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The influence of confinement on the structure
of colloidal systems with competing interactions
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Colloidal systems with competing interactions have a complex phase diagram with several periodic
microphases, in which particles are arranged in lamellae, cylinders or clusters. Using grand canonical
Monte Carlo simulations, we investigate how the structure of the colloidal fluid can be modified by
confinement in channels with different cross-section geometries and sizes. We pay particular attention
to the hexagonal cylindrical phase since it is the most susceptible to form new structures from.
In particular, we considered pores with elliptical, triangular, squared, hexagonal, and wedged-cylindrical
Our results show that the structure of the confined fluid depends on the
commensurability of the bulk periodic structure with the confining cross-section of the channel. We
also find that the structure of the confined fluid can be modified by inserting wedges of appropriate

cross-sections.

geometry and size. These geometrical modifications of the confining pores can be exploited for the

rsc.li/soft-matter-journal

1 Introduction

Colloidal particles that attract themselves at short distance
and repel at large distance form well defined clusters."”® The
attraction leads to the formation of clusters and the repulsion
prohibits the clusters from merging. The spherical clusters are
formed at low or moderate densities. Looesly speaking the
cluster radius is of the order of the range of attraction and
the inter-cluster distance greater than the range of repulsion to
keep the energy low. At intermediate densities, the clusters
grow in one dimension and keep the distance between column-
like clusters greater than the repulsive range. For even higher
densities, the elongated clusters merge with each other and
form slabs sufficiently separated to avoid high repulsion.’
Thus, in practice, at small densities the clusters are arranged
randomly in a cluster fluid phase, while from intermediate to
high densities the clusters self-assemble in periodic structures.
Typically, spherical clusters can form a face centered cubic
crystal, cylindrical clusters can be arranged into a hexagonal
lattice, or layers of colloidal particles can be arranged into
lamellar structures. These features of systems with competing
interactions are universal and have been documented by theory
and simulations in bulk.”®

When a colloidal fluid is confined, both thermodynamic and
structural properties are affected. Different types of confinement
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controlled assembly of colloidal structures.

may be used to promote the formation of structures beyond the
well-known ordered phases in bulk.'®' The process of self-
assembling may be highly useful for development of new tech-
nologies with applications in different fields like drug delivery,
bioelectronics and catalysis.’>"® In particular, colloidal particles
confined in channels of different geometries are used to build
wave-guide devices with applications in sensing’*"

In this article we investigate, by means of Monte Carlo
simulations in the grand canonical ensemble, how the struc-
tures stable in bulk can be altered by confinement. We focus on
the modifications that the cylindrical phase undergoes due to
the effect of the confinement in channels with different cross
sections. In particular, we study the influence of elliptical,
triangular, hexagonal and square channels. Additionally,
we perform a study on cylindrical channels with wedges as
obstacles for the colloidal fluid. We investigate three types of
wedges to understand how the system is affected by curved and
flat walls when both are present at the same time.

The polygons that make up the cross sections of the channels
are regular, thus the side length (L) is the control parameter. The
shape of the elliptical channels are varied by changing their radii
(semi-minor axis (R,) and semi-major axis (R,)). The shape of the
wedge was changed by varying its angle and radius.

2 The model and the simulation
method

We performed Monte Carlo simulations in the grand canonical
ensemble, ie., at fixed chemical potential, temperature and
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volume (g, V, T). The interactions between the molecules are
modeled by the square-well-linear potential given by,

00, r<o
—&, o<r<io
usALR (r) = @)
le(k —r/o), Ao <r<ko
0, r> Ka

In what follows, all the magnitudes are expressed in reduced
units, taking the diameter of the particles, o, as the unit of
length and the value of the potential at the minimum, ¢, as the
unit of energy. We set the values { = 0.05, 4 = 1.5, and x = 4, for
which the bulk phase diagram has been recently evaluated in
ref. 5. The fluid is confined in channels with different cross-
sectional geometries and sizes, which are modeled as hard
impenetrable walls. In previous work, we showed that, under
cylindrical confinement, the fluid assembles into helical struc-
tures, whose morphology depends on the pore radius and
boundary conditions. In addition, we found that the length of
the channel plays an important role as the helical structures
have a preferred pitch about 8.00."" We need to keep the length
of the channels as multiples of the optimal pitch to guarantee
the proper formation of helical structures when the geometry
of the channels allows it. Thus, the channel length was set to
L, = 240 for all the studied geometries in this work.

