
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
D

ec
em

be
r 

20
18

. D
ow

nl
oa

de
d 

on
 1

1/
22

/2
02

5 
4:

27
:2

9 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Mesoscopic simu
aBeijing National Laboratory for Molecula

Sciences and Materials, State Key Labora

Institute of Chemistry, Chinese Academy of

hxguo@iccas.ac.cn
bUniversity of Chinese Academy of Sciences,
cDivision of Polymer Chemistry and Materia

Celestijnenlaan 200F, B-3001 Heverlee, Belg

Cite this: RSC Adv., 2018, 8, 42060

Received 18th November 2018
Accepted 30th November 2018

DOI: 10.1039/c8ra09490j

rsc.li/rsc-advances

42060 | RSC Adv., 2018, 8, 42060–420
lations of temperature-dependent
anchoring and wetting behavior at aqueous–liquid
crystal interfaces in the presence of a rod–coil
amphiphilic monolayer

Zunmin Zhang, ac Hongxia Guo *ab and Erik Nies*c

Dissipative particle dynamics simulations have been applied to study the temperature dependent anchoring

and wetting behavior of thermotropic liquid crystals (LCs) in the presence of a rod–coil amphiphilic

monolayer at the aqueous–LC interface. Upon cooling in the nematic phase, a thermally-induced

anchoring transition from homeotropic through tilted to planar has been observed. The growth and

propagation of smectic order from the interfaces to the bulk nematic LCs are demonstrated to be mainly

responsible for this novel transition sequence. In particular, when a complete smectic layer in the

amphiphile monolayer is induced around the bulk transition of nematic–smectic-A, the propagation of

homeotropic alignment fails instantly and a unique planar anchoring configuration is formed instead.

While heating towards the isotropic phase, simulation results show that the nematic–isotropic transition

of confined LCs is slightly shifted to a higher temperature, and a nematic wetting layer with homeotropic

alignment appears in the rod block monolayer when the bulk LCs is isotropic. Our systematic simulations

throughout the whole phase regimes of LCs provide important molecular-level insight into how the

coupling between the ordering of LCs and adsorbents and their temperature dependencies affect the

anchoring behavior in this complex system, which should be instrumental in the rational design and

application of advanced LC-based biosensors with optimal operating temperature range.
1. Introduction

It is well known that thermotropic liquid crystals (LCs) near
interfaces exhibit a preferred direction of alignment that
extends into the bulk over macroscopic distances, a phenom-
enon dened as surface anchoring. Generally, depending on the
molecular details of the surface, the alignment of LCs may be
parallel to the interface (planar anchoring), normal to the
interface (homeotropic anchoring), or at some acute angle to
the interface (tilted anchoring). Recently, considerable atten-
tion has been paid to the anchoring behavior at the interfaces
between LCs and immiscible aqueous phases,1–4 since this type
of interface exhibits a unique deformable and uid nature, and
consequently provides a novel platform for studying the
molecular assembly and specic biomolecular recognition
events. For example, the adsorption and organization of
amphiphiles (e.g. surfactants,5–7 lipids,8,9 polymers,10 etc.) at
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aqueous–LC interfaces strongly inuence the orientational
ordering of LCs, which further has been exploited in the study
of, e.g., enzymatic reactions,8 protein binding events,11 DNA
hybridization.12 Additionally, the anchoring transition of LCs
induced by these molecular-level events can be readily visual-
ized in real time due to the optical birefringence properties,
which presents new opportunities for the creation of fast and
inexpensive chemical and biological sensors.1–4

