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ABSTRACT: Lattice Monte Carlo simulations are used to study the stabilization of different ordered bicontinuous
phases in A-B diblock copolymer systems. The stabilization approach involves attempting to reduce the packing
frustration inside the nodes of the bicontinuous phases by the addition of an A-component “additive”. Two different
strategies are considered which entail the addition of (1) explicit selective-solvent particles and (2) homopolymer
of a length equal to 80% that of the diblock copolymer chains. Approximate phase boundaries were found via
free-energy calculations, and great care was taken to enact the commensurability of system size with the unit-cell
dimensions of distinct candidate phases. A very contrasting phase behavior is observed upon increasing the amount
of the A-component additive in the two different strategies. With the first strategy (i.e., addition of solvent particles)
we observed the progression gyroidf perforated lamellaf lamellaf reversed gyroid, including a long-lived
metastable orthorhombic cocontinuous phase known as O52. With the second strategy (i.e., addition of
homopolymer) we observed the progression of morphologies gyroidf double diamondf plumber’s nightmare.
In the latter two bicontinuous phases, the homopolymer concentrates preferentially in the nodes not only to reduce
the nodal packing frustration but also to enhance the homopolymer’s conformational entropy. At high homopolymer
volume fractions, a novel morphology was observed, wherein cylinders of two different diameters alternate in a
tetragonal (square) packing; however, it remains unclear whether this “alternating diameter cylinder” phase is
just a long-lived metastable or a truly stable phase at some of the conditions examined. The dissimilarity in the
resulting phase behavior for the two strategies considered is rationalized in terms of the difference in the degree
of penetration of the two additives into the diblock copolymer layer, which is a direct consequence of the disparity
in translational entropy exhibited by the homopolymers and by the solvent particles.

I. Introduction

The capacity of block copolymer systems to self-assemble
at mesoscopic length scales has made them the focus of
extensive research.1,2 Particular attention has been paid to pure
diblock copolymer (DBC) melts where different morphologies
of specific geometry can be rationally obtained just by adjusting
the relative sizes of the two blocks.1,3 By this means, a number
of distinct mesophases can be obtained: spheres with bcc
packing (S), cylinders hexagonally packed (C), the lamellar
phase (L), the bicontinuous gyroid phase3,4 (G), and the recently
observed cocontinuous O70 phase.5,6 A perforated lamellae phase
(PL) is often observed in experiments7 and simulations;8,9

however, this phase has been proven to be just a long-lived
metastable state in the bulk of the pure DBC melt phase
diagram.10,11

Of great scientific and technological interest is a particular
kind of mesophase based in minimal surfaces, known as the
ordered bicontinuous phases.12 In these phases the minority
component forms two triply periodic interweaving networks that
never intersect, making them ideal candidates as precursor of:
porous materials,13,14 regular three-dimensional networks, and
high-conductivity nanocomposites.15 Experimentally, some sys-
tems of surfactants have been observed to present a rich variety
of these phases. For example, Stro¨m and Anderson16 observed
in the system didodecyldimethylammonium bromide-water-
styrene a progression of the bicontinuous phases gyroid (G),
double diamond (DD), plumber’s nightmare (P), and Neovius’
surface [C(P)]. However, pure DBC melts present a much more
limited variety of bicontinuous phases. While in pure DBC melts
it was initially thought that the stable bicontinuous phase was

the DD phase, it is now well-established that the only stable
bicontinuous phase in pure DBC melts is the G phase.4,17,18

A common feature of the ordered bicontinuous phases is that
their minority-component networks form a structure composed
of tubes (connectors) and nodes.19 The number of tubes
intersecting in each node depends upon the specific phase. For
example, the numbers of tubes that intersect in the nodes of
the G, DD, and P phases are three, four, and six tubes,
respectively. While the thickness of the tubes is roughly
determined by the minority-component block length, the thick-
ness of the nodes (which are formed by the junction of several
tubes) is necessarily bulkier in order to approach the constant-
mean-curvature (cmc) structure that will minimize the interfacial
energy.19 As a result, the DBC chains cannot reach the center
of the nodes without either stretching or deforming the node’s
shape, causing an entropically unfavorable scenario known as
packing frustration. It has been suggested3,19 that the reason for
the limited stability of the bicontinuous phases in the pure DBC
melt is the existence of packing frustration inside the nodes.
Moreover, it has also been argued19 that since the G phase is
the bicontinuous phase with the smallest number of tubes per
node, and therefore with the smallest nodes, the G phase is the
ordered bicontinuous phase with the least packing frustration,
and hence, the only stable one in pure DBC melts.

In previous works,20,21we were able to detect direct evidence
of packing frustration inside the G phase nodes. Additionally,
we used bidispersity as a means to alleviate the frustration,
achieving the stabilization of the G phase in a wider range of
temperatures.20 The frustration in the nodes could also be
alleviated by the addition of small quantities of other “fillers”
or “additives” like selective nanoparticles or homopolymer
(Figure 1) that would preferentially concentrate inside the* Corresponding author. E-mail: fe13@cornell.edu.
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nodes.22 In principle, this reduced frustration can be used not
only to increase the range of stability of the G phase but also
to stabilize other bicontinuous phases like the DD and P.19

Indeed, in systems of triblock copolymers, Dotera23 performed
lattice Monte Carlo (MC) simulations where a progression of
the form “single” G f “single” D f and “single” P was
observed by the addition of homopolymer. In DBC systems,
however, the situation is less clear. On one hand, mean-field
SCFT has been used to predict the stabilization of the DD phase
in a very narrow region of the phase diagram by the addition
of homopolymer.24 On the other hand, the Wiesner Group25,26

has realized a series of experiments in a mixture of a diblock
copolymer (e.g., PI-b-PEO) with an inorganic aluminosilicate,
for which the P phase was observed but the DD was not.

Although SCFT has proven to be a very useful tool in
resolving many of the issues regarding the phase behavior of
block copolymer systems,27-29 in the present work we will adopt
the more straightforward (though more time-consuming) particle-
based approach, wherein the effects of finite chain length size
and local density fluctuations are naturally incorporated. Particle-
based simulations have been relatively successful in showing
the stabilization of the G and PL phases in DBC systems with
a selective solvent.30-35 However, to the best of our knowledge,
a particle-based approach has never been used to predict the
stabilization of ordered bicontinuous phases, different from the
G phase, in DBC melt systems. Moreover, even though
extensive work has been done in the area of block copolymer/
nanoparticle composites,2,36,37 these results did not treat the
bicontinuous phases and concentrated in the “classical” (i.e.,
the L, C, and S phases) morphologies.