With the aim of understanding the effect of the channel
geometry, the behavior of the fluid in pores with elliptical,
triangular, hexagonal and square cross-sections is now investi-
gated. Additionally, the possibility of modifying the structure of
the fluid by inserting wedges in the cavity of cylindrical pores is
also explored.

The smallest systems we simulated, ie., the narrowest
channels of each geometry, contained around 150 colloidal
particles and the largest systems around 4000. Systems were
equilibrated over 1-15 x 10° Monte Carlo steps depending on
the system size. Averages were taken over 2 x 10° Monte Carlo
steps. A Monte Carlo step consisted of a trial move, that can be
a displacement, addition or deletion of a particle. The maxi-
mum displacement is adjusted during the equilibration phase
of the simulations to obtain 50% of displacement moves
acceptance. The addition and deletion moves acceptances have
equal values at equilibrium which are around 0.5% for systems
with high density and 1.6% for low density. The structures we
report here are either cylindrical clusters arranged in a hexa-
gonal lattice, with specific lattice constants, or periodic ordered
structures such as helices. The clusters that form such structures
change their size and shape during the simulations. These
changes are more pronounced for frustrated or disordered con-
figurations than for ordered ones.

3 Results

3.1 Cylindrical hexagonal phase under confinement

In this section, the study is conducted at a thermodynamic
state at which the hexagonal cylindrical phase is the most
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stable phase in bulk. In particular, simulations were performed
at T=0.35, u = —2.1, which corresponds to a state located at the
center of the stability region of the hexagonal phase according
to the phase diagram reported in ref. 5. The results presented in
this article are universal for a wide range of values of tempera-
ture and chemical potential for which the hexagonal phase is
stable. We start our study with hexagonal phase since it is the
most susceptible to exhibit exotic structures under confine-
ment according to previous works in diblock copolymers.*®'”

In our former studies we have shown that pores with circular
cross-section induce the formation of helical structures.'" It has
to be stressed that we have never observed structures composed
of straight cylindrical clusters (with the exception of a single
cylindrical cluster in the center of the pore for some selected
pore diameters).

Let us start by presenting the results for the elliptical
channels. We considered three different values for the semi-
minor axis, R, = 3.5, 4.5 and 50, and for each of these values, the
semi-major axis was given different values within R, + ¢/2 <
R, < (2-3)R,. As can be seen in Fig. 1, helical structures are still
present in some elliptical channels, but straight cylindrical
clusters are also observed in some cases. Such structures are
often formed when the shape of the ellipse exhibits the largest
deviations from the circle (i.e., larger eccentricities).

Neither an ellipse nor a circle reflect perfectly the symmetry
of the hexagonal phase. When the hexagonal phase is enclosed
in elliptical or circular pores, one may expect that the mismatch
between the symmetry of the phase and the shape of the
confining walls will cause some frustration that leads to the
deformation of the hexagonal phase. This is indeed what
happens. At the simulated thermodynamic state, the equili-
brium distance between nearest cylindrical clusters in the bulk
hexagonal phase is L, ~ 6.2g, and the radius of cylinders is
ro & 1.70 (as measured from density plots with isosurface pjso =
0.4). Thus, if one wants to promote the formation of cylindrical
clusters, the cross-section of the channels should be chosen
such that it can accommodate a number of straight cylindrical
clusters of radius r,, preferably separated by the distance L.
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Fig.1 The structure of colloidal clusters confined in hard elliptical
channels. The gray surface corresponds to an isosurface with local density
piso = 0.4. Three values of R, were considered and in each case R, + /2 <
Rx < 2R,. Two views of each configuration are shown. The length of the
channel is L, = 24¢. Periodic boundary conditions are applied along the
axial direction.
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Note, however, that the elliptical channels can still accommodate
cylindrical clusters if these conditions are not perfectly fulfilled.
This is usually attained by either deforming the cylindrical
clusters that can adopt also elliptical cross sections and by short-
ening the distance between nearest clusters.

