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Resum en la llengua del projecte (màxim 300 paraules) 

This project started on 01/12/2010 and finished on 31/12/2011 (13 months). In this period, one paper has been published, 
one accepted for publication, two have been sent for publication and one review is being written. Furthermore, the 
preliminary results have been presented in international and national conferences and workshops. The project aims to 
study the aggregation behavior of amphiphilic molecules in the continuous phase of highly concentrated emulsions, which 
can be used as templates for the synthesis of meso/macroporous materials. At this stage of the project, we have 
investigated the self-assembly of diblock and triblock surfactants under the effect of a confined geometry being 
surrounded by the droplets of the dispersed phase. These droplets limit the growth of the aggregates,  deeply modify their 
orientation and hence alter their spatial arrangement as compared to the self-assembly taking place far enough from any 
boundary surface, that is in the bulk. By performing Monte Carlo simulations, we have showed that the interface between 
the dispersed and continuous phases as well as its shape has a significant impact on the structural order of the resulting 
aggregates and hence on the potential applications of highly concentrated emulsions as reaction media, drug delivery 
systems, or templates for meso/macroporous materials. Due to the combined effect of symmetry breaking and 
morphological frustration, very intriguing structures, such as square columnar liquid crystals, twisted X-shaped 
aggregates, and helical phases of cylindrical aggregates, never observed in the bulk for the same model surfactant, have 
been found. The presence of other more conventional structures, such as micelles and cubic and hexagonal liquid 
crystals, formed at low and high amphiphilic concentrations, respectively, further enhance the interest on this already rich 
aggregation behavior.  
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Resum en anglès (màxim 300 paraules) – continuació -. 

      

 
 
 
 
2.- Memòria del treball (informe científic sense limitació de paraules). Pot incloure altres fitxers de 

qualsevol mena, no més grans de 10 MB cadascun d’ells. 

 
Introduction 

 

Highly concentrated emulsions (HCEs) are an intriguing class of oil-in-water (O/W) or water-in-oil 

(W/O) emulsions whose dispersed (or internal) phase is ex-ceptionally concentrated as the droplets 

therein exceed the highest packing efficiency (close-packing) of perfect monodisperse spheres, that is 

0.74 [1,2]. HCEs are obtained in ternary water-oil-surfactant systems, where the content of amphiphile 

is generally lower than 1 wt% [3]. Due to its relevant density, the dispersed phase consists of 

polyhedral and/or polydisperse droplets, with radius in the range of few microns, separated by a thin 

film of continuous (or external) phase snaking around them, a structure similar to that of foams. The 

continuous phase is usually a (micellar or bicontinuous) microemulsion and under some conditions 

may house liquid crystals (LCs) [4–7]. Although their kinetic stability can last up to several years, 

HCEs, as ordinary emulsions, are not thermodynamically stable and, at equilibrium, the dispersed and 

continuous phases separate. HCEs have relevant technological applications ascontrolled drug delivery 

systems in cosmetic and pharmaceutical industries [8–10], reaction media [11, 12], and scaffolds in 

tissue engineering [13]. 

Interestingly enough, if the continuous phase contains micelles or LCs, HCEs can serve as templates 

for the synthesis of appealing porous materials with a highly interconnected network of macropores 

and mesopores in the dispersed and continuous phase, respectively [14–16]. Synthesis of such bimodal 

meso/macroporous materials is rather challenging due to the necessity of tuning the size of both 

mesopores and macropores independently[14]. Moreover, nanostructured HCEs containing LCs in the 

continuous phase have a remarkable advantage in terms of kinetic stability over those HCEs formulated 

in the absence of LCs. More specifically, by forming a structured arrangement between neighboring 

droplets, LCs increase the viscosity of the continuous phase, weaken the attractive Van der Waals 

forces between pairs of droplets, and hence reduce their tendency to coalesce or sediment [17–19]. 

Therefore, a full understanding of the system properties and physicochemical variables affecting the 

amphiphilic self-assembly in the mesophase is of strategic importance to improve the kinetic stability 

of HCEs and provide advanced meso/macroporous materials for targeted applications. 