As a consequence of these promising applications, intensive
efforts have been devoted to understanding the underlying
mechanism. Previous studies by Abbott and co-workers5–7 have
shown that upon the addition of amphiphiles in aqueous
phase, some of them adsorb at the interface and trigger the LC
phase to undergo a continuous orientational transition, from
planar through tilted to homeotropic. The interfacial concen-
tration, conformational property and tail organization of
amphiphiles have been observed to be important in directing
the homeotropic alignment. The principle qualitatively drawn
from these experiments is that, with increasing the amphiphile
coverage, the amphiphile monolayer is packed more densely
and orderly with the amphiphile tails stretching further, which
allows the deeper penetration of LC molecules into the
amphiphile monolayer and in turn induces homeotropic
anchoring. Our simulation study13 has further revealed that the
This journal is © The Royal Society of Chemistry 2018
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tails of amphiphiles may act as an interfacial orientation eld in
dictating the orientational ordering of LCs, which is in the same
spirit as the conclusions of Bahr.14,15 Moreover, recent work also
suggests that the ordering of LCs also has a signicant effect on
the interfacial assembly of amphiphiles.16–22 For example,
molecular simulation study by some of us19 has shown that with
an increase of amphiphiles at interface, the perpendicular
penetration of LCs in monolayer as well as the stronger
coupling between LCs and amphiphile tails, promote the lateral
ordering transition from liquid-expanded to liquid-condensed
phase in the resulting mixed monolayer. Very recently, in LC
nanodroplets decorated with surfactants, a liquid-crystal phase
(nematic or smectic) is found to induce much richer nano-
phases with morphologies dependent on surfactant concen-
tration and temperature, including circular, striped and worm-
like patterns.20–22

In view of the fact that both the orientational ordering of
bulk thermotropic LCs23 and the lateral ordering of amphiphile
monolayers at isotropic interfaces (i.e., air–water and liquid–
liquid)24 are sensitive to temperature, we thus expect that the
thermal effects are also to remarkably inuence the anchoring
behavior of LCs at heterogeneous system such as aqueous–LC
interface. Actually, there have been several experimental and
theoretical studies aimed at exploring the temperature-driven
anchoring transitions of LCs in contact with solid substrates,
wherein the alignment of LCs was found to change from planar
to homeotropic and vice versa continuously or discontinuously
with temperature.25–30 In contrast with these solid interfaces, the
lateral mobility of amphiphiles adsorbed at the aqueous–LC
interfaces could be substantially improved, which facilitates the
spontaneous reorganization of amphiphile monolayers at
a given temperature. From a perspective of the strong coupling
between amphiphiles and LCs, thus a rich thermally-induced
anchoring behavior is expected to emerge at aqueous–LC
interface. We have to note that, although the surfactant-laden
LC nanodroplet provides a robust aqueous–LC interface for
the discovery of new classes of nanophases of amphiphiles,20–22

the small and highly-curved interface is supposed to distort the
propagation of the interfacial coupling of surfactant–LC into
the bulk LCs, hence it may not be a viable platform for a direct
examining of the thermally-induced anchoring behavior at
aqueous–LC interfaces for potential applications.

In case of the great promise of this type of LC-based detec-
tors, a deeper understanding of the molecular-level mecha-
nisms for the temperature-induced anchoring transitions is not
only interesting from a fundamental point of view but also
instrumental in facilitating its advanced applications. As
a computationally efficient method for probing the large-scale
cooperative behavior in particularly complex systems, dissipa-
tive particle dynamics (DPD) simulation technique in combi-
nation with generic coarse-grained models are employed in this
paper to investigate the basic mechanism of how the tempera-
ture affects the anchoring behavior of LCs at the aqueous–LC
interfaces laden with rod–coil amphiphiles. Actually, our
previous work13 has already demonstrated the rationality and
efficiency of this model system in studying the anchoring
behavior, i.e., a rich anchoring transition sequence is
This journal is © The Royal Society of Chemistry 2018
successfully reproduced by tuning an individual interaction
parameter for the repulsion between the mesogens and the rod
blocks of amphiphiles, which is essentially playing a role of
changing the chemical constitution of amphiphilic molecules
or mesogens. As an succeeding application of our coarse-
grained models for this interfacial system,13 by xing the
above repulsion parameter and the amphiphile interfacial
coverage, here we mainly explore the temperature dependent
anchoring behavior. In the low-temperature nematic phase
while cooling the homeotropic sample, we observe a rich
thermally-induced anchoring transition sequence from home-
otropic through tilted to planar. The simulations suggest that
this behavior arises from the growth and propagation of
a smectic order in the nematic phase with decreasing temper-
ature. Whereas, when the bulk LCs is heated to the high-
temperature isotropic state, the orientational wetting,
a phenomenon closely related to surface anchoring that occurs
above the nematic–isotropic bulk phase transition temperature
at surfaces, is also probed when the bulk LCs is heated to the
high-temperature isotropic state. It is worthy to mention that
the temperature-dependent anchoring transitions produced in
this study qualitatively agree well with some experimental
observations. Therefore, the simplied coarse-grained models
we developed capture the essential physics of the experimen-
tally observed anchoring behavior of LCs at aqueous–LC inter-
faces, which will continue to provide useful guidelines for the
rational design of advanced LC-based biosensor in a wide
parameter range including temperature, interaction parame-
ters, system composition, molecular architecture, and so on.
2. Simulation method and models