It is interesting to note that for a circular cross-section,
straight cylindrical clusters appear only in the center of the
channel. For pores with elliptical cross-section, the system can
form cylindrical clusters also close to the pore surface.
We attribute this phenomenon to the fact that an ellipse has
regions of different curvatures, unlike the circle which has
everywhere the same curvature. We may speculate that the
straight cylindrical clusters of molecules are stabilized in the
regions of high curvature when the cross-section is such that it
can accommodate a number of cylindrical clusters separated by
a distance close to the equilibrium distance in bulk Z,, as can
be seen in Fig. 1. However, when the dimensions of the cross-
section of the pores are incommensurate with the bulk phase,
helical structures are formed instead. In cylindrical pores we
have obtained up to three intertwined helical clusters without a
cylindrical cluster in the center. In elliptical pores it is possible
to obtain more complex structures with up to five intertwined
helical clusters. As observed in cylindrical pores, in channels
with elliptical cross-section, the formation of right and left-
handed helices is equally probable. The behavior of the average
density and energy with the radii of the elliptical channels is
shown in Fig. 2. In all the studied cases, configurations with
straight cylinders are energetically preferred over the helical
structures since they usually exhibit lower energies. However,
the distorted configurations (for example those for [R, = 8.5,
R, = 4.5¢] and [R, = 9.00, R, = 3.50]) are less favoured than the
helices, that often correspond to local minima between two
distorted configurations.

So far we have considered channels whose cross-section
exhibit a different symmetry from the bulk fluid. But what
happens when the shape of the confining pore is coherent with
the symmetry of the bulk phase? Intuitively one expects that the
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Fig. 2 Average density, p,.. (left side) and average energy, u,,, (right side)
as function of the radii of the elliptical pores.
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confined phase maintains the same symmetry as the bulk
phase for a wide range of pores sizes. To check this hypothesis,
we considered channels with triangular and hexagonal cross-
sections. In the case of triangular pores, we find that, following
intuition, the confined fluid retains the structure of the bulk
hexagonal phase for most of the considered pore sizes (see
Fig. 3). The bulk phase is only significantly deformed for pore
sizes highly incommensurate with its bulk lattice constant, so
that the pore cannot accommodate an integer number of
cylindrical clusters without a significant distortion of the
equilibrium radius and interdistance of the cylindrical clusters
in the bulk phase. This behavior is not only favoured by the fact
that the confining pore respects the symmetry of the bulk fluid
phase; the narrow wedges in the corners of the triangular pore
also promote the formation and stabilization of cylindrical
clusters. Once these clusters are formed at the corners of
the confining triangular pore, they facilitate the growth of
additional cylindrical clusters next to them and their ordering
in a triangular lattice. The evolution of the average density and
energy of the confined fluid as a function of the side length of
the triangular pores is shown in Fig. 4. The energy minima
correspond to those pore sizes which can accommodate a
number of cylindrical clusters whose radius, ry, and inter-
distance separation, L,, match closely the equilibrium values
of the corresponding bulk phase. In particular, the separation
distance between two neighbor cylinders is 6.03¢ at the second
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Fig. 3 The structure of colloidal clusters confined in channels with
triangular cross-sections. The gray surface corresponds to local density
piso = 0.4. Side lengths (L), between 5¢ and 24¢ were considered. Two
views of each configuration are presented. The length of the channel is
L, = 240. Periodic boundary conditions along the axial axis are used.
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Fig. 4 Average density, p,.. (left side) and average energy, u,,, (right side)
as function of the side length of the triangular pore.

minimum (L &~ 110), 6.00¢ at the third minimum (L & 170)
and 5.99¢ at the forth minimum L ~ 230 (to be compared to
6.200 in the bulk phase at the same thermodynamic conditions).
Note also that the period from one minimum to the next one is
60, which gives further evidence of the correlation between the
minimum in energy and the possibility of accommodating the
cylindrical clusters with radius and interdistances matching
closely those of the bulk phase. Note that, as a consequence of
the triangular symmetry of the bulk fluid phase and of the
confining pore, the number of cylindrical clusters does not grow
continuously; it follows an inverse pyramidal growth, in which
the number of clusters goes from one (5.00 < L < 8.00) to three
(9.00 < L < 14.00) to six (15.00 < L < 20.00) to ten (21.00 < L <
24.00). Interestingly, the radius of the cylindrical clusters
increases periodically with pore size, with sudden drops each
time that a new row of cylindrical clusters is formed. Moreover,
the maximum packing is achieved when a new row of cylindrical
clusters appears (L =9, L =15 and L = 21¢), whereas the minima in
energy appear at edge lengths somewhat higher. This suggests
that the formation of a new row of cylindrical clusters as the edge
length increases is first favoured by packing and latter by ener-
getic effects.