In this regard, there are several crucial details affecting the structural order in the continuous phase of 

O/W or W/O HCEs. Clearly, the phase behavior of the ternary system, namely the tendency to form 

micellar or liquid crystalline phases at certain temperatures and concentrations, is fundamental. The 



           

 

nature of surfactant, its content with respect to the continuous phase, its hydrophilic-lipophilic balance 

(HLB) temperature, the eventual presence of additives, and the volume fraction of the dispersed phase, 

are also important ingredients to account for [11]. Recently, Glatter and coworkers showed how the 

hierarchical structure of W/O concentrated emulsions can be controlled by optimizing temperature, 

amphiphile/oil ratio, and, as just underlined, volume fraction of the dispersed water phase. By tuning 

these parameters, these authors prepared emulsions with 50 to 90 volume percent of polydisperse water 

droplets and containing isotropic, cubic, bicontinuous cubic, and hexagonal LCs in the continuous oil 

phase [20]. 

The high packing fraction of the dispersed droplets has a direct influence on the confinement of the 

continuousphase and hence on the morphology of the aggregates self-assembling therein. Experiments 

have shown that the effect of confinement on self-assembly of surfactants can be significant as the 

structures obtained might be entirely distinct from those usually observed in the bulk solution. For 

example, Stucky and coworkers studied the confined aggregation of silica-copolymer mesophases in 

cylindrical nanochannels of diameter ranging from 18 nm to 80 nm [21]. While hexagonally-packed 

columnar (HEX-columnar) LCs are generally formed in the bulk, these authors observed stacked-

doughnuts, simple and double helical architectures, and linearly packed spherical cages, being of 

potential application for the synthesis of highly ordered mesostructured nanowires and nanowire arrays. 

Similar observations were reported by Russell and coworkers, who examined melts of symmetric 

diblock copolymers of styrene (PS) and butadiene (PBD) into nanoporous alumina membranes [22, 

23]. Although lamellar structures are normally formed in the bulk, these authors showed that in 

confined geometry PS and PBD self-assemble in concentric alternating cylinders, as expected from 

previous simulations [24] and theoretical works [25, 26]. 

The continuous phase of HCEs is a thin film, confined by polyhedral and/or polydisperse drops, where 

self-assembly of amphiphiles may occur. As observed in many computer simulations on aggregation in 

nanopores of different shapes [23, 24, 27–33], confinement deeply affects the formation of LCs and 

their long-ranged order. However, despite the significant amount of contributions during the last 

decade, very small attention, to the best of our knowledge, has been devoted to model the aggregation 

behavior in the continuous mesophase of HCEs. In this work, we perform lattice Monte Carlo (MC) 

simulations to investigate the self-assembly of a model diblock surfactant in the continuous phase of a 

HCE, here represented as a system constrained between the interfaces of polyhedral dispersed droplets. 

By tuning the degree of confinement and the shape of the droplets interface, we observe very intriguing 

structures, such as square columnar (SQR-columnar) LCs, as a result of the combined action of 

morphological frustration and symmetry breaking of the self-assembling aggregates. The results 

showed that the droplets of the dispersed phase confine the growth of the aggregates, deeply modify 

their orientation and hence alter their spatial arrangement as compared to the self-assembly taking 

place far enough from any boundary surface, that is in the bulk. Moreover, the interface between the 

dispersed and continuous phases as well as its shape has a significant impact on the structural order of 

the resulting aggregates and hence on the potential applications of highly concentrated emulsions as 

reaction media, drug delivery systems, or templates for meso/macroporous materials. Due to the 

combined effect of symmetry breaking and morphological frustration, very intriguing structures, such 
as square columnar liquid crystals, twisted X-shaped aggregates, and helical phases of cylindrical 

aggregates, never observed in the bulk for the same model surfactant, have been found. The presence of 

other more conventional structures, such as micelles and cubic and hexagonal liquid crystals, formed at 

low and high amphiphilic concentrations, respectively, completed this already rich aggregation 

behavior. 

 

 

Model and simulation methodology 

 

As pointed out above, the aim of the project was to model the aggregation behavior of amphiphilic 

molecules in the continuous phase of highly concentrated emulsions and compare the results of 

computer simulations with experiments carried out in the same research group. Due to the shorter 

duration (13 instead of 24 months), we could not start a close comparison with the experiments. 

Nevertheless, there has been an important exchange of information with the experimentalists which 

will lead soon to intresting results and publication.  

