diagram that contains the results where the systems are
in a nematic-columnar coexistence (nematic and columnar phase represented by filled
triangles and filled squares, respectively); and in the columnar phase (open squares).
The same color schemes of Fig. [[0]are used. The average density of each phase at the
nematic-columnar coexistence region was calculated by imposing arbitrary limits, in
the z* direction, that determine a regiomrof the cell where the density profile remained
constant. For systems where a single phase*was obtained, the average density was
calculated considering the entire cell.

In Fig. [11] the averageidensity of each phase at the nematic-columnar coex-
istence region was calc¢ulatediby,imposing arbitrary limits in the z* direction,
that determine a region of the cell where the density profile remained constant.
For temperatures below this.coexistence region, the average was taken over the
entire cell, this is; considering both the bulk and the interface. For temperatures
below the nematic region the infinite system turns into columnar, and this phase
is delimitedyby T <:2:54 (black squares). For the two weaker anchorings used,
the system als@turns, from nematic to columnar when lowering the temperature.
Explicitlyythe system with ¢,, = 1 presents a columnar phase for T* < 2.54 and
for €,, =5 a columnar phase is obtained for T* < 2.52. However, notice that for
the two higher values of the anchoring strengths, the nematic-columnar coexis-
tence temperature-region is wide enough to be observed in our annealing process.
Explicitly, whemes = 10 we observed the coexistence for T € [2.54,2.56], and
when €,, = 15 the coexistence was observed for T* € [2.38,2.52]. In other words,
the mematic-columnar coexistence region is wider for the highest value used of
theanchoring strength. For temperatures below the coexistence region, a pure
columnar phase is obtained.

In order to compare our results with experimental data, here we present
some estimates for the dimensionless parameters used in the simulations. First,

18

Page 18 of 23



Page 19 of 23

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - JPCM-112737.R1

notice that all the interesting phenomena observed in this work is around 7 =
kpT/eg ~ 3. Assuming room temperature, then ey ~ 1.315 x 1072 Joules:
With this energy value we can estimate the four anchoring energies, since the
adsorption energy per particle, defined by the minimum of the wall-dise poten-
tial, is |Ea| ~ aey with a € {1.5,8,15.5,23} (according to Fig. for the
face-on case). In order to transform the surface energy density, let us consider
the area of a nematogen in contact with a wall as approximately, A = 7o?/4
and a value of o9 = 40 Angstroms, which corresponds to the diameter of a
triphenylene-based molecule [46]. This results on a surface energyndensity of
a x 10~*Joules/m?2. Substituting o with the highest and lowest value of 1 and
23, respectively, we obtain a minimum value of 1.6 x 10-#Joules/m?%4nd a max-
imum value of 2.5 x 1073 Joules/m? for the surface density energy, both within
the range of the highest experimental measured anchoring energy, where the
experimental values range from 1076J/m? to 10 3d/m? |[17,47]. With respect
to the size of the cell, the reference value of the diameter of a triphenylene-based
molecule results in L, = 2509 = 100 nm. Notice that this value is again near to
the experimental values for confined liquid crystals, which range from confine-
ment lengths of 10 nm to 200 nm [48l|49]/ Finally, considering a value for the
reduced pressure of P* = Po{ /ey 2425, resiilts on an approximated pressure of
5.3 x 10° Pascals which is well within the reach of‘experiments done with liquid
crystals under high pressure (8 x 10% aceording to reference [50]).

It is interesting to notice that for both type of systems, confined and uncon-
fined, the system presents big density variations throughout the whole annealing
process (Figs[10] and [L1). “Thissphenomenon is not observed in real LC systems
where, for example, in the nematie=columnar transition the fractional change of
volume is proportional to 1 x 1073 [50]. In our case, the fractional change of
volume on the same'transition, is an‘order of magnitude higher. Although the
Gay-Berne model is well’known to accurately represent the mesophases observed
in real molecular liquid crystals;and for many studies it has been parameterized
with the reference of a particular real molecule (as our case, where a trypheni-
lene molecule wasseonsidered to adjust the Gay-Berne parameters), it is possible
that specifically with regard to density behaviour, this model adjusts better to
a model of. colloidal liquid crystals rather than to molecular liquid crystals.

4 Conelusions

In this mumerical study we have discussed the effects that the anchoring strength
has.en the mesophases of a discotic liquid crystal. We explored a slab geometry
with/a fixed length and a face-on anchoring, while four different depths in the
dis¢-wall potential were considered. This was achieved by using an ensemble
that kept fixed the distance between the walls and the tangential stress tensor
components. Performing simulations on an ensemble where the confinement
length is fixed forbid us from the possibility of comparing confined systems where
the pressure is fixed. The chosen width of the slab allowed to clearly recognize
the isotropic-nematic and nematic-columnar phase transitions. Using thinner
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cells may have result in continuous transitions, instead of the discontinuous enes
observed, as shown in references [21}[51].

Our results show that the anchoring has an impact on the nematic phase:
when the anchoring strength is higher, the range of temperatures where this
phase is present is reduced. In other words, a strong anchoring of.the walls
destabilizes the nematic phase in favour of the columnar phase. The corre-
sponding transition temperature shows a clear behaviour in the'confined sys-
tems: increasing the anchoring strength reduces the temperature at which the
system turns to nematic. This is the result of studying al systemmwhere the
distance between the walls is fixed. In such a system, the normal component of
the pressure tensor depends on the value of the anchoringystrength. Different
values of the normal component of pressure tensor result on different equilib-
rium densities at the system’s bulk, which in turn chianges the order parameter
in this region. Hence, when the anchoring strengthris increased, the density at
the bulk decreases, which in turn decreases the jorder parameter at the bulk.
Notice that this result is, to some extent, counterintuitive, as the anchoring is
promoting an orientational order near the wall, and it.could be expected that
this order were translated, via elastic forces, into.a higher order parameter at
the bulk. However, this is not thefcase, as’an interplay happens between the
interface and the bulk: not only ‘dees,a highersanchoring increases the order
around the wall, but also the number, of particles at the interface, which in turn
reduces the bulk’s density. Reducing the density is translated into a lower order
parameter.

The anchoring strength alse has an meticeable impact on the confined sys-
tems at temperatures below the mematic phase region: the two systems with
a stronger anchoring, (e,, = 10 and 15) show a nematic-columnar coexistence
region that is not observed in the two systems with a lower anchoring (e, = 1
and 5). This is, increasing the anchoring strength widens the nematic-columnar
coexistence temperature-region: In the system where €¢,, = 15, the adsorption
coefficient shows a thin-thick film transition at the walls.
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