One would expect that confinement effects on the structure
of the hexagonal phase in channels with hexagonal cross-
sections are similar to those just described for channels with
triangular cross-sections. It turns out that this is not true. The
behavior of the hexagonal phase in pores with hexagonal
sections is, for some sizes, similar to that in pores with
triangular cross-section, but, for other pore sizes, the confined
fluid adopts structures more similar to those found in channels
with circular cross-sections. The bulk hexagonal phase retains
its structure for hexagonal channels with edge length within
7.00 < L < 9.0¢ and 13.00 < L < 15.00 (see Fig. 5). For the
remaining pore sizes, helical structures similar to those
observed in cylindrical pores are formed. Given that a hexagon
is not so different from a circle, it is not so surprising that for
those pore sizes that cannot fit an integer number of cylindrical
clusters with values of the cylinder radius and interdistance
close to those in bulk, helical structures are instead formed.
In particular, we observe intertwined helices for channels with
edge lengths within 4.06 < L < 6.00 and concentric helices for
edge lengths within 11.00 < L < 12.00 (see Fig. 5). Even though
an hexagon exhibits wedges as a triangle, these are much wider
in the hexagon, which might explain why the hexagonal phase
is less favoured in hexagonal than in triangular channels.
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Fig. 5 The structure of colloidal clusters confined in a prism with hexa-
gonal cross-section. The gray surface corresponds to local density piso =
0.4. Side lengths (L), between 3.5¢ and 15¢ were considered. Two views of
each configuration are presented. The length of the channel is L, = 240.
Periodic boundary conditions along the axial axis are used.

It should be also noticed that clusters formed near the flat
boundaries of the pore tend to adopt straight rather than
curved cylindrical shapes, at least when clusters adhere to
these walls. In Fig. 6 we present the average density and the
average energy as functions of the hexagon edge length.
We may identify two minima in the energy plot for L = 8.00
(Lo = 5.970, 19 ~ 1.670) and L = 14.00 (L, ~ 6.080, 1, ~ 1.670)
that correspond to the hexagonal phase. In both cases the
radius of the cylindrical clusters and the interdistance separa-
tion match closely the equilibrium values of the hexagonal
phase in bulk. As in the triangular case, local maxima in
packing occur at those sizes just before the energy minima,
namely, L = 7.0¢ and L = 13.00, which are also the first sizes for
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Fig. 6 Average density, p,.. (left side) and average energy, ua,,, (right side)
as function of the side length of the hexagonal pore.
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which the hexagonal phase with a given number of cylindrical
clusters is first observed. Again this indicates that the hexagonal
phase as a function of the edge length is first stabilized by its
efficient packing and latter by its low energy. All the helical
structures obtained under hexagonal confinement exhibit a
higher energy than the hexagonal phase found at L = 8.0¢ and
L = 14.00, which supports our hypothesis that the helices are
formed when the geometrical parameters of the channels are not
commensurate with the equilibrium parameters of hexagonal
phase in bulk.

Next we present the results for the behavior of the bulk
hexagonal phase confined in pores with squared cross-section.
In this case, the geometry of the pore is incompatible with the
triangular symmetry of the bulk fluid, thus the hexagonal phase
will always be frustrated. In this case, cylindrical clusters are
still stabilized for a wide range of pore sizes, but they are
no longer arranged in a triangular lattice, often they form a
square lattice. In particular, we found square lattices with one
(8¢ < L < 100) and with two by two unit cells (1506 < L < 160)
(see Fig. 7). Interestingly, the energy minima correspond to
square lattices as may be observed in Fig. 8. The lattice constant
and radius are L, ~ 5.74¢ and r, ~ 1.51¢ for L = 9.00, and
Ly & 5.930 and ry & 1.560 for L = 150. As the original hexagonal
lattice in bulk has been altered due to the confinement, neither
the lattice constants nor the radii of the square lattices are close
to their counterparts in bulk which results in relatively high
energies. This is evident when the energy plot of the square
channel (Fig. 8) is compared to channels which show more
coherent symmetries with the bulk such as triangular (Fig. 4) or
hexagonal (Fig. 6) channels.