The first part of the project was devoted to prepare the necessary computational tools to explore the 

self-aggregation of diblock and triblock copolymers (such as polyoxethylene oxides) in the continuous 

phase of highly concentrated emulsions. This fase included expecially the preparation of the home-

made code, written in Fortran90. Different trials have been attempted before making the definite choice 

on the model and the simulation methodology to adopt. In particular, since the very beginning, it was 

clear to model only the continuous phase, leaving the dispersed phase apart, but still considering its 



           

 

effect by confining the self-assembly between walls representing the interface between the two phases. 

We first tried to apply the continuous coarse-grained Martini model [34] in several ensembles, but the 

efficiency to investigate the formation of aggregates at high concentrations was quite limited. 

Therefore, we preferred to use a lattice model, where the computational demand was much more 

reduced and high concentration of amphiphile were more easily managed. In a lattice model, the space 

is discretized in sites occupied by the solvent(s) and by the amphiphilic moiety. We run Monte Carlo 

simulations in the canonical ensemble, where number of molecules, volume and temperature are kept 

constant. The coarse-grained lattice model applied here is very simple, but still able to grasp the main 

ingredients characterizing the self-assembly in the continuous phase of HCEs. It was originally applied 

to study the formation of micelles and liquid crystals in ternary amphiphile-water-oil systems [35], and 

more recently to investigate the synthesis and functionalization of ordered mesoporous materials [36–

40]. As proposed in these studies, the cubic simulation box is organized into a fully occupied three-

dimensional network of sites and the amphiphiles are modeled as linear chains of 8 connected beads. 

Each bead occupies a single site of the lattice box, and hence no overlaps are allowed. Interactions are 

established only between pairs of neighbors located at a distance between 1 and √3 lattice sites along 

z=26 possible directions, with z the lattice coordination number. The diblock surfactant studied, H4T4 , 

is made up of four tail segments, T, being the hydrophobic part and four head segments, H, being the 

hydrophilic part. We assume that the solvent in the continuous and dispersed phase is water-like and 

oil-like, respectively, and hence the emulsion is an O/W HCE. The hydrophilic heads are completely 

miscible in the water-like solvent, whose beads occupy single sites and are denoted by W. The interface 

between the continuous and dispersed phase is modeled by assemblies (or walls) of particles which are 

not allowed to move during the simulations. The beads making up the interfaces, indicated by I, are as 

hydrophilic and have the same interactions as the H beads of the diblock surfactant. I beads only 

interact with the moving beads in the box, and no I-I interactions are considered. Each model 

mesophase also contains a given amount of oil beads of the dispersed phase that are usually found in 

the hydrophobic core of the aggregates. These beads, defined as O, are 0.5% of the surfactant chains: 

such a low content does not affect the structural order of micelles and LCs in the continuous phase, 

while preserving its microemulsion nature. Furthermore, diffusion of W, O, T, and H beads through the 

interfaces is not allowed.  

HCEs consist of two phases: a continuous phase, where the self-aggregation of amphiphiles takes 

place, and a dispersed phase of droplets. Depending on the interaction forces established between 

neighboring droplets, HCEs might either maintain a high degree of packing (adhesive emulsions) or 

relax to form spherical droplets (nonadhesive emulsions) [41]. As mentioned above, HCEs are out-of-

equilibrium systems: the dispersed droplets tend to merge and form a single bulk phase. The presence 

of surfactants at the droplet’s interface increases their kinetic stability during a time spanning from few 

hours to years, depending on the ternary system and on several physico-chemical parameters [41]. By 

contrast, typical timescales for amphiphilic self-assembly are orders of magnitude smaller [42]. This is 

crucial in experiments, such as in the synthesis of advanced porous materials from HCEs [14]. In our 

model, we assume a pseudo-equilibrium scenario where the droplets are virtually static and the 

aggregation behavior in the continuous phase takes place as in equilibrium conditions. The continuous 

phase is explicitly modeled, whereas the effect of the dispersed droplets is taken into account by 

partially or completely confining the continuous phase between walls, representing the interface 

between the two phases. To understand how the presence of these droplets modifies the self-assembly 

in the continuous phase, we should keep in mind their mutual proximity and heterogeneity in terms of 

size and shape distribution in the system. This implies the existence of regions where the continuous 

phase is almost completely confined between droplets, and others where this confinement is only 

partial. In order to model this complex scenario, the cubic simulation box has been gradually modified 

by including walls on 1, 2, or 3 pairs of opposite faces. Changing the shape of the walls is equivalent to 