In the present paper, we perform lattice MC simulations to
study the stabilization of different complex phases through the
reduction of packing frustration. Two different strategies are
considered which aim to counter the frustration effects by
addition of minority (A) component in the form of (1) selective
solvent particles of size comparable to the polymer Kuhn length
(i.e., monomeric solvent) and (2) homopolymer of a chain length
equal to 80% that of the copolymer chains. In order to be able
to observe the bicontinuous phases, simulations were carried
out at conditions where the G phase has previously been
observed for the pure melt in lattice systems (i.e.,øN ) 40 and
volume fraction of A-block) 0.30).20 A surprisingly different
phase behavior is observed upon increasing the amount of the
A-component additive in the two different cases. With the first
strategy (i.e., addition of solvent particles) we observed the
progression Gf PL f Lf reversed gyroid (RG), with the PL
phase sharing the phase diagram with a long-lived metastable
orthorhombic cocontinuous network phase known as O52. With
the second strategy (i.e., addition of homopolymer) we observed
the mesophase progression Gf DD f P. In both, the DD and
the P phases, the homopolymer was observed to preferentially
concentrate in the nodes, consistent with the idea of reduction

of the packing frustration. Additionally, in regions with ho-
mopolymer concentration equal to or greater than the concentra-
tion where the P phase was found, a novel morphology was
observed, wherein cylinders of two different diameters alternate
in a tetragonal (square) packing. The difference observed in the
phase behavior for the two strategies considered is rationalized
in terms of the difference in translational (mixing) entropy
between the solvent particles and the homopolymer.

II. Model and Methods

A simple cubic lattice is used to discretize space where each
site can be occupied only by a single bead of the polymer chain.
Each bead in the chain represents a Kuhn segment. Bonds are
allowed between the edges of each site as well as between
diagonals sites, yielding to a total of 26 neighbors per lattice
site. This type of lattice have successfully been used in numerous
studies of the phase behavior of surfactant/copolymer sys-
tems.20,30,38

In this scheme each bead interacts only with its 26 nearest
neighbors. The contact energyεij is defined as

wherei andj represent the type of bead. In DBC systems only
two different types of beads are needed: “A” beads (i.e.,
minority component) and “B” beads (i.e., majority component).
The void volume fraction is set toη ) 0.25 to facilitate
equilibration.20

As is customary for DBC lattice simulations, the Flory-
Huggins interaction parameter (ø) is obtained fromø ) (number
of nonbonded neighbors)× (fraction occupied)× εAB/kT

whereâ ) εAB/kT, k is Boltzmann constant, andT is temper-
ature.23 The DBC composition is defined by

whereN is the DBC chain length. Since all beads occupy the
same volume,f also defines the volume fraction of A beads in
a DBC chain.

In the present work the DBC chain length is set toN ) 20
with a minority component volume fraction off ) 0.30. Such
a chain length has been successfully used by several au-
thors20,21,23,39 to study the phase behavior of DBC systems,
indicating that it provides a good compromise between com-
putational efficiency and suitable representation of the DBC.
Additionally, the simulation conditions will be fixed atâ )
0.1111 (i.e.,øN ) 40) since it has been found that at these
conditions the pure DBC melt for this model presents a stable
gyroid phase.20

The selective solvent particles are explicitly represented by
a single A bead (i.e., each solvent particle occupies only a single
lattice site). The homopolymer is represented as chains of A
beads, with a chain length ofNho ) 16. The fraction of nonempty
sites occupied by the “additive” (i.e., either solvent or ho-
mopolymer) is denoted byφadd.

Simulations are carried out according to theNVT ensemble
Monte Carlo scheme where a set of moves (hops, reptations,
and switches)20 is attempted and accepted with probability given
by the standard Metropolis criterion.40 More details about this

Figure 1. Cartoon representing (a) how packing frustration can
manifest in the form of chain stretching in the nodes of the bicontinuous
phases of pure DBC systems and two strategies that can be used to
alleviate this nodal frustration: (b) via selective nanoparticles and (c)
via homopolymers.

εij ) {1 if i * j

0 if i ) j

(1)

ø ) 18â (2)

f ) number of A beads in chain
N

(3)
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model can be found elsewhere.20 The “hop”, “reptation”, and
“switching” moves were performed with a relative frequency
of 300:30:1, respectively. The systems were equilibrated in the
athermal limit and then quenched to the target temperature (i.e.,
â ) 0.1111) where the systems were left to spontaneously
evolve toward a morphology. Simulations were usually run for
8 × 106 MC cycles, of which 2× 106 MC cycles were for
equilibration and the rest for production (when statistics are
collected). Each cycle comprised ofNmonMC moves whereNmon

is the total number of monomers in the system.

III. Chemical Potential Calculations

At a given set of thermodynamic conditions, more than one
morphology can often spontaneously form depending upon the
simulation box size and initial conditions.20,21,23The reason is
that block copolymer morphologies present long-range ordering,
making some structures particularly sensitive to finite-size
effects. As a consequence, metastable structures can be stabilized
when the simulation box is not of a size commensurate with
the unit cell of the stable phase. In theNVTensemble, the most
stable phase is the one with the lowest excess Helmholtz free
energy per unit chain. Neglecting the PV contributions, which
are assumed to be similar and small in different phases with
the same density, the stability between phases can be discerned
through the excess chemical potential (âµex), where the “excess”
properties are defined by taking as reference the ideal chain
(i.e., a chain having only bonded interactions). In a previous
paper21 we gave a detailed explanation of how to accurately
calculateâµex using a variant of the expanded-ensemble (EXE)
method.41,42 In this approach one gradually inserts/removes a
target chain in the system by appending/deleting beads to/from
it. This method requires a means for accurate estimation of the
free energy differences associated with such growth/reduction
transitions and the use of suitable biasing weights to attain
efficient sampling of all transitions; we adopt here Bennett’s
acceptance-ratio method43 to estimate free energy differences
and the method of Trebst et al.44 to get the biasing weights.
The partition function of the expanded-ensemble (QEXE) is
defined as

whereQ(λm) in our case is the partition function of theNVT
ensemble with characteristic parameterλm (e.g., the number of
target-chain beads already inserted), andψm is an arbitrary bias
weighting function that is optimized to obtain efficient sam-
pling21 by means of a modification of the method of Trebst et
al.44

If the insertion/deletion attempts are proposed with equal
probability, the Metropolis acceptance criterion for a macrostate
transition m f m + ∆, with configurational-bias sampling,
biased only according to excluded volume interactions, becomes

with

where∆ ) +1 for growth, ∆ ) -1 for reduction,U is the
interaction energy, andW is the Rosenbluth weight40 calculated
with excluded volume interactions alone for the corresponding
insertion/deletion process. Macrostate transitions were attempted
with a frequency of two attempts per MC cycle.