For the largest considered pores, we observe that the avail-
able confined space is sufficient to enable the arrangement of
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Fig. 7 The structure of colloidal clusters confined in a prism with squared
cross-section. The gray surface corresponds to local density pisc = 0.4.
Side lengths (L), between 5¢ and 200 were considered. Two views of each

configuration are presented. The length of the channelis L, = 24¢. Periodic
boundary conditions along the axial axis are used.
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Fig. 8 Average density, p,,, (left side) and average energy, u,,, (right side)
as function of the side length of the square pore.

cylinders in the center of pore with the same local environment
as in the hexagonal phase.

3.2 Behaviour of other phases under confinement

In this section we study the morphological transitions in each
sort of channel when the chemical potential is varied. In Fig. 9
we present the most relevant structures obtained for —2.50 <
u < —1.30. Based on the phase diagram reported in ref. 5 and
in simulations we performed in bulk, at 7' = 0.35, the system
evolves from a cluster-crystal at —2.60 < u < —2.35 to a
hexagonal cylindrical phase at —2.30 < p < —1.90 to a lamellar
phase at 4 > —1.80. For each pore geometry, we chose to study
those sizes that yield the lower energies in Fig. 2, 4, 6 and 8,
except for the cases of hexagonal and elliptical channels
because they stabilize both helical and straight tubes and thus
we considered two sizes stabilizing each type of structure. The
two top rows in Fig. 9 summarize our results for the elliptical
channel. At low chemical potentials, the cluster-crystal phase is
completely frustrated and only small clusters with no defined
shape are formed randomly, for both pore sizes. Both the
helical (top row) and straight cylindrical (second row) phases
remain stable in a fairly wide range of intermediate chemical
potentials (—2.30 < u < —2.10 in the helical case and —2.20 <
u < —2.10 for the case of straight tubes). At higher chemical
potential (1 > —1.80), the stable phase in bulk is a lamellar
phase. Under elliptical confinement, the fluid forms a layered
configuration adapted to the shape of the channel cross-
section. The largest pore (R, = 9.00, R, = 5.55) holds a layer
plus a straight cylinder at the center of the channel, whereas
the smaller pore (R, = 9.00, R, = 4.50) is able to host only the
layer, as a results of the reduced available space. In the
triangular channel (Fig. 9, third row) the situation is not so
different from the previous case: random amorphous clusters
are formed at low chemical potentials, the triangular arrange-
ment of cylindrical clusters survives in the same range of
chemical potentials (—2.30 < p < —2.10), and the lamellar
phase, which is now composed of only one layer, follows a
triangular shape. Note, however, that the chemical potential
required to favour the formation of the lamellar phase is
substantially higher in the triangular pore in comparison to
the other channel geometries, which might be a consequence
of the triangular pores favouring the cylinder hexagonal phase
both due to its commensurability of the pore geometry with the
confined phase and the presence of narrow wedges in the pore
corners. The behavior of the colloidal fluid inside hexagonal

This journal is © The Royal Society of Chemistry 2020
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Fig. 9 The structures of colloidal clusters in channels of different shapes
when the chemical potential u is varied. The temperature is maintained
constant at T = 0.35. The geometrical parameters of each channel are
indicated on the left. The length of the channels is L, = 24¢. The
gray surface corresponds to local density piso = 0.4. Periodic boundary
conditions along the axial axis are used.

channels (Fig. 9, fourth and fifth rows) is basically the same as
we described in the previous cases. The only noticeable differ-
ence is that the hexagonal phase is able to survive over a quite
broad range of chemical potentials in the small pore (L = 8.00),
whereas the helical structure formed in the wider pore
(L = 12.00) is more sensitive to variations in the chemical
potential, adopting distorted structures in which the helices
start to merge into layers from u = —2.00. However, this does
not mean that the lamellar phase is stabilized at lower chemical
potentials in the wider pore, on the contrary, this phase is
stabilized first in the channel with L = 8.0¢ (¢ = —1.80) than in
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that with L = 12¢ (1 = —1.60). Finally, when the fluid is confined
into a square channel (Fig. 9, sixth row), at low chemical
potentials a cluster crystal is formed. Note that in this case,
the square cross-section is compatible with the FCC cluster-
crystal stable in the bulk phase, which explains why this phase
is observed in this pore but not in the previous considered
cases. The hexagonal cylindrical phase is stable at intermediate
chemical potentials —2.20 < pu < —2.10, and the lamellar
phase, formed now by concentric square layers, is obtained at
u=—1.60.