modify the dispersed droplets enclosing the continuous phase, and allows to weight their effect on the 

formation of structured aggregates therein. To this end, we have analyzed and compared four different 

kinds of systems: (a) systems S0, being the systems of reference, where the effect of droplets is 

considered negligible and the simulation box does not include walls; (b) systems S1, where a pair of 

opposite walls limits the growth of the aggregates along one dimension as might be observed in thin 

films; (c) systems S2, containing two pairs of opposite walls and hence inhibiting the growth along two 

directions, like in nanotubes; and (d) systems S3, where all the six faces of the simulation box include 

walls and the self-assembly of surfactants takes place in a completely close environment. Systems S0 

and S3 represent two limiting and perhaps ideal scenarios, as the dispersed droplets are never too far 

from each other to be neglected and never too close to completely isolate a part of the continuous 

phase. Few illustrative snapshots of systems containing walls are given in Fig. 1. 

 

 

 



           

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
 

FIG. 1. From top to bottom, snapshots of systems S1, S2, and S3, with 2, 4, or 6 walls, respectively, representing the interfaces 

with the dispersed droplets of HCEs. The curvature of the walls increases from left (flat walls) to right. The amphiphile 
concentration in all systems is 5% by volume. The red and yellow segments represent the H and T beads of the diblock 

surfactant, respectively. O beads are not shown here for clarity. The interfaces with the dispersed phase are indicated by 

transparent blue beads. The simulation boxes of systems S3 are cut by planes to better observe the aggregates inside. The edge 
length is L=40 for all the boxes, but theone of system S3 at the highest interface curvature, being L=80. 

 

 

Systems in Fig. 1 contain walls representing the interface between the continuous and the dispersed 

phase. These walls can be flat or slightly rounded. If flat, the I beads are only located at one, two, or 

three pairs of opposite faces of the simulation box, for S1, S2, or S3 systems, respectively. By contrast, 

if the walls penetrate into the simulation box, showing a sort of curvature, concentric squared layers of 

decreasing area, made up of I beads, are added on top of each other at increasing distance from the box 

faces. The last layer sets the height of the quasi-spherical caps cutting off the faces of the simulation 

box. Clearly, due to the lattice discretization of the simulation box, the resulting shape of our model 

interface cannot be spherical. However, the volume fraction of the dispersed droplets in HCEs is so 

high (generally above 0.74, the critical value for monodisperse spheres) that they get deformed and 

assume a polyhedral shape, being rather close to that of our model interface. We set three different 

values for the height of the quasi-spherical cap, h, or, equivalently, the level of the wall penetration: 

h1=0 (flat interface), h2=0.1L, and h3=0.2L, with L the edge length of the cubic simulation box. 

Generally, the radius of dispersed droplets in HCEs is much larger than the thickness of the continuous 

film housing the aggregates, and an almost flat interface is therefore expected. Nevertheless, if the 

dispersed phase is not monodisperse, smaller droplets with a slightly more significant curvature might 

be present. 

We performed Monte Carlo (MC) simulations to move the chains in the box and let them organize 

from a completely random initial configuration. Simulations have been run in the canonical ensemble, 

where number of chains,temperature, and volume, are kept constant. For each system, Si/hj, we studied 

amphiphile concentrations between φ=5% and 50% by volume, corresponding to a number of chains 

between few hundreds and few thousands. In Table I, details on the systems studied are provided. Most 

of the systems have been simulated in a cubic box of edge length L=40, although bigger boxes were 

preferred for systems S3 with rounded walls, in order to avoid undesired finite size effects. In this case, 

the box volume was set to V=80x80x80. Periodic boundary conditions have been applied in the three 

dimensions for systems S0, where no walls are present. For the remaining systems, no periodic 

conditions exist in the direction perpendicular to the walls. The amphiphilic chains have been displaced 

by configurational bias moves and reptation moves. Configurational bias moves were performed to 

partially or completely regrow a given chain, according to the algorithm proposed by Frenkel and Smit 

and based on the computation of the Rosenbluth weight [43]. At each MC step, the type of move was 

selected randomly with a 10% probability to attempt a complete regrowth, 20% a partial regrowth, and 

70% a reptation. Considering that a bias move is significantly more computationally demanding than a 

reptation, this combination was found to optimize the equilibration of energy as a function of the CPU 

time. Regardless the system, the starting configurations consisted of amphiphilic chains sequentially 

distributed on the lattice, which were displaced at high temperature during 1 milion MC steps. In this 

way, a completely random configuration was created and set as the initial one for the equilibration of 

the systems. 