As a particle-based mesoscopic simulation technique, DPD has
been successfully applied to study various complex uids.31–37 In
the method, each DPD particle represents a cluster of atoms or
molecules, and the corresponding dynamics is governed by
Newton's second law of motion. The total force acting between
two particles is usually expressed as a sum of a conservation
force, a dissipative force and a random force within a selected
cutoff radius rc. The conservation force is a so repulsion given
by:

FC
ij ¼

�
aij
�
1� rij

�
rc
�
r̂ij

�
rij\rc

�
0

�
rij $ rc

� (1)

where aij is the force parameter determining the maximum
repulsion strength between particle i and j, rij ¼ ri � rj and r̂ij ¼
rij/ |rij|. The other two forces act together as a thermostat, which
maintains an equilibrium temperature for the simulated
system:

Fij
D ¼ �guD(rij) (vij$r̂ij)r̂ij, (rij < rc) (2)

Fij
R ¼ suR(rij)qijDt

�1/2r̂ij, (rij < rc) (3)

where g is the friction coefficient, s is the noise amplitude, qij is
a random number generated from a Gaussian distribution with
zero average and unit variance, uD(rij) and uR(rij) are the
RSC Adv., 2018, 8, 42060–42067 | 42061
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distance dependent weight functions and a simple form33 is
chosen as:

uD
�
rij
� ¼ �

uR
�
rij
��2 ¼

��
1� rij

�
rc
�2 �

rij\rc
�

0
�
rij $ rc

� (4)

In order to generate a correct equilibrium Gibbs–Boltzmann
distribution, the dissipative and random forces must satisfy the
uctuation–dissipation theorem given by the conditions:

uD(rij) ¼ [uR(rij)]
2, s2 ¼ 2gkBT (5)

where kB is the Boltzmann constant. In addition, g ¼ 2.66 is
applied in this study, and s varies with g and the temperature
according to eqn (5).

In the following we will briey review the simulation models
introduced by some of us earlier.13 It is worth to stress that as
the rod blocks exhibit a much higher orientational order at the
interface than the exible tails of conventional amphiphiles and
can further act as the ordering interface eld,13 a kind of rod–
coil amphiphilic molecule is chosen. Like our earlier work,
there are three kinds of molecular species in the present model
system, including the rod-like mesogens (M7), rod–coil amphi-
philes (R10C7) and water molecules (C1), as schematically shown
in Fig. 1a. The subscript, such as in M7, refers to the number of
DPD beads in the molecule or the block. For more details about
the choice of bead number for each individual molecule we also
refer to ref. 13. Note that three types of beads (M, R and C) are
considered in our simulation systems. All beads have same size
and mass and interact with the aforementioned so repulsive
potential. Hence the system is characterized by six repulsion
parameters, which describe the mutual incompatibility of
mesogens, water, heads and tails of amphiphiles. Following the
earlier settings,13 aRR ¼ aCC ¼ aMM ¼ 203 and aCM ¼ aCR ¼ 403
are chosen. It is worth to mention that in the present study 3¼ 1
is considered as the unit of energy. The cut-off distance and
bead mass are also set as the reduced units, that is rc ¼ m ¼ 1.
Then the reduced temperature unit is dened as 3/kB and the
scale of time is given by (mrc