From this study we can draw two conclusions. First, that the
boundaries of the stable phases in bulk, namely, the cluster-
crystal, the cylindrical hexagonal phase and the lamellar struc-
ture are shifted to higher chemical potentials (pressures) by
confinement, but the magnitude of the shift depends on the
geometry of the confining pore. In particular, the bigger shift to
higher chemical potentials is caused by the presence of planar
edges in the channels (hexagonal, square and triangular cross-
sections). Second, the behaviour of the cluster and lamellar
phases is almost independent on the geometry of the channels
(with the only exception of the cluster crystal favoured by
square confinement), whereas the stability of the hexagonal
cylindrical phase is very sensitive to changes in the confining
geometry.

3.3 Wedged-cylindrical pores

In the previous sections we showed that the bulk phase that
adopts more interesting structures under confinement is the
cylindrical hexagonal phase. In this section, we explore further
how the structure of the confined fluid can be modified by the
insertion of wedges in cylindrical channels. Summarizing the
main trends observed so far, either the presence of flat walls or
the presence of narrow wedges (or regions of high curvature in
elliptical pores) promote the formation of straight cylin-
drical clusters. To find further evidence in support of these
conclusions, we now study the hexagonal phase confined in
circular pores in which circular wedges are included. This way
we may study the effect of curved and flat walls when both are
present at the same time. The geometry of the circular wedges
is modified in three ways: by changing the angle of the wedge
that extends over the whole radius of the circle, by taking a
circular wedge with angle /3 and reducing the radius of the
wedge while keeping the angle constant, and by reducing the
radius of the wedge while keeping the two planar sides equal to
each other and the arc length constant (equilateral wedge).
Note that in the two latter cases the wedges are no longer
circular sectors (see Fig. 10).

Results for a cylinder of R = 8.0 are presented in Fig. 11.
Even though the size of this pore is large enough to host seven
cylinders arranged in the hexagonal lattice (six of them
distributed along the perimeter of the circular section of the
pore plus one at the center), the fluid forms a helical structure
with one straight cylindrical cluster at the pore center when
confined in a perfect cylindrical pore.

However, this helical structure is no longer stable when a
sufficiently large wedge is placed in the inner wall of the pore,
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R R R

Fig. 10 Variations of the angle and radius of the wedges. On the left panel
it is shown how the angle is varied counter clock-wise when R is kept
constant. The central panel shows how the radius of the wedge (r,) is
decreased keeping the angle constant. The right panel shows how the
radius (ry,) is decreased while length of the wedge's sides (d) are kept equal
to each other (equilateral wedge). The dashed wedges are examples of
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/2

2n/3 51/6

» ®
.
T
[ﬂﬂ

8
=9
=0

-‘A‘

@

o
=1
=0

7.00 6.00 4 0o

e ®

@
== Easl )
%C .@
%C -©
=k

7.00 6.00 5.00 4 Oc 1.00
Ty

Fig. 11 (a) Original helical structure for cylinder of R = 8.0¢. (b) Set of
structures obtained varying the angle of the wedge from n/6 to . (c) Set of
structures obtained varying the radius of the wedge between 7.0¢ and 1.0¢
while keeping the angle constant at 6 = n/3. (d) Set of structures obtained
varying the radius of an equilateral wedge between 7.0¢ and 1.0s. The gray
surface corresponds to local density piso = 0.4. Two views of each
configuration are presented. The length of the channelis L, = 24¢. Periodic
boundary conditions along the axial axis are used.