 

 

 

 



           

 

Results 

 

In this section, we systematically show the effect of confinement on the self-assembly of the diblock 

surfac-tant H4T4 by changing the number and curvature of confining walls separating the continuous 

and dispersed phases. In particular, two limiting cases are considered here: a scenario where the 

influence of the droplets is neglected, the aggregation takes place as in the bulk and hence periodic 

boundary conditions are applied in the three dimensions, and another scenario where the simulation 

box is completely confined between flat or curved walls. Between these two extreme situations, the 

continuous phase is (partially) confined in one or two dimensions. Fig. 2 shows the aggregation 

behavior of H4T4 at volume fractions between φ=5% and 50% in systems S0. Micelles are observed up 

to φ=30%, whereas at higher concentrations HEX-columnar LCs are formed. As expected, micellar and 

cylindrical aggregates display a hydrophobic core with a high concentration of T beads wrapt by a 

cylindrical shell of hydrophilic H beads. Due to their immiscibility in the solvent and attractive 

interaction with the surfactant tails, the oil beads are found in the core of the aggregates. The micellar 

solutions consist of aggregates whose size distribution peaks at approximately M=85−90 chains at 

φ=5%, being in agreement with previous results for binary systems [44]. The corresponding cluster size 

distribution, where, by cluster, we mean an assembly of surfactant chains sharing at least one 

hydrophobic bead as a neighbor, is given in Fig. 3. The shape of the aggregates is approximately 

spherical, as obtained by the computation of the tensor of gyration [45]. The eigenvalues of this tensor 

represent the squares of the principal radii of gyration R1, R2, and R3, which are given in the inset of 

Fig. 3. In general, if a cluster had a perfect spherical shape, then the three radii Ri would be identical. 

In this case, their similarity indicates the presence of roughly spherical micelles. At φ=30%, clusters 

appear slightly bigger and elongated at high aggregation numbers, perhaps due to the proximity of the 

transition from micellar to cylindrical aggregates. Nevertheless, they are rather similar in size and 

shape to the clusters in the isotropic micellar solution at lower concentrations. 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

 

FIG. 2. Snapshots of systems S0 , where the effect of the droplets interface is negligible (bulk solution). From left to right, the 
surfactant volume fraction is 5%, 10%, 20% (top) and 30%, 40%, 50% (bottom). The red and yellow segments represent the H 

and T beads of the diblock surfactant, respectively. O beads are shown in green and magnified for clarity. 

 
 

 

 

 

 



           

 

 

 

 

 

 

 

 

 

 
 
 

 

 
FIG. 3. Cluster size distributions, normalized by the surfactant volume fraction, and (inset) principal radii of gyration of systems 

S0 containing 5% (solid lines) and 30% (dashed lines) H4T4. 

 
 

According to this first preliminary result, the diblock surfactant H4T4 is indeed a good candidate to 

form micelles and HEX-columnar LCs also in the mesophase of HCEs. Therefore, the following 

question arises: how does confinement affect these structures? In Fig. 4, we give evidence of the 

formation of a cubic LC phase at surfactant volume fraction φ=30%, in a system S1 with flat interfaces 

confining the mesophase along one dimension, a scenario which can be taken as a model for 

confinement in thin films. To better appreciate the long-ranged order of the cubic LC phase, in Fig. 

4(b) the hydrophilic beads are not shown. Furthermore, to not confuse the cubic arrangement with the 

columnar one, Fig. 4(b) has been rotated 60º clockwise around the axis perpendicular to the interfaces, 

resulting in Fig. 4(c), which proves the absence of elongated cylindrical aggregates.  

 

 

 

 

 

 

 

 
FIG. 4. Snapshots of a system S1/h1, with surfactant volume fraction φ=30%, showing a cubic LC phase. In (b), the hydrophilic 

groups have been removed to better appreciate the cubic arrangement of the aggregates. Snapshot (c) is obtained by rotating 
snapshot (b) 60º around the axis perpendicular to the interfaces. The red and yellow segments represent the hydrophilic and 

hydrophobic groups of the diblock surfactant, respectively. O beads are shown in green and magnified for clarity. The flat 

interfaces with the dispersed phase are indicated by transparent blue beads. The box edge length is L=40. 
 