The Helmholtz free energy (A) differences associated with
the insertion/deletion of a bead in the target chain can be
estimated using Bennett’s acceptance ratio formula:

wherelm,m+1 is the number of trial transitionsλmf λm+1 andC
is found from

where the summation in the left runs over all theλmf λm+1

attempted transitions and the summation in the right over all
theλm+1f λm attempted transitions. Finally, the excess chemical
potential for a single species is calculated from

Stability between phases is then discerned by comparison of
the molar Gibbs free energy of the mixture,âg, calculated as

with yi the mole fraction of speciesi in the system.

IV. Results and Discussion

Addition of Selective Solvent Particles.The phase behavior
of DBC/solvent-particle mixtures was explored for a range of
solvent concentrations betweenφadd ) 0.0 andφadd ) 0.40. A
variety of morphologies was observed by changingφadd. Among
the phases that had been previously reported in DBC systems
we observed: the bicontinuous G phase, the PL phase, and the
L phase (Figure 2). In addition, an orthorhombic cocontinuous
network phase known as O52 was also observed (Figure 3). In
this phase, the minority component forms asinglecontinuous
network. The O52 phase has never been observed in DBC
systems and has only been reported for triblock copolymer melts
in the experiments carried out by Cochran and Bates.45 Since
different cocontinuous network phases could in principle be
obtained, the structure factor,S(q), of the simulated network
phase was calculated. Figure 4 shows different projections of
the calculatedS(q). The location of the peaks is indeed consistent
with thePnnasymmetry (i.e., the O52 phase) and with theS(q)
obtained by Cochran and Bates.45 Moreover, simulations only
produced a defect free O52 phase when the edges of the
simulation box had sizes consistent with ratios about 2:b:1 with
b ∼ 1.8-1.9, which are comparable with the ratios observed
experimentally for triblock copolymers (i.e., 2:1.73:1).45 At this
point it is important to note that even though additional
simulations were carried out in boxes with dimensions consistent
with the lattice constants of the O70 phase,5 the latter was never
observed. Finally, for high solvent concentration (i.e.,φadd ∼
0.40) the “reversed” perforated lamellae phase (RPL) and the
“reversed” gyroid phase (RG) were observed. In the RPL phase
the B blocks form perforated lamellae surrounded by an
A-component (i.e., A blocks+ solvent particles) matrix.
Similarly, the RG phase presents B-component interweaving
networks in an A-component matrix.

QEXE ) ∑
m)1

M

exp(ψm) Q(λm) (4)

Pacc) min{1, exp(- υ + ψm+∆ - ψm)} (5)

υ ) -∆ln W + â(Um+∆ - Um) (6)

âA(λm+1) - âA(λm) ≡ ln( Q(λm)

Q(λm+1)) ) C - ln(lm+1,m

lm,m+1
) (7)

∑
m

(1 + exp[υ(λm f λm+1) - C])-1 )

∑
m+1

(1 + exp[υ(λm+1 f λm) + C])-1 (8)

âµi
ex(λ1 f λM) ) [âA(λM) - âA(λ1)] )

∑
m)1

M-1

[âA(λm+1) - âA(λm)] (9)

âg ) ∑yi âµi
ex (10)
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As pointed out in previous works,20,21,23 the mesophases
obtained in simulations of DBC melts are particularly sensitive
to the choice of simulation box dimensions. As a consequence,
at a given set of thermodynamic conditions more than one
morphology can be observed. While the system DBC/solvent
particles can no longer be considered a “melt”, we still find the
observed structures to be extremely sensitive to the choice of
simulation box dimensions. Thus, the most stable phase has to
be discerned by comparing the values of the chemical potentials
as discussed in section III. In Figure 5, we present an
approximate phase diagram where all the spontaneously obtained
morphologies are shown as a function of the solvent concentra-
tion φadd. Though several mesophases can be shown at a given
φadd, phase boundaries between the stable phases are roughly
delineated on the basis of calculated values ofâg. In general,
the stable phases showed a progression of the form

G f PL f L f RG with increasingφadd. Although the O52

phase was observed in the rangeφadd) 0.05-0.09, free energy
calculations indicate that this phase is a long-lived metastable
and that the stable phase in this region of the phase diagram is
the PL phase [e.g., forφadd ) 0.06,âgÃ52 ) 17.57(1) andâgPL

) 17.55(1)]. However, the very small difference in molar Gibbs
free energy between these two phases (i.e., PL and O52) together
with the fact that simulations are only carried out in discrete
points of the phase diagram suggests that this result should be
taken with caution; there could still be a very narrow region of
the phase diagram where the O52 phase is stable. Moreover,
the potential existence of the O52 phase as a long-lived
metastable phase is also of interest since metastable phases are
often observed in experiments (e.g., the PL phase in pure DBC
melts10). In a similar note, atφadd ) 0.40 the RG phase was
observed in a cubic simulation box of sizeLbox ) 39 lattice
units, with a calculated value of Gibbs energy ofâgRG ) 4.595-
(2). In simulation boxes of sizes different than the latter, the
RPL phase was always found. However the values of chemical
potential for the RPL were always higher [e.g.,Lbox ) 35,âgRPL

) 4.600(2)], indicating the stability of the RG phase in this
point of phase diagram. (Note that atφadd ) 0.40 the mole
fraction of solvent particles isynano∼ 0.93, hence, the low values
of the molar Gibbs energy of the mixture.)

Although the addition of selective solvent induced the
formation of a variety of morphologies, neither the DD phase
nor the P phase was observed. The reason for the absence of
these phases can be explained in terms of spatial distribution
of the solvent particles throughout the minority (A-component)
domain. In order to achieve the stabilization of the bicontinuous
phases, the solvent particles need to preferentially reside inside
the nodes (Figure 1b). However, given the small size of the
solvent particles, it is reasonable to think that confining the

Figure 2. Commonly observed morphologies in DBC systems that
were obtained by the addition of selective solvent particles. The majority
(B) component is not shown. Solvent particles that are located in the
majority component domain are not shown for clarity. (a) The G phase,
(b) the PL phase, and (c) the L phase.