as shown in Fig. 11. If the size and shape of the wedge are
chosen appropriately, it is possible to recover a structure very
similar to that of the bulk phase, consisting of an arrangement
of straight cylindrical clusters distributed in the hexagonal
lattice. For the first family of wedges (of varying angle, but
always extending up to the center of the cylinder), straight
cylindrical clusters are obtained for wedges whose angle is an
integer multiple of n/3 (that corresponds to the arc length that
will be occupied by one straight cylinder of the six cylinders
distributed along the cylinder walls). For such wedge angles a
number of cylindrical clusters can still be arranged along the
perimeter of the cylinder maintaining a separation between them
similar to that of the bulk equilibrium phase. Systems exhibiting
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Fig. 12 Average density, pa., (left side) and average energy, Ua,, (right side)
as function of the wedge angle, 0 (top row) and the radius, r,, of the
asymmetric wedges (central row) and the equilateral wedges (bottom row)
for a wedged-cylinder of R = 8.00. These results correspond to the
structures presented in Fig. 11.

configurations similar to the equilibrium bulk phase usually
exhibit the lower average energies, as can be seen in the top panel
of Fig. 12. For other wedge angles, the straight cylindrical clusters
are deformed.

Next we explore the effect of decreasing the wedge radius.
This can be done in two ways: maintaining the same angle
(thus making the wedge asymmetric and reducing the arc
length covered by the wedge, Fig. 11c), or changing the wedge
angle (thus keeping the wedge symmetric and the arc length
covered by the wedge constant, Fig. 11d). We can observe in
Fig. 11c that as long as the arc length of the cylinder surface
covered by the wedge is comparable to that of the wedge with
angle n/3 (shown in Fig. 11a), the structures are composed of
straight cylindrical clusters, despite the smaller radius of the
wedge. Once the arc length covered by the wedge is sufficiently
small (comparable to the arc length of a wedge of angle /6), the
straight cylinders start to deform. It is interesting to note that
for a very tiny wedge, helical clusters are recovered, but the
helical pitch is much larger than that of the helices formed in
absence of obstacles inside the pore. According to Fig. 12
(central row), the configurations with straight cylinders are
energetically favoured over either helical or distorted structures.

The importance of choosing a wedge that covers the appro-
priate arc length of the confining cylinder is further evidenced
by studying symmetric wedges whose radius is shortened but
keeping the arc length constant (Fig. 11d). As long as the radius

This journal is © The Royal Society of Chemistry 2020
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of the wedge is maintained above a given threshold, the
confined fluid forms straight cylindrical clusters. Even for very
tiny wedges straight cylinders are not significantly distorted.
In this case the average energy decreases monotonically up to
rw = 7.00 when an almost perfect hexagonal array of cylindrical
clusters is obtained (Fig. 12 bottom row).

One interesting observation is that the presence of wedges
leads to the nucleation of two perfect straight cylindrical
clusters at each side of the wedge. The size of the wedge also
determines the separation distance between those two straight
cylinders, which will then affect the rest of the structure.

The same study is also performed for a larger cylindrical
pore of radius R = 9.5¢ (Fig. 13a). In this case, two concentric
single helices are obtained in the pristine cylinder.

Similarly to the previous case, this pore size has the appro-
priate perimeter length to host an integer number of straight
cylinders (eight in this case) distributed along the pore peri-
meter. This optimal arrangement of the clusters is obtained for
the first configuration in Fig. 13b, corresponding to a wedge of
angle 1/6 (note that at the center of the pore there is a distorted
cluster that penalizes energetically the whole structure), as well
as for the asymmetric wedges with radius r,, = 5.5¢ and r, = 3.50
in Fig. 13c. However, according to the energy plots in Fig. 14,
the presence of a deformed cluster at the center of the pore in
the wedge of angle n/6 makes this structure less favourable in

Fig. 13 (a) Original helical structure for cylinder of R = 9.05¢. (b) Set of
structures obtained varying the angle of the wedge from n/6 to . (c) Set of
structures obtained varying the radius of the wedge between 8.5¢ and 1.5¢
while keeping the angle constant at 6 = 1/3. (d) Set of structures obtained
varying the radius of an equilateral wedge between 8.5¢ and 1.5¢. The gray
surface corresponds to local density piso = 0.4. Two views of each
configuration are presented. The length of the channelis L, = 24¢. Periodic
boundary conditions along the axial axis are used.
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comparison with the angle 2n/3, when only straight cylinders
are obtained (Fig. 14 top row). In contrast, structures obtained
for asymmetric wedges with radius ry, = 5.5¢ and r, = 3.5 do
correspond to low energy configurations since they have helices
at the center of the pores (Fig. 14 central row).