 

 

The radii of gyration given in the inset of Fig. 5 furnish a quantitative confirmation of such a purely 

visual inspection: the three radii have rather close values and very similar to those computed for the 

micellar aggregates formed in the bulk solution at the same volume fraction, φ=30% (see Fig. 3). It is 

interesting to notice that, at this same concentration, the micellar aggregates observed in the system S0 

do not form a cubic LC phase. By contrast, if the dispersed micelles are constrained between two flat 

walls, or, equivalently, into a thin film of water-like solvent, they are forced to pack into a structure 

showing long-ranged positional order. Due to a more efficient packing, the micellar aggregates in the 

cubic phase are on average closer to each other than in the bulk and sometimes can even share one or 

more chains, as can be inferred from the presence of secondary peaks in the cluster size distribution of 

Fig. 5. If M*=90 is the aggregation number at the first peak, these secondary peaks are approximately 

located at 2M* and 3M*, confirming the transient aggregation of two or three micelles of the same 

size. On increasing the height of the quasi-spherical cap of the droplets interface from h1=0 to h2=0.1L 

and h3=0.2L, the cubic order is lost and amorphous and/or elongated aggregates are formed, as shown 

in Fig. 6. Therefore, a cubic phase may be formed under the confining effect of two close droplets. 

Nevertheless, this order can be destroyed if the film containing the continuous phase becomes too thin 

because of the combined action of droplets curvature and mutual proximity. 

 

 

 



           

 

 

 

 

 

 

 

 

 

 

 

 
 

FIG. 5. Cluster size distributions, normalized by the surfactant volume fraction, and (inset) principal radii of gyration of systems 

S1/h1 containing 5% (solid lines) and 30% (dashed lines) H4T4. 

 

 

 
 

 

 

 

 

 

 

 

 
FIG. 6. Snapshots of a system S1/h2 (a) and S1/h3 (b) with surfactant volume fraction φ=30%. The red and yellow segments 

represent the hydrophilic and hydrophobic groups of the diblock surfactant, respectively. O beads are shown in green and 

magnified for clarity. The interfaces with the dispersed phase are indicated by transparent blue beads. 

 

 

The above conclusion might be of key importance in the synthesis of HCEs where a structured 

mesophase isrequired, as significantly high packing fractions of the dispersed droplets might seriously 

affect the order of cubic LCs. Increasing the degree of confinement from one dimension (thin films) to 

two dimensions (nanopores) leads to a similar effect and to more heterogeneous micellar clusters, 

regardless the curvature of the interfaces. In these cases, no cubic LCs are found, most probably due to 

the structural frustration exerted by the walls on the long-ranged positional order of the micelles. 

Smaller micelles, namely clusters with a lower aggregation number, might be favored in the formation 

of a long-range ordered phase as they could more easily overcome the frustration imposed by the 

surrounding interfaces, better fit in the available space, and hence match the three-dimensional 

periodicity required by a cubic arrangement. The easiest way to obtain smaller aggregates is increasing 

the temperature [47]. To this aim, we have run simulations at higher temperature and kept all the other 

conditions constant. As a consequence, cubic LCs have been found in two-dimensional confinement of 

flat interfaces (see Fig. 7). The aggregates are still (roughly) spherical and, as confirmed by the cluster 

size distribution, whose first peak is located at approximately M*=75−80 chains, they are smaller than 

those found at lower temperature. The secondary peaks of the size distribution indicate the presence of 

transient aggregates of size 2M* or 3M*, as detected in the case of one-dimensional confinement. No 

cubic phases have been found in systems S3, regardless the droplets curvature and temperature 

imposed. 

 

 

 

 

 

 

 

 
 
FIG. 7. Snapshot and cluster size distribution of a system S2/h1 with surfactant volume fraction φ=30% and T*=8.0. In the inset 

of the right frame, the three radii of gyration are given. The yellow segments represent the hydrophobic groups of the diblock 

surfactant. The hydrophilic groups are not shown to better appreciate the cubic arrangement. O beads are shown in green and 
magnified for clarity. The interfaces with the dispersed phase are indicated by transparent blue beads. 