Figure 3. Orthorhombic cocontinuous network phase O52 observed in
simulations for a solvent concentration range ofφadd ∼ 0.05-0.09.
Solvent particles that are located in the majority component domain
are not shown for clarity. (a) A unit cell of the O52 phase. (b) Eight (8)
unit cells of the O52 phase.
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solvent to small regions (e.g., the nodes) of the A domain would
produce a significant penalty to the entropy of mixing.
Therefore, solvent particles would tend to distribute uniformly
throughout the minority component domain. This tendency can
be observed in Figure 6a, where we show a typical snapshot of
the L phase with solvent concentrationφadd ) 0.20. Figure 6b
shows the concentration profiles of A-block beads and solvent

beads along the direction perpendicular to the Lamellae. The
concentration of solvent particles is seen to vary less rapidly
than the concentration of A-block beads as the interface is
approached, consistent with the higher tendency of the solvent
particles to distribute uniformly in the A domain. Moreover, as
the interface is approached, the concentration of solvent beads
increases relative to that of A-block beads to the point that
solvent particles are also present in finite concentrations (despite
the energetic penalty implied) inside the B-component domain.

Figure 4. 2D projections of the structure factor for a simulated O52

phase with lattice constantsa ) 32,b ) 31, andc ) 16 (lattice units),
obtained at a solvent concentration ofφadd ) 0.06. Location of peaks
is consistent with thePnnasymmetry. (a) Projection in the “a” axis.
(b) Projection in the “b” axis. (c) Projection in the “c” axis.

Figure 5. Approximate phase diagram where the morphologies
obtained by addition of selective solvent particles are presented as a
function of the solvent concentrationφadd. All the morphologies
observed (i.e., stable and metastable) are shown. Approximate phase
boundaries between stable phasesswhich are indicated in big bold
letterssare based on the chemical potential calculations. A progression
of the form Gf PL f L f RG is observed with increasingφadd.

Figure 6. Distribution of selective solvent particles in simulated L
phase atφadd ) 0.20. (a) Typical snapshot of the simulated L phase.
For clarity, copolymer beads are not shown. Solvent particles are shown
in red (dark). Surfaces dividing the A and B domain are shown as a
guide to the eye. (b) Concentration profiles along the direction
perpendicular to the lamellae are shown for the A-block beads and
solvent beads. Solvent particles concentration varies less rapidly than
that of A-block beads, indicating that the solvent particles tend to
distribute homogeneously throughout the A-component domain. Non-
negligible amounts of solvent particles can also be found in the
B-component domain. A similar behavior is observed (results not
shown) for the other solvent-stabilized phases (e.g., G, O52, PL, and
RPL).
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This illustrates the importance of the solvent particle mixing
entropy contribution to the total free energy. As a consequence,
the small solvent particles studied in this work are not likely to
locate preferentially inside the nodes of a bicontinuous phase,
thereby failing to stabilize either the DD phase or the P phase
through reduction of packing frustration. It is also instructive
to note that since the solvent tends to distribute uniformly in
the A-component domain, the net effect of adding solvent
particles is to increase the effective size of the minority
component block of the DBC (i.e., swelling the whole A-
component block), hence decreasing the preferred mean cur-
vature of the A-B interface. This is consistent with the observed
progression of stable phases in which the system goes, with
increasingφadd, from the G phase (i.e., positive mean curvature)
to the L phase (i.e., zero mean curvature), and then to the RG
phase (i.e., negative mean curvature).

Addition of Homopolymer. In this section, we study the
possibility of reducing packing frustration in the ordered
bicontinuous phases by addition of A-component homopolymer
of size Nho ) 16. The choice of this homopolymer size is a
compromise between two opposite factors: (1) The smaller the
homopolymer chains, the greater the mixing entropy penalty
that is incurred in order to confine the homopolymer inside the
nodes. Accordingly, longer homopolymer chains should favor
the formation of bicontinuous phases. (2) The longer the
homopolymer chains, the greater the dislike between the
homopolymer and the DBC chains, thus increasing the tendency
of macrophase separation into a DBC-rich phase and a ho-
mopolymer-rich phase; this hinders the possibility of obtaining
multiple bicontinuous phases. Thus, our choice of homopolymer
chain size is consistent with the SCFT calculations of Matsen24

where it was found that these two criteria can be met, in order
to stabilize the DD phase, when the ratio (R) of homopolymer
chain length to DBC chain length is around2/3 eR e1.

The phase behavior of the DBC/homopolymer system was
studied for values of homopolymer volume fraction (φadd) in
the rangeφadd ∼ 0.0-0.45. A very complex phase behavior
was observed, which is shown in Figure 7. As before, all the
morphologies spontaneously formed for a given value ofφadd

are shown. Phase boundaries between stable phases are roughly
delineated on the basis of free energy calculations.

As expected, for low homopolymer concentrationφadd∼ 0.0-
0.10, the G phase was observed. In addition, for a wide range
of concentrationsφadd∼ 0.00-0.40 the C phase was obtained.
For values ofφadd g 0.02, the ordered bicontinuous DD phase

was also observed. In Figure 8a a snapshot of eight unit cells
of the simulated DD phase is shown. As is customary throughout
this work, the B-component domain is not shown. The minority
(A) component forms two interweaving networks that never
intersect. Figure 8b shows a single node of the simulated DD
phase; as expected, four tubes (connectors) intersect in each
node. In order to ratify the simulated morphology as the DD
phase, the structure factorS(q) was calculated (Figure 9) to show
that the location of the peaks at ratiosx2:x3:x4:x6 is indeed
consistent with the DD phase (i.e.,Pn3m symmetry). To the
best of our knowledge, this constitutes the first time the DD
phase is successfully obtained in particle-based simulations in
DBC systems and at meltlike densities.

Since the DD has periodicity in the three directions, its
formation is very sensitive to the simulation box dimensions.
As consequence, the DD phase was only observed when

Figure 7. Simulated phase diagram for the DBC/homopolymer system.
All the morphologies obtained at a particular value ofφadd are shown.
Chemical potential calculations are used to discern stability between
competitive phases and to delineate approximate phase boundaries. In
general, a progression of morphologies Gf DDf P was observed.
Also, a possibly stable morphology of “alternating diameter cylinders”
(ADC) wherein cylinders pack tetragonally was observed at highφadd.