2/3)1/2. Particularly, to mimic the
Fig. 1 Schematic representation of (a) the molecular structures of
water (C1), rod–coil amphiphiles (R10C7) and mesogens (M7), and (b)
the initial configuration of simulated systems.

42062 | RSC Adv., 2018, 8, 42060–42067
strong affinity between the mesogens and the rod blocks of
amphiphiles, a relatively weak repulsive parameter aMR ¼ 10 is
applied in the current study. With this favorable interaction, it
has been demonstrated that the ordered rod blocks tend to
orient along the interface normal and in turn act as an inter-
facial orientation eld to align mesogens with a homeotropic
anchoring at a given temperature T ¼ 0.50.13

Both the mesogens and amphiphiles are modelled as bead-
spring chains, wherein the spring potential is dened as
Ubond ¼ 0.5kbond(r � req)

2 with kbond ¼ 100 and req ¼ 2/3, Two
additional potentials are applied for the mesogen and the rod
block of the amphiphile to keep their rod-like structures:23 an
extra bond potential between the rst and last bead, Ubond

ex ¼
0.5kbond[r � (n � 1)req]

2 with kex ¼ 500 and a bond bending
potential, Uf ¼ 0.5kf(f � p)2 with kf ¼ 30. It should be noted
that with these set of parameters, the bulk mesogens (M7) could
undergo a nematic–isotropic (N–I) phase transition at
TB
N/I ¼ 0:55� 0:005 and a nematic–smectic-A (N–SmA) phase

transition at TB
N/SmA ¼ 0:25� 0:005:23 Obviously, such

a substantially wide temperature window of the nematic phase
allows us to systematically explore the complex thermally-
induced anchoring behavior of nematic LCs at aqueous–LC
interfaces with a ne resolution.23

All simulations are performed in a rectangular box (Lx ¼ Ly ¼
22.0, Lzz 61.0) with a bead number density of r¼ 4.0, involving
9000 mesogens, 776 rod–coil amphiphiles and 42 000 water
beads. Accordingly, the surfactant coverage at the interface is
roughly xed at rs¼NR10C7

/(LxLy)z 0.8. In addition, the periodic
boundary conditions are applied in all three directions, effec-
tively creating a lm of conned mesogens periodic in x� and
y� directions but imposing nano-connement in the z�
direction by the rod–coil amphiphiles and water. We started our
simulations from an initial state consisting of two neighboring
slabs of water and disordered LCs with rod–coil amphiphiles
randomly dispersed at the two water–LC interfaces, as sche-
matically illustrated in Fig. 1b. Aer equilibration at tempera-
ture of T ¼ 0.50, the well-dened homeotropic anchoring of
nematic LCs could be obtained, which is then gradually cooled
and heated through the bulk phase transitions of N–SmA and
N–I with a resolution of DT ¼ 0.01 respectively in order to
investigate the temperature effect on the anchoring behavior.