 

 

We now turn our attention to the formation of HEX-columnar LCs and their structural frustration and 



           

 

symmetry breaking in the confined mesophase. At φ=40% and 50%, our diblock surfactant can form 

HEX-columnar LCs in the bulk solution (see Fig. 2). Upon increasing the degree of confinement and 

the curvature of the interfaces, the hexagonal arrangement undergoes very interesting morphological 

changes. In systems S1 (one-dimensional confinement), the hexagonal symmetry of the cylinders is 

kept until the height of the quasi-spherical cap increases up to h3 = 0.2L. At this value, the cylinders 

bend to follow the curved shape imposed by the interfaces and the periodic hexagonal arrangement is 

definitively lost. In Fig. 8, we observe periodic ordered HEX-columnar LCs at φ=40% (frames (b) and 

(d)) and 50% (frames (g) and (i)). The cylindrical aggregates in these phases are quite straight, whereas 

those in frames (f) and (k), which are at the same volume fractions as frames (b, d) and (g, i), 

respectively, but show a more pronounced curvature, start to bend and can touch each other, leading to 

more disordered structures. This change can be more easily visualised by removing the hydrophilic 

moiety and rotating the simulation box until bending of the elongated aggregates is clearly displayed 

(frames (e) and (l)). It is remarkable to notice that, regardless the height of the quasi-spherical cap, or, 

correspondingly, the droplets curvature, straight and curved cylinders are never oriented 

perpendicularly to the interfaces, but in the directions parallel to them. Although this behavior deserves 

a deeper analysis, we believe that it might be due to the repulsive interactions between the interface and 

the hydrophobic core of the aggregates, and should be taken into account in those experiments aimed at 

producing interconnected meso/macroporous solid networks from HCEs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

FIG. 8. Snapshots of systems S1/h1 (top row), S1/h2 (central) and S1/h3 (bottom), containing 40% (b,d, f) and 50% (g, i, k) of 

surfactant. Snapshots (a), (c) and (e) are obtained from snapshots (b), (d) and (f), respectively, by modifying the orientation of the 
simulation box and removing the hydrophilic beads. Similarly, snapshots (h), (j) and (l) are respectively originated from (g), (i) 

and (k). The red and yellow beads represent the hydrophilic and hydrophobic groups of the diblock surfactant, respectively. O 

beads are shown in green and magnified for clarity. The interfaces with the dispersed phase are indicated by transparent blue 
beads. 

 

 

If the one-dimensional confinement is replaced by a two-dimensional nanotube-like confinement, the 

structural modifications are substantial, as we observe in Fig. 9. More specifically, planar interfaces 

(frames (b) and (g) at φ=40% and 50%, respectively) reduce the packing efficiency of the self-

assembled aggregates and SQR-columnar instead of HEX-columnar LCs are formed. In SQR-columnar 

phases, the cylindrical aggregates are regularly located at the vertices of a square two-dimensional 

lattice. In the experimental findings by Tschierske and coworkers, square and rectangular columnar 

LCs have been found by using T-shaped bolaamphiphiles and facial triblock amphiphiles [46-48]. Our 

simulations indicate that similar columnar LCs might be also observed experimentally by confining 

diblock surfactants in nanopores with a square section. The two-dimensional confinement seems to 

affect only the spatial distribution as the aggregates keep their cylindrical shape and do not show 

significant waving in the direction of their pseudo-axis. Upon increasing the curvature of the interfaces 

to h2=0.1L, the cylindrical aggregates twist and give rise to helical structures (frames (d) and (i) in Fig. 

9), similar to those observed experimentally by Dupont et al. with an ABC triblock copolymer in 

solvents that are good for block C, poor for B, and marginal for A [49]. At h3=0.2L, the aggregates get 

closer in the middle of the box, where they mantain a rather straight orientation, and then, following the 

curvature of the interfaces, gradually bend to form what we call X-shaped structures (frames (f) and (k) 

in Fig. 9). 

 



           

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
FIG. 9. Snapshots of systems S2/h1 (top row), S2/h2 (central) and S2 /h3 (bottom), containing 40% (b, d, f) and 50% (g, i, k) of 
surfactant. Snapshots (a), (c) and (e) are obtained from snapshots (b), (d) and (f), respectively, by modifying the orientation of the 

simulation box and removing the H beads. Similarly, snapshots (h), (j) and (l) are respectively originated from (g), (i) and (k). 