It should be noted that for the above mentioned cases, the
arc length of the confining pore covered by the wedge is very
similar. As mentioned above, eight straight cylindrical clusters
with the preferred distance between them can be accommo-
dated along the walls of the cylinder of the radius R = 9.5¢.
If the arc length covered by the wedge is not optimal, the
cylindrical clusters are frustrated due to confinement and the
system tries to find different solutions for the arrangement
of the molecules into the clusters. Usually the clusters are
arranged in such a way that they form a combination of
cylindrical clusters perpendicular to each other. In some cases
these perpendicular cylinders take the form of a ladder, and in
some other cases, specially when the wedge is small, distorted
helical clusters are formed as shown in Fig. 13d for r, = 3.50,
2.50, 1.50. It is also interesting to note that the presence of a
wedge influences the whole structure of the confined fluid,
including its structure in the central region of the pore, even
when the wedge radius is much smaller than that of the
confining pore. Without a wedge in the pore of radius
R =9.50 the confined fluid is arranged in two concentric single
helices. This single helix can be converted into two helices, two
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Fig. 14 Average density, pay, (left side) and average energy, u,,, (right side)
as function of the wedge angle, 0 (top row) and the radius, r,, of the
asymmetric wedges (central row) and the equilateral wedges (bottom row)
for a wedged-cylinder of R = 9.5¢. These results correspond to the
structures presented in Fig. 13.
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or three straight cylindrical clusters or some more irregular
shaped clusters.

4 Summary and conclusions

In this work we have carried an extensive simulation study of
how the geometry of confined channels affects the structure of
a confined fluid with competing interactions. We have demon-
strated that confinement can be exploited to tune the structure
of the confined fluid. We have identified the conditions that
promote different morphologies of the cluster formed as well as
their ordering. In particular, we have shown that the helical
structures are favoured by cylindrical confinement. Straight
cylindrical clusters arranged in a hexagonal lattice can be
promoted by using confining pores with narrow edges that
favour the nucleation and stabilization of straight cylindrical
clusters. Additionally, the preferred symmetry of the arrange-
ment of the cylindrical clusters in bulk can be modified at will
by choosing the appropriate confining channel. For example,
narrow pores with squared cross-sections stabilize a square
lattice of cylinders, as long as the pore size is commensurate
with the equilibrium cylinder size and distance separation in
the corresponding bulk phase. New structures that are not
found in bulk can be produced by confinement.

Similar studies have been performed for two dimensional
system and spherical cavities.'®>® The computer simulations
have been performed for a lattice model>>*® and a model with
continuous potential.'"®*® Apart from simulations these systems
have been studied within the density functional theory.**>* The
phase diagram of a three dimensional systems is richer than that
of their two dimensional counterpart. Indeed some phases, such
as the cylindrical hexagonal and double gyroid, do not have their
analogs in 2D systems. Our study is focused precisely in one
of those two structures (the hexagonal phase) and, thus, our
investigations significantly broaden the knowledge of the beha-
vior of systems with competing interactions under confinement
compared to previous studies. Nevertheless, some behavior is
similar for both two and three dimensional systems. Especially,
the commensurability of the period of the ordered phases in bulk
with the pore geometries and sizes is key to the stabilization
of the structure of the confined fluid both in two and three
dimensional systems.

Our theoretical predictions are supported by experiments
and theoretical calculations in block copolymers, which find
similar structures as those presented here for the same con-
fining geometries."®'”*” This experimental validation for some
confining geometries makes credible also the structures found
for those confining geometries that have not yet been experi-
mentally studied. In particular, the inclusion of wedges in
circular pores can be a versatile option to manipulate at will
the structure of the confined fluid. The use of wedges to modify
the structure of confined diblock copolymers has also been
considered in previous work, although in that case it was used
to transform a concentric lamellae into a spiral ones.”®*°
All these results suggest that inclusion of wedges in pore
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cavities are a promising route for tuning the structure of the
confined fluids with competing interactions.
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