Figure 8. Snapshot of a simulated DD phase for the DBC/homopoly-
mer system atφadd ) 0.20. (a) Eight unit cells of the simulated DD
phase (the unit cell size isL ) 30 lattice units). The B-component
domain is not shown for clarity. The two minority component networks
are shown in red (dark) and yellow (light) for clarity. (b) A single DD
node, where the four connectors are seen to intersect.

Figure 9. Structure factorS(q) for the simulated DD phase. The
location of the peaks at ratiosx2:x3:x4:x6 is consistent with the
Pn3m symmetry.
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simulation boxes were consistent with the DD unit cell size,
which is a function of the thermodynamic conditions. For
simulations with box dimensions inconsistent with the preferred
DD unit cell size, other phases (e.g., C, G, etc.) were formed
depending on the value ofφadd. This dependence on simulation
box dimensions of the observed structure is a general difficulty
of particle-based simulations of all the ordered bicontinuous
phases, since the “appropriate” unit cell size for each morphol-
ogy at a given point of the phase diagram is not known a priori.
Thus, in principle, an extremely large number of simulation box
sizes (and shapes in the case of orthorhombic phases) would
need to be tried to be able to observe all the competitive
morphologies. This approach is obviously not feasible, and
physical intuition together with some degree of trial-and-error
process is necessary to constrain the search to only simulation
box sizes consistent with the morphologies that are most likely
to have the lowest free energy. In order to estimate the unit
cell size of the different candidate morphologies from data
obtained at a different value ofφaddor from another bicontinuous
morphology, we found it helpful to use simplified theoretical
models for the geometry of bicontinuous phases. The simplest
physical model to represent ordered bicontinuous phases is the
“constant thickness” or “parallel surfaces” model,4,16 in which
the A-B interfaces are assumed to lie at a constant perpen-
dicular lengthλ from the minimal surface (e.g., G, DD, P
surfaces) which is imagined to divide the B-component domain
in two halves. In this model, the B-component volume fraction
φB is related to lengthλ by the simple relation:16

whereL is the preferred unit cell size andA0 and øe are the
normalized area per unit cell and the Euler characteristic,
respectively, for the particular minimal surface. For the DD
phaseA0 ) 1.919 andøe ) -2; while for the P phase,A0 )
2.345 andøe ) -4.16 The first term of eq 11 corresponds to
the value thatφB would be if the minimal surface were flat
(i.e., Gaussian curvatureK ) 0) and the second term to the
correction due to the nonzero value ofK. In Figure 10, we show
the simulation box sizes where the DD phase was spontaneously
obtained as a function of the homopolymer volume fractionφadd,
which is related toφB through

wheref ) 0.30 is the DBC composition. Additionally, Figure
10 shows the fit provided by eq 11 with a single adjustable

parameterλ that represents the half-width of the B-component
domain. For the DD phase we foundλ ) 4.46 lattice units,
which is about 0.75 times the observed B-block end-to-end
distance (rB) for the DD phase and agrees with the intuitive
idea that the width of the B domain should lie in between those
expected for a monolayer and a bilayer (i.e.,rB/2 < λ < rB).
Similar values ofλ were obtained for the G phase (e.g.,λ )
4.32) and the P phase (e.g.,λ ) 4.52), indicating that the
B-component domain width is almost independent of the
bicontinuous morphology. It can be seen in Figure 10 that the
simulation box size dependence inφadd agrees well with the
expected behavior for the constant thickness model of the DD
phase. A similar analysis was performed for the other bicon-
tinuous phases encountered in our simulations, and a similar
degree of agreement with eq 11 was also observed (results not
shown). Moreover, the good agreement between the simulation
results and eq 11 indicates thatλ remains approximately constant
for the different values ofφadd. This trend can only be explained
if the homopolymer does not penetrate into the B-component
domain, a behavior that we have indeed observed in our
simulations (see later the discussion on Figure 16).

In the range 0.02e φadd e 0.40 both the DD phase and the
C phase were spontaneously obtained depending upon simula-
tion box size. Forφadd < 0.05 both of these phases are just
metastable since the G phase has lower values of Gibbs energy
[e.g., atφadd) 0.04,âgG ) 35.70(1),âgC ) 35.76(1), andâgDD

) 35.81(1)]. However, for the range 0.05< φadd < 0.35 the
DD and C phases seem to compete for thermodynamic stability.
For relatively high concentrations of homopolymer (i.e.,φadd

> 0.12) the Gibbs energy of the DD phase is found to be slightly
lower than that of the C phase [e.g., forφadd ) 0.25,âgDD )
32.597(9) andâgC ) 32.62(1)]. Additionally, for these con-
centrations, defect-free C phases become increasingly difficult
to stabilize, thus making unambiguous the assignment of the
DD phase as the stable one. However, for a narrow range of
homopolymer concentrations (i.e., 0.05< φadd < 0.12), free
energy calculations seem to indicate that the C phase has a lower
Gibbs energy than the DD phase [e.g., forφadd ) 0.08 andLbox

) 48,âgDD ) 35.175(10) andâgC ) 35.15(1)]. The stabilization
of the C phase (a phase with much greater mean curvature in
the A-B interface than the G phase) with the addition of
homopolymer is somewhat counterintuitive. However, this could
be the consequence of an incomplete alleviation of the frustration
in the DD nodes because of the relatively small amounts of
homopolymer present in this region of phase diagram (i.e., 0.05
< φadd < 0.12). Nonetheless, to the best of our knowledge, a
similar transition (i.e., from the G phase to the C phase by
adding minority component) has neither been observed experi-
mentally nor predicted by theory. It is also plausible that the
stable state in this narrow region of phase diagram is a two-
phase state where the G and DD phases coexist, which would
not be attainable in the relatively small simulation boxes used
in this work, therefore causing the stabilization of a single
metastable phase which in this case happens to be the C phase.
Moreover, the C morphologies with the lowest Gibbs energy
were usually the ones with the cylinders aligned along a diagonal
of the simulation box. This suggests that C configurations are
subject to “tensions” (i.e., anisotropies in the pressure tensor)
that could cause a nonnegligible penalty in the PV contribution
to the Helmholtz free energy. Because of the above reasons, in
this region of the phase diagram, we tentatively assign the C
phase as metastable. Finally, to estimate the phase boundary
between the two stable phases in this region, we show in Figure
11 the Gibbs free energy of the G and DD phases as a function

Figure 10. Simulation box dimensions (of one unit cell), wherein the
DD phase was spontaneously formed, as a function of the homopolymer
volume fractionφh ) φadd. A single-parameter (λ) fit using eq 11 is
also shown. The fitted value ofλ ) 4.45 represents the half-width of
the B-component domain.