The orientational ordering of the mesogens and the rod
blocks of amphiphiles was quantied by the diagonalization of
the ordering tensor, dened as

Q ¼ 1

N

XN
i¼1

�
3

2
ðûiÞaðûiÞb�

1

2
dab

	
; a; b ¼ x; y; z: (6)

where ûi is the unit vector along the long axis of the ith chain.
The orientational (uniaxial) order parameter (Su) is then ob-
tained as the largest eigenvalue with the director as the corre-
sponding eigenvector. Note that the value of Su should be close
to zero in the isotropic phase and tend to one in the highly
ordered state. Since LCs near to the interfaces may exhibit
biaxiality in the planar anchoring condition, the biaxial order
parameter (Sb) is also used to characterize the surface-induced
biaxial ordering, calculated as the absolute value of the
This journal is © The Royal Society of Chemistry 2018

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra09490j


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
D

ec
em

be
r 

20
18

. D
ow

nl
oa

de
d 

on
 1

1/
22

/2
02

5 
4:

27
:2

9 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
difference between the other two eigenvalues. In order to
identify the anchoring state, the director tilt angle q is used with
the denition of the angle between the director of mesogens or
the rod block of amphiphile and the interface normal (z axis of
simulation systems).
3. Results and discussion
3.1 Anchoring transition upon cooling

Numerous DPD simulations have been performed in this study
to thoroughly examine the alignment and arrangement of bulk
LCs at different temperatures. Fig. 2 presents the temperature
dependent orientational order parameter and director tilt angle
of mesogens locating at the bulk center. It is clear that there is
a rich anchoring behavior with varying the temperature.

As can be seen from Fig. 2a, while cooling in the nematic
phase, the director tilt angle hqi of the bulk mesogens gradually
increases from 2.72� at T¼ 0.50 to 23.65� at T¼ 0.37, indicating
a continuous anchoring transition of homeotropic-to-tilted. It is
worthwhile to note that this transition is found to be reversible
without any thermal hysteresis. To the best of knowledge, this
kind temperature-dependent anchoring behavior has never
been reported on aqueous–LC interfaces. However, a similar
continuous homeotropic-to-tilted transition was once reported
experimentally on solid substrates,25,26 and the underlying
mechanism was qualitatively explained on the basis of the
different dependence on temperature of four competing inter-
actions at the interfaces, i.e. dispersion interactions, steric
Fig. 2 (a) The orientational order parameter Su and director tilt angle
hqi of the rod-likemesogens at the bulk center (locating between�4.0
< rz < 4.0) as a function of temperature. (b) Snapshots of four typical
anchoring configurations at T ¼ 0.36 (planar), 0.38 (titled), 0.50
(homeotropic) and 0.56 (disordered).

This journal is © The Royal Society of Chemistry 2018
interactions, dipolar interactions and electrostatic interac-
tions.25 In order to yield a deeper understanding of this novel
thermally-induced anchoring transition, the detailed organiza-
tion of four typical anchoring congurations at different
temperatures is examined carefully. As clearly exhibited in
Fig. 3(a and b), the orientational order parameter of the bulk
LCs (approximately located at �10.5 < rz < 10.5) increases from
0.758 � 0.003 at T ¼ 0.50 to 0.844 � 0.003 at T ¼ 0.38 with
a subsequent cooling process, accompanied by a gradual devi-
ation of its orientation from the interface normal to hqi ¼
23.65�. More importantly, it is very interesting to further observe
that periodic oscillations in the density prole of mesogens,
originating from the rod block monolayer and quickly decaying
into the bulk LCs, start to appear at T ¼ 0.50 and strengthens
with decreasing the temperature, as shown in Fig. 3c. During
this transition, the layer spacing of this unexpected trans-
lational ordering measured from the peak–peak distance is also
found to decrease slightly from 4.62 to 4.18, roughly satisfying
a condition of d ¼ dSmA � cos(hqi) with dSmA ¼ 4.62 being the
smectic-A layer spacing.23 Accordingly, it is reasonable to
conclude that a surface-induced smectic order appears and
grows in the nematic LC phase upon cooling, and simulta-
neously shis from smectic-A-like to smectic-C-like, which may
play a crucial role in this continuous homeotropic-to-tilted
anchoring transition.
Fig. 3 Typical profiles of (a) orientational order parameter Su, (b)
director tilt angle hqi and (c) density of the center of mass rcm, for
mesogens along the interface normal at different temperatures during
the homeotropic–tilted anchoring transition.