The red and yellow beads represent the hydrophilic and hydrophobic groups of the diblock surfactant, respectively. O beads are 
shown in green and magnified for clarity. Parts of the interfaces with the dispersed phase, indicated by transparent blue beads, 

have been removed in the snapshots of the first and last column. 

 
 

 

Finally, under three-dimensional confinement, which represents a limiting situation as droplets are 

never so close to completely isolate a region of the continuous phase, no ordered phases are observed 

regardless the height of the quasi-spherical cap. At φ=40% and 50%, all systems S3 form bicontinuous 

structures with the hydrophobic core creating a sort of labyrinthic path through the hydrophilic moiety. 

As illustrative examples, configurations of system S3/h1 and system S3/h3 , both with φ=50%, are 

given in Fig. 10. Although in this case no periodic order is provided, the labyrinthic distribution of 

these wormlike aggregates can still be an interesting template for many application where a three-

dimensional network of channels is required. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
FIG. 10. Snapshots of systems S3/h1 (top row) and S3/h3 (bottom), containing 50% of surfactant. Box edge lengths are L=40 and 

80 for the top and bottom frames, respectively. The red and yellow beads represent the hydrophilic and hydrophobic groups of 

the diblock surfactant, respectively. O beads are shown in green and magnified for clarity. Hydrophilic beads and interfaces with 
the dispersed phase, indicated by transparent blue beads, have been removed in (b) and (d). 

 

 

 

Conclusions 

 

In summary, we have performed lattice MC simulations to investigate the self-assembly of a model 

diblock surfactant in the continuous mesophase of HCEs, under the assumption of pseudo-equilibrium, 

a condition that is justified by the relatively fast formation of micelles and liquid crystals as compared 

to the kinetic stability of these emulsions. The aggregation takes place in a confined environment 

where the shape and curvature of the droplets interface as well as the degree of confinement itself 

determine the arrangement of the self-assembled structures. At low surfactant concentrations, we 



           

 

observed formation of micellar solutions whose main characteristics are identical to those usually 

formed by the same diblock surfactant in the bulk. They consist of roughly spherical aggregates with 

aggregation number around 85-90, regardless the dimensionality of confinement and the degree of 

interface curvature. By contrast, at higher concentrations, up to 50% by volume, where liquid 

crystalline phases are expected, deep morphological changes were detected as compared to the 

aggregation behavior in the bulk solution. As a result of the confinement exerted by the droplets 

interface, and hence by the combined action of morphological frustration and symmetry breaking, 

cubic and hexagonally-packed columnar liquid crystals modify their long-ranged order to mold on the 

flat or slightly curved interface of the droplets. Cubic phases are found in some particular cases, but 

generally their formation is significantly affected by the geometry of the confined space. Reducing the 

size of the micelles by increasing, for instance, the temperature, can favor the formation of cubic liquid 

crystalline phases. As far as cylindrical aggregates are concerned, their long-ranged order changes from 

hexagonally-packed columnar structures in the bulk solution to square columnar liquid crystals, twisted 

X-shaped aggregates, and helical phases of cylindrical aggregates in a confined environment. A three-

dimensional confinement, with the mesophase completely isolated, leads to very weakly ordered 

bicontinuous phases where the wormlike aggregates form a sort of labyrinthic pathway through the 

solvent. Therefore, the general tendency observed in HCEs is that by increasing the packing fraction of 

the dispersed droplets, the structural order in the continuous phase is gradually modified and 

substantially reduced. Such deep modifications of the aggregation behavior in the mesophase of HCEs 

are of fundamental importance in many applications where hierarchically structured reaction media or 

drug delivery systems are, for instance, involved. Furthermore, as HCEs can be the intermediate step 

for the synthesis of bimodal meso/macroporous solids for adsorption, catalysis, molecular separation, 

etc., it is fundamental to understand the best condition to obtain an efficient network of macropores and 

mesopores. In this regard, we hope that the present contribution might stimulate further investigation to 

address the influence of the morphological order in the mesophase of HCEs on the final properties of 

these porous materials. 

 

 

 

 

 

 

Output of the project 

 

In the following, publications and contributions are listed. One review on highly concentrated 

emulsions is being written and will be sent soon for publication. As observed, the output of the BP 

fellowship concerns the main project, but also some interesting aspect of other self-assembling 

systems, which are not emulsions. Nevertheless, these contributions are strictly related to the project 

and contribute to better understand the main aspects driving the aggregation behavior in soft condensed 

matter.  
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