φB ) 2A0 ( λ
L ) +

4πøe

3 ( λ
L )3

(11)

φB ) 1 - φA ) 1 - [ f(1 - φadd) + φadd] (12)
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of φadd, wherein it can be seen that the values ofâg for these
phases intersect aroundφadd ∼ 0.09.

For homopolymer volume fractions in the range 0.25< φadd

< 0.40 the plumber’s nightmare (P) phase was also observed.
To the best of our knowledge, this phase has never been
observed before in simulations of DBC systems. In this
morphology, the minority component forms two networks that
never intersect, and each network is composed of 6-fold nodes
and connectors (Figure 12). Calculation ofS(q) in Figure 13
confirms that the simulated phase is indeed the P phase (i.e.,
Im3m symmetry)25 as can be seen from the clear peaks at

positionsx2:x4:x6. For homopolymer concentrationsφadd e
0.30 the simulated P phases became defective after long
simulation runs (i.e., more than 4× 106 MC steps), indicating
that for these conditions the P phase is just metastable. However,
in the range 0.35e φadde 0.40 the simulated P phase not only
remained defect free but additionally was observed to have a
slightly lower Gibbs energy than the DD phase [e.g., forφadd

) 0.35,âgDD ) 31.19(1) andâgP ) 31.18(1)]. Moreover, when
“bigger” systems were used (e.g., atφadd) 0.40, box dimensions
of 41 × 82 × 82 for the DD phase and 49× 98 × 98 for the
P phase), such that the unit cells of the P and DD phases were
replicated four times, the P phase still showed lower values of
âg. As a consequence, we conclude that in the range 0.35<
φadd < 0.40 the P phase is the stable phase.

For homopolymer volume fractionsφadd > 0.35, a novel
phase, in which cylinders of two different diameters alternate
in a tetragonal (square) packing, was observed (Figure 14). This
phase will be, henceforth, referred to as “alternating diameter
cylinders” (ADC). Although chemical potential calculations in
the range 0.35< φadd < 0.40 indicate that the ADC phase is
just a long-lived metastable phase, the results seem to suggest
that forφadd ∼ 0.45 the ADC phase may be stable since it has
a lower chemical potential than the other phases observed.
However, this result should be taken with caution because most
of the other phases observed at these conditions were defective,

Figure 11. Gibbs free energy of the mixture (âg) for the G and DD
phases in the DBC+ homopolymer system as a function of the
homopolymer volume fractionφadd in the rangeφadd∼ 0.02-0.12. The
G phase is stable only forφadd < 0.09.

Figure 12. Simulated snapshot of the plumber’s nightmare (P) phase
observed atφadd ) 0.35 in a simulation box of sizeLbox ) 46. The
majority (B) component is not shown. (a) One unit cell of the P phase.
The minority component forms two distinct networks that never
intersect. They are shown in yellow (light) and red (dark) for
visualization purposes. (b) One of the minority component networks
has been replicated four times.

Figure 13. Structure factorS(q) for the simulated P phase. The location
of the peaks at ratiosx2:x4:x6 is consistent with theIm3m
symmetry that is expected for the plumber’s nightmare phase.

Figure 14. Simulated snapshot of four unit cells of the “alternating
diameter cylinder” (ADC) phase. The majority component is not shown.
The A-B interface is shown in yellow (light), while the centers of
mass of the homopolymer chains are shown in red (dark). This snapshot
was obtained atφadd ) 0.40 where the unit cell size isL ) 39. The
interior of the “thick” cylinders is rich in homopolymer chains, while
the interior of the “thin” cylinders present a much lower homopolymer
concentration. Cylinders pack tetragonally.
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presumably because of the much longer equilibration times
required for the large simulation boxes involved (e.g., atφadd

) 0.45 Lbox > 51 for the P phase). Moreover, at these high
values ofφadd it is also possible that other bicontinuous phases
[e.g., C(P), I-WP, etc.16] could become stable. These phases,
however, would have unit cell sizes far beyond those accessible
in the present study [e.g., atφadd ) 0.45, Lbox ∼ 80 for the
Neovius’ surface phase estimated with eq 11] and are outside
the scope of the present work. Nevertheless, even in the worst
case scenario wherein the ADC phase is just a long-lived
metastable, we still think this phase is of significant importance
for several reasons: (1) long-lived metastable phases are often
observed experimentally, (2) under different conditions (e.g.,
different thermodynamic conditions, different model, or when
subject to shear) this phase might be stabilized, and (3) the fact
that the cylinders are arranged in a tetragonal packing gives
insight about why the “ordinary” C phase is not stable in this
region of the phase diagram. At high values ofφadd, if all the
cylinders had the same diameter, packing frustration of the
B-block would be prevalent in the corners of the Wigner-Seitz
cell of the hexagonally packed cylinders. This is because the
mean end-to-end distance of the B-blocks would be much
smaller than the radius of the cylinders. This is evident in Figure
14 where it can be readily seen that the average B-domain
distance separating two consecutive cylinders is much less than
the diameter of the thick cylinders. It is interesting to note that
the penalty in mixing entropy incurred by segregating the
homopolymer in this way (i.e., having homopolymer-rich
cylinders and DBC-rich cylinders) seems to be outweighed by
the gain in conformational entropy of the B-block.

At high values ofφadd, and for the homopolymer relative
length studied here, the SCFT calculations of Matsen24 predict
that macrophase separation in a DBC-rich phase and a ho-
mopolymer-rich phase should occur. Though those calculations
were carried out at values of segregation much lower (i.e.,øN
< 24) than the value used in this work (i.e.,øN ) 40) and do
not take into account finite chain-length effects, it is possible
that the stable state for high values ofφadd is a state of phase
coexistence which could not be attained given the relatively
“small” simulation box sizes used in this work. However, no
signs of any such (partial) phase separation was observed in
the simulation snapshots examined, not even for the largest
boxes tested (e.g., in a 49× 98 × 98 box).