RSC Adv., 2018, 8, 42060–42067 | 42063
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Fig. 4 Profiles of (a) density of the center of mass rcm (black dash
curve) and the beads rb (blue solid curve) and (b) orientational order
parameter Su (black dash curve) and director tilt angle hqi (blue solid
curve) for mesogens along the interface normal at T¼ 0.36. “H” and “P”
represent the homeotropic and planar alignment, respectively.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
D

ec
em

be
r 

20
18

. D
ow

nl
oa

de
d 

on
 1

1/
22

/2
02

5 
4:

27
:2

9 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
In fact, the inuence of smectic short-range order on the
anchoring transition has been investigated previously on solid
substrates.27–30 Although most of studies have shown that the
growth of surface-induced smectic order in the nematic phase
prefers to drive a alignment transition from planar or tilted to
homeotropic,27–29 an inverse transition reminiscent of our
ndings was once achieved by Barbero and Komitov30 due to the
appearance of smectic-C-like order at the solid surface. In view
of the absence of smectic-C phase for the studied mesogens
(M7) in bulk,23 the formation of the smectic-C-like order may be
associated with the connement. Intuitively, due to the
mismatch between the length of mesogens and the z-dimension
of simulated system, the smectic-A phase of conned LCs is not
likely to be formed with the layers parallel to the aqueous–LC
interfaces. Upon cooling, the growth of the smectic-A order in
nematic phase is supposed to be distorted by the dimensional
mismatch of the connement, and instead mesogens have to
tilt adopting a smectic-C-like order for effective packing, leading
to a continuous homeotropic-to-tilted anchoring transition.
These results are partly consistent with a prior molecular
simulation study that an unusual smectic-C ordering was found
in the vicinity of grooved surfaces.38 However, it is not evident
that the transitions reported here will be found at unconned
interfaces or in the macroscopic systems described in litera-
ture.2 For comparison, the thickness of the conned LCs sample
in those experiments is usually thousands of times the length of
liquid crystal molecules, and consequently the effect of
dimensional mismatch is negligible.

In addition, it should be pointed out that regardless of the
anchoring states there is a very thin planar anchoring layer in
the vicinity of the aqueous–LC interface, as clearly shown in the
director tilt angle prole in Fig. 3b. Our previous study13 has
demonstrated that a few penetrated mesogens within the rod
block monolayer prefer to lie down on the interface so as to
effectively reduce the interfacial tension.39–41 It is found that the
aqueous–LC interface becomes more at and smooth with
lowering the temperature, and the thin planar anchoring layer
is conrmed at lower temperature by the appearance of a weak
peak near the interface (located at rz � �17.30) shown in the
density proles in Fig. 3c.

Upon further cooling toward the N–SmA bulk phase transi-
tion, a discontinuous anchoring transition of tilted-to-planar
occurs, indicated by a sudden increase of the tilt angle of bulk
mesogens from 24.5� at T ¼ 0.37 to 88.5� at T ¼ 0.36 (see
Fig. 2a). The visual snapshot of the corresponding conguration
in Fig. 2b vividly displays that one homeotropic layer within
each rod block monolayer is formed in this unique planar
anchoring. As exhibited in Fig. 4a, the homeotropic layer
structure was conrmed by a sharp peak in the density prole
for the center of mass of mesogens. Seven strong oscillations
shown in the bead density prole of Fig. 4a, corresponding to
seven beads in the mesogen chain, further demonstrated the
highly ordered arrangement of mesogens with homeotropic
alignment. Accordingly, a much higher orientational order
parameter (Su almost equal 1.0) with amuch smaller tilt angle is
observed in the region of the homeotropic layer (Fig. 4b).
Besides that, it has to be mentioned that no signicant in-layer
42064 | RSC Adv., 2018, 8, 42060–42067
positional ordering is observed. These characteristic structural
features suggest that a complete smectic-A layer with homeo-
tropic alignment is formed within the rod block monolayer at T
¼ 0.36, while the bulk LCs are still in the nematic phase. In the
light of the weaker repulsive interactions between the rod
blocks andmesogens, the mesogens prefer to penetrate into the
rod block monolayer, leading to a local density increase of 15%.
Therefore, the formation of the homeotropic layer should be
largely attributed to the increased local density and the pres-
ence of the longer rod block, which are well known to shi the
N–SmA phase transition to higher temperature.42–45 In addition,
since the length of rod block (LR ¼ 6.0) is 1.5 times the mesogen
length (LM ¼ 4.0), the rod block monolayer cannot provide
enough space for the formation of a second smectic layer. As
a result, the rest of mesogens have to comply with the orienta-
tion of bulk LCs and adopt the planar anchoring in order to
minimize the distortion of the director. Note that a weak biax-
iality is observed for these planar aligning mesogens near the
homeotropic layer, which quickly vanishes in the bulk LCs.