It has been argued that the reason for the lack of multiple
ordered bicontinuous phases in pure DBC melt systems is the
presence of packing frustration inside the nodes, which can be
manifested in the form of void in the nodal centers,20 chain
stretching,21 deformation of the nodes shape,19 or more likely a
combination of all the above factors. We have now shown here
that by the addition of a component with the right characteristics,
multiple bicontinuous phases (e.g., DD and P phases), can be
stabilized. In order to link this stabilization to reduction in the
packing frustration inside the nodes, we show in Figure 15a a
single node of a typical snapshot of the simulated P phase, where
the A-B interface in yellow (light) has been made transparent
in order to show the centers-of-mass of the homopolymer chains
in red(dark). Additionally, Figure 15b shows a plot of the
volume fraction of the A-block and homopolymer beads as a
function of the distance from the center of the P phase nodes.
It can be seen from the figure that the homopolymer chains
reside preferentially inside the nodes where they are found in
much higher concentration (i.e.,φ ∼ 1.0) than in the connectors.
Moreover, since the concentration of DBC chains in the center
of the nodes is essentially zero, the absence of the homopolymer

chains would clearly cause packing frustration because the DBC
chains would need to stretch and the node would have to deform
in order to diminish the void in the center of the nodes. A similar
behavior is observed for the DD phase (results not shown);
however, for a given value ofφadd the segregation toward the
nodes of the homopolymer chain is more dramatic in the case
of the P phase than in the DD phase. This is consistent with
the hypothesis that since the P nodes are bulkier (e.g., atφadd

) 0.25, rnode ∼ 16 for the P phase andrnode ∼ 12 for the DD
phase), the DBC packing frustration would be more drastic for
the P phase if there were no homopolymer inside the nodes.
Although a gradient of homopolymer concentration implies a
loss of mixing entropy, yet again, for this size of homopolymer,
the gain in conformational entropy for the DBC chains seems
to partially outweigh this loss. Moreover, analysis of the mean
square end-to-end distance〈r2〉 of the homopolymer chains
inside and outside the nodes [e.g.,〈r2〉tube) 29.5(9) and〈r2〉node

) 35.5(9)], and comparison with the〈r2〉 observed in a melt of
the pure homopolymer [e.g.,〈r2〉melt ) 35.3(1)] reveals that the
homopolymer in the tubes is forced to adopt unfavorable, more
compact conformations (due to the smaller size of the tubes
relative to the nodes). This indicates that the segregation of the
homopolymer toward the nodes may also be understood from
the perspective of the homopolymer sacrificing translational
entropy in order to gain conformational entropy, which (for this
hompolymer length) is expected to have a larger impact on the
total free energy.

Discussion on the Origins of Complex Phase Behavior.
Although it is clear that reduction of chain stretching inside
the bicontinuous phases’ nodes (frustration relief) by addition
of homopolymer should make these morphologies less unfavor-
able, it certainly does not guarantee that these phases should

Figure 15. Typical snapshot of a single node of the P phase obtained
at φadd ) 0.25 andLbox ) 41. (a) The A-B interface in yellow (light)
is made transparent and the centers of mass of the homopolymer chains
are shown in red (dark). (b) Average volume fraction of homopolymer
beads and A-block beads as a function of the distance from the nodes.
The homopolymer chains concentrate in the center of the node in order
to reduce packing frustration. A similar behavior was observed in all
the snapshots we examined.
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become the stable ones, as observed in this work. Moreover,
packing frustration alone cannot explain the complex progression
of phases observed with increasingφadd because just as the
homopolymer reduces the frustration in the DD phase so does
it in the G phase, and there would not be any driving force for
phase transitions to occur.

In order to understand the observed phase transitions, it is
convenient to evoke the origins of curvature in the DBC systems.
The morphologies observed in DBC systems are the result of
the competition between energetic and entropic contributions
to the free energy. In order to decrease the interfacial energy,
the system tries to approach morphologies of zero mean A-B
interface curvature (H); however, if the two blocks are of
different sizes, imposingH ) 0 forces the blocks to adopt
unfavorable configurations in order to fill space, creating an
entropically unfavorable scenario (i.e., packing frustration).
Thus, the resulting equilibrium morphology possesses an A-B
interface thattries to approach a constant mean curvature
surfaces (CMC). The preferred value of mean curvature (Hpre)
depends upon the relative size of the two blocks as is observed
in the pure DBC system where the curvature of the interface is
progressively increased with the asymmetry of the two blocks,
going from the L phase (i.e.,H ) 0) when the blocks are
symmetric, to the S phase, with a high value ofH, when the
blocks are highly asymmetric.

For a specific relative size of the blocks in a DBC chain (i.e.,
for a given value off) the preferred value ofH can be modified
by adding a second component that “likes” the minority
component blocks. For example, as we showed above, adding
selective solvent particles can induce a variety of structures with
different values ofH because the small solvent particles, driven
by their high entropy of mixing, distribute almost homoge-
neously in the A-component domain, causing the swelling of
the A-blocks and thus increasing their effective size. In other
words, since the solvent particles “penetrate” into the DBC layer,
the net effect of adding them is akin to increasing the A-block
size. Conversely, if the selective “additive” does not penetrate
into the DBC layer, the A-blocks will not augment their effective
size and the preferred value ofH will remain mostly unchanged.
Whether an additive distributes homogeneously inside the
A-component domain or not is again a competition between
energetic and entropic terms.2 The interfacial energy tends to
“push” the additive away from the interface, concentrating the
additive in the center of the A-domain. The entropy of mixing
tends to favor configurations wherein the additive is spatially
distributed in a uniform fashion. For the selective solvent
particles the entropic contributions tend to outweigh the
energetic ones causing their penetration into the DBC layer.
However, for the homopolymer chains used in this study, the
total entropy does not primarily arise from translational degrees
of freedom (as with the solvent), but mainly from the chain
conformations. The homopolymer can then be expected to have
a much lower entropy of mixing (associated with the transla-
tional degrees of freedom), so that the energetic contributions
should be dominant and the homopolymer chains should not
significantly penetrate the DBC layer. This is indeed what is
seen in the simulations. Figure 16a shows a typical snapshot of
the C phase, where the centers of mass of the homopolymer
chains are represented by the red (dark) beads, while the centers
of mass of the A-blocks are presented in yellow (light). Figure
16b presents the volume fraction of homopolymer beads and
A-block beads as a function of the distance from the cylinder
axis. The homopolymer significantly concentrates in the center
of the cylinders while most of the A-blocks just surround the

homopolymer. Though this effect is most easily visualized in
the C phase, the same trend is observed for all the other phases.
Finally, we can postulate that, given that the homopolymer does
not significantly penetrate the DBC layer, adding homopolymer
should not significantly decrease the preferred value ofH.