Detailed examinations of the dynamic behavior have also
been performed to understand this tilted-to-planar anchoring
transition. As typically illustrated in Fig. 5, the time evolution of
the director tilt angle for mesogens in different slabs along the
interface normal is monitored. It is found that upon cooling,
a phase separation of mesogens occurs within the rod block
monolayer, as reected in the completely opposite variation of
the mesogen orientation for the slabs located at rz ¼ 12.0 and
14.0. Around 4.5 � 105 time steps, one smectic layer (rz ¼ 14.0)
of mesogens with homeotropic alignment is formed, and then
mesogens exchange with this layer is found to be no longer
available. Subsequently, the other mesogens (rz ¼ 12.0) in the
rod block monolayer start to gradually orient parallel to the
interface, and this orientation adjustment quickly propagates
This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Time evolution of the director tilt angle hqi for the mesogens in
different slabs along the z axis while cooling from the tilted anchoring
at T ¼ 0.37 to the planar anchoring at T ¼ 0.36. The thickness of each
slab is equal to 2.0. The slabs whose centers at rz ¼ 12.0 and 14.0
respectively reside in the rod block monolayer, while the slab of rz ¼
0.0 locates at the bulk center.

Fig. 6 Snapshots of (a) the typical anchoring configuration in the
smectic phase (T ¼ 0.21) and (b) the top view of the corresponding
bulk LC (locating between �10.5 < rz < 10.5) in the same sample.

Fig. 7 Profiles of the orientational order parameter Su and the director
tilt angle hqi of mesogens along the interface normal direction (z axis)
for a disordered configuration at T ¼ 0.56.
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into the bulk LCs. Given such dynamic behavior, it is thought
that the formation of the homeotropic smectic layer may
effectively act as a hard wall preventing other mesogens to
penetrate, in consideration of the poor inter-layer diffusion of
smectic-A phase, consequently driving the formation of planar
anchoring in bulk. The underlying mechanism is apparently in
the same sprit as discussed in a theoretical study of the planar
anchoring induced by the very high surfactant coverage at
a solid surface.46 Similar planar anchoring states induced by the
temperature-dependent condensed phase of surfactant mono-
layers have also been experimentally studied at the aqueous–LC
interface18 or at the air–LC interface.47

Below the temperature of N–SmA bulk phase transition, it is
worthwhile to note that the unique planar anchoring observed
in the low-temperature nematic phase remains unchanged but
an unexpected smectic-C structure is formed instead of the
smectic-A phase in bulk. As typically shown in Fig. 6, the
director of the bulk mesogens is clearly different with the
normal direction of smectic layer. Intuitively, this behavior
should also be associated with the connement nature of liquid
crystals located between the aqueous–LC interfaces.