For a given morphology the actual value of the A-B mean
curvature (Hact) can be estimated using the parallel surface
model, for which it can be shown that16

whereγ is dimensionless constant particular to each minimal
surface andλ represents the half-width of the B-component
domain which is found to remain approximately constant (cf.
eq 11 and discussion thereof). From this relation, it is seen that
for a given morphology the actual value of the interfacial
curvature is proportional to the square of the B-component
volume fractionφB (andφB decreases asφadd increases; cf. eq
12). Adapting the argument that Stro¨m and Anderson16 used to
explain the phase behavior of surfactant systems to the case of
DBC melts, we postulate that the stable morphology is going
to be the one that, while minimizing packing frustration, presents
an actual value of the interfacial mean curvature (Hact) that is
the closest possible to thepreferredvalueHpre.

At this point, we get to the root of the origin of the contrasting
difference between the phase behavior observed when adding

Figure 16. Typical snapshot of a metastable C phase observed atφadd

) 0.25. The C phase offers a valuable opportunity to observe the
inhomogeneous distribution of the homopolymer chains throughout the
A-component domain. (a) The centers of mass of the A-blocks of the
DBC chains are shown by the yellow (clear) beads, while the centers
of mass of the homopolymer chains are represented by the red (dark)
beads. The A-B interface is also shown in yellow (clear) for reference.
(b) Average volume fraction of homopolymer beads and A-block beads
as a function of the distance from the cylinder axis. The homopolymer
does not distribute uniformly but prefers the center of the A-component
domain.

Hact ≈ (φB)2/γλ (13)
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solvent particles and when adding homopolymer: the addition
of solvent particles significantly decreasesHpre while the
addition of homopolymer leavesHpre mostly unchanged. For
any selective additive, it is expected that the degree of
penetration should increase with the additive concentration (i.e.,
because of the higher gradients); hence,Hpre should always
decreases with additive concentration.16 However, it is the
difference in the rate at whichHpre decreases, which causes
the contrasting phase behavior observed in the two types of
systems studied. If the value ofHpre decreasesfasterthanHact

with increasing concentration of additive (e.g., solvent case),
the system progresses toward phases of less curvature. Con-
versely, if Hpre decreases slower thanHact with increasing
concentration of additive (e.g., homopolymer case), the system
progresses toward phases of more curvature.

The complex phase behavior observed with the addition of
homopolymer can be now understood in terms of our postulate.
First, let us establish that for a given value ofφaddthe candidate
phases can be sorted in the following manner with increasing
curvature:16 G f DD f P f C(P) f C. For small values of
φaddthe system is just a slightly perturbed from the pure system
and the G phase is stable. However, when the value ofφadd

starts to increase,Hact decreases rapidly, departing fromHpre

which stays approximately constant, therefore causing the G
phase to become unstable. In order to approach a value of mean
curvature closer toHpre the system needs to undergo a phase
transition to a new morphology of higher curvature. The next
morphology in the list is the DD phase which, given the presence
of the homopolymer and its tendency to concentrate in the nodes,
is no longer limited by packing frustration and is therefore
stabilized. When more homopolymer is added,Hact continues
to decrease until again it departs significantly fromHpre and
the P phase, whose frustration has again been relieved by the
significant amounts of homopolymer added, becomes stable.
As even more homopolymer is added, new phase transitions
are expected to occur. The next phase in the list is the C(P)
phase which as mentioned above would have unit cell sizes too
large to be observed in the present study. Nevertheless, it is
indeed observed that for high values ofφadd the ADC phase
which presents a highly curved A-B interface spontaneously
forms, consistent with the postulate of stabilization of phases
of increasing curvature. As pointed out before, for high
homopolymer concentrations, packing cylinders hexagonally as
required for the C phase causes packing frustration in the
B-blocks. Therefore, it is natural to assume that the stabilization
of the ADC phase could be the result of a compromise between
the system’s need to achieve a highly curved interface like in
the C phase and at the same time minimize packing frustration.

V. Conclusions

We performed a lattice MC study of two different strategies
for reducing packing frustration in the ordered bicontinuous
phases’ nodes by means of the addition of minority (A)
component. While the first strategy consisted of the addition
of selective solvent particles, the second strategy involved
addition of homopolymer of a length 80% that of the DBC
chains.

The addition of solvent particles induced a progression of
phases of the form Gf PL f L f RG, in which the A-B
interface curvature is observed to decrease monotonically with
increasing solvent volume fraction (φadd). Additionally, in the
same region of phase diagram where the PL phase was found
stable, the orthorhombic cocontinuous network O52 phase was
observed, albeit as a long-lived metastable.

A radically different phase behavior was observed with the
addition of homopolymer, in which phases of greater curvature
than the G phase were stabilized. In general, the observed
sequence of phases, for increasing homopolymer concentration,
was Gf DD f P, with the novel ADC phase being possibly
stable after the P phase. To the best of our knowledge, this is
the first time that the ordered bicontinuous DD and P phases
are simulated and predicted to be stable in DBC melt systems
using particle-based simulations. Examination of the structure
of the ordered bicontinuous phases showed that the homopoly-
mer preferentially locates in the center of the nodes, not only
preventing the packing frustration that would otherwise exist
but additionally allowing for a gain in homopolymer’s confor-
mational entropy.

The contrasting phase behavior observed for the two strategies
was explained in terms of their difference in the rate of change
of Hact relative toHpre with increasing additive concentration.
This difference originates from the disparity in degree of
penetration of the two additives into the DBC layer, which
ultimately originates in the difference in translational (mixing)
entropy between the homopolymer and the solvent particles. It
is interesting to note that for the currently studied system the
DD phase is stable for an extraordinarily wide range of
homopolymer concentrations (i.e., 0.09< φadd < 0.30). This
suggests that the homopolymer length adopted here leads to a
degree of penetration (into the DBC layer) which is to some
extent “optimal” to stabilize the DD phase. Thus, it can be
envisioned that “optimal” sizes of additive can be found for
which the composition range of stability of a particular
bicontinuous phase is maximized.

A limitation of the current work is the relatively short length
of the simulated DBC chains, whose reduced conformational
entropy could be leading to a more complex phase behavior
than what could be attainable with high molecular weight DBCs.
In the future, we plan to examine the effect of the DBC chain
length on the appearance of selected bicontinuous phases.
Additionally, future work will also be devoted to explore the
possibility of provoking transitions between different complex
phases by rationally controlling the additive’s mixing entropy
(and hence its degree of penetration into de DBC layer) through
changes in the additive’s architecture and chain length, while
keeping constant the additive’s volume fraction.
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