3.2 Wetting behavior upon cooling

While heating toward the N–I bulk phase transition, as shown
in Fig. 2, the orientational ordering of the bulk LCs weakens
gradually, but the homeotropic anchoring remains unchanged
until the isotropic phase is formed at T ¼ 0.56. In comparison
with the pure LC system ðTB

N/I ¼ 0:55� 0:005Þ; 23 it is inter-
esting to nd that the N–I transition is slightly shied to
a higher temperature, which may be attributed to the presence
of surfactant-coated interfaces.48,49 At the temperatures above
this transition, despite the bulk LC is in the isotropic state, the
rod blocks still exhibit a pronounced orientational ordering
with the direction perpendicular to the interface, owing to its
larger aspect ratio. Consequently, a nematic wetting layer with
homeotropic alignment is induced by the ordered rod blocks at
This journal is © The Royal Society of Chemistry 2018
the aqueous–LC interface. As illustrated in Fig. 7, for example,
along the interface normal the orientational order parameter
prole for the wetting layer at T ¼ 0.56 displays a peak-like
shape with a maximum value (Su ¼ 0.65) in the middle of the
rod block monolayer. Close to the aqueous phase, the homeo-
tropic penetrating mesogens are distorted largely as the
immiscible interface favors the planar anchoring, leading to
a decrease of the order parameter. Near to the bulk isotropic
LCs, the orientational ordering quickly decreases and decays to
zero beyond the rod block monolayer. In addition, it should be
noted that with further increasing temperature the nematic
wetting layer rapidly loses its ordering, and the amphiphile
monolayer at the aqueous–LC interface gradually becomes
unstable and collapses at T ¼ 0.61.
4. Conclusions

In this paper, DPD simulations have been performed to
systematically investigate the effect of temperature on the
anchoring and wetting behavior at the aqueous–LC interfaces
laden with rod–coil amphiphiles. Upon cooling toward the N–
RSC Adv., 2018, 8, 42060–42067 | 42065
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SmA bulk phase transition, we have observed a continuous
anchoring transition of homeotropic-to-tilted, which can be
attributed to the growth and propagation of a smectic order
from the interfaces to the bulk LCs with decreasing the
temperature. Further cooling the sample, a real smectic layer is
found to be formed within each rod block monolayer, which
effectively acts as a hard wall preventing other mesogens to
penetrate, and consequently triggers a discontinuous anchoring
transition from tilted to planar alignment at T¼ 0.36. Below the
temperature of N–SmA bulk phase transition, an unexpected
smectic-C structure with planar anchoring is induced instead of
the smectic-A phase in bulk due to the connement nature of
liquid crystals located between the aqueous–LC interfaces. In
addition, the orientational wetting behavior has also been
studied by heating the homeotropic sample into the isotropic
phase. The simulation results show that in this conned system
the N–I phase transition is slightly shied to a higher temper-
ature, and an orientational wetting layer with the homeotropic
alignment is observed in the rod block monolayer when the
bulk LC is in the isotropic phase.

Clearly these ndings provide molecular insights into the
underlying mechanism of how the coupling between the
ordering of liquid crystals and adsorbents and their tempera-
ture dependence affect the anchoring and wetting behavior at
aqueous–LC interfaces. Relevant information is important for
optimizing the role of temperature in the rational design and
application of advanced LC-based biosensor.
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43 R. Lukač and F. J. Vesely, Mol. Cryst. Liq. Cryst. Sci. Technol.,
Sect. A, 2000, 352, 249–256.

44 M. Roushdy, Mol. Cryst. Liq. Cryst., 2006, 457, 151–160.
45 G. Cinacchi, L. Mederos and E. Velasco, J. Chem. Phys., 2004,

121, 3854–3863.
This journal is © The Royal Society of Chemistry 2018
46 M. J. Uline, S. Meng and I. Szleifer, SoMatter, 2010, 6, 5482–
5490.

47 X. Feng, A. Mourran, M. Moller and C. Bahr, So Matter,
2012, 8, 9661–9668.

48 H. Yokoyama, J. Chem. Soc., Faraday Trans. 2, 1988, 84, 1023–
1040.
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