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Conditions for the formation of gyroid structures in diblock copolymer solutions are examined using a
simulated annealing technique. The simulations were performed on diblock copolymer systems of
A�NA�-b-B�NB� �with NA�NB� in solvents that are selective to the A blocks. It is shown that gyroid structures
form in a narrow range of block copolymer concentrations between the hexagonally packed cylindrical and the
lamellar phases and at an almost constant B-monomer concentration. It is also shown that the gyroid structure
is especially sensitive to the B-solvent interaction ��BS� and the length of the B block �NB�. Phase diagrams for
the diblock copolymer solutions are constructed. These predicted results are consistent with previous experi-
mental observations. The three-dimensional isosurface contour plots of the simulated gyroid structure shows
two interpenetrating strut networks. The projection along the �111� direction of the simulated gyroid structure
and the spherically averaged structure factor are in good agreement with previous experimental results.
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INTRODUCTION

Due to their ability to self-assemble into various ordered
microstructures, block copolymers have been studied for
many years with tremendous scientific interests �1,2�. Sev-
eral comprehensive reviews on both theoretical and experi-
mental studies of block copolymer phase behavior are avail-
able �3–6�. Of the morphologies commonly observed in
diblock copolymers, the gyroid structure is the most intrigu-

ing. Gyroid is a bicontinuous cubic structure with Ia3̄d sym-
metry. Typically, gyroid structures exist in a narrow region
between the hexagonally packed cylindrical and the lamellar
phases �7,8�. For diblock copolymers with appropriate com-
position in melt, the shorter segment forms interweaving left-
and right-handed threefold coordinated strut networks
�9–14�. A good review of the equilibrium phase behavior of
diblock copolymers is given by Matsen �15�. Order-order
phase transitions �OOTs� between morphologies of different
symmetry, involving the gyroid have been investigated both
experimentally �16–22� and theoretically �23–25� in diblock
copolymer melts.

The addition of homopolymers or solvents to block co-
polymers provides extra degrees of freedom to control mor-
phologies and hence structure-property relationships
�26–33�. For diblock copolymers in selective solvents, for-
mation of gyroid structures has been observed experimen-
tally at different concentrations, and the phase behavior de-
pends on the copolymer composition and the solvent
selectivity �34–37�. Quite recently, kinetics of OOTs involv-
ing the gyroid has been investigated in diblock copolymer
solutions �38–40�. These experimental works and computer

simulations �41� have suggested that block copolymer solu-
tions possess some advantages over melts in terms of study-
ing OOTs. The use of solvents of differing selectivity and the
temperature dependence of the selectivity can provide access
to several different OOTs for a single block copolymer.

In order to understand and control the OOTs involving the
gyroid, it is important to obtain the conditions for the forma-
tion of the gyroid structure. However, it has been shown that
locating the gyroid is a difficult task due to the complexity of
the structure �42–48�. In this paper, we study the condition of
the formation of gyroid structures in diblock copolymer so-
lutions. The system is composed of A�NA�-b-B�NB� diblock
copolymers �with NA�NB� in selective solvents for the A
segment and equilibrium morphologies of the system are ob-
tained using the simulated annealing method. The simulated
annealing technique is a well-known procedure �49� for ob-
taining the lowest-energy “ground states” in disordered sys-
tems �50�. Larson �51� has applied the annealing idea in his
studies of the self-assembly of surfactants and block copoly-
mers in an oil-water system. Chakrabarti et al. �52� have
applied the simulated annealing method to avoid the forma-
tion of defect in the lamellar formed through the self-
assembling of block copolymers. In our previous studies, we
have demonstrated that the simulated annealing is an effi-
cient method for studying the self-assembly morphologies of
block copolymers in solutions �41,53,54� or in confined en-
vironments �55�. In the work reported here, we performed
simulations to seek the conditions for the formation of gyroid
structures in A�NA�-b-B�NB� diblock copolymers �with NA

�NB� in selective solvents. A series of copolymer composi-
tions is examined, in which the longer segments �B� form the
network structure whereas the shorter segments �A�, together
with solvents, form the matrix. In a related paper published
elsewhere �41�, we investigated the morphological transi-
tions involving gyroid structures in an asymmetric diblock
copolymer �A�3�-b-B�9�� in A-selective solvents, in which
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the shorter segment �A� forms the gyroid structure and that
the copolymer concentrations are relatively high.

MODEL AND SIMULATION METHOD

The Monte Carlo simulation studies were carried out us-
ing a simulated annealing method. The “single-site bond
fluctuation” model proposed by Carmesin and Kramer �56�
and by Larson �51� was used to implement the Monte Carlo
technique. For completeness, the model and algorithm are
briefly reviewed in this section. The binary systems under
investigation are composed of two components, i.e., diblock
copolymers A�NA�-b-B�NB� and solvents. The numbers of
diblock copolymer chains and solvent molecules are denoted
as NC and NS, respectively. Each diblock copolymer is a
chain composed of NA A monomers and NB B monomers.
Each copolymer chain has N=NA+NB monomers in total. A
series of NA and NB are studied. The system is embedded in
a simple cubic lattice of volume V=L�L�L. The total
monomer concentration and the B monomer concentration
are defined as cp=NcN /V and cB=NcNB/V, respectively. Pe-
riodic boundary conditions are used in all three directions.
Each monomer occupies one lattice site and the copolymers
are self- and mutually avoiding, i.e., no two monomers can
occupy any one site simultaneously. The bond length is equal
to 1 and �2, i.e., each site has 18 nearest neighbor sites.

For the problem of interest in the current study, the start-
ing configuration is generated by putting an array of copoly-
mer chains onto the lattice in an extended conformation with
an end-to-end distance of �N−1� units for each chain. The
polymer chains are parallel and along one of the axis. First, a
maximum concentration of monomers is reached �in our case
the maximum concentration can be 100% or more than
90%�. For a given copolymer concentration, the number of
polymer chains is less than the maximum value. Randomly
chosen chains are taken away from the box until the desired
concentration is reached. After the desired number of chains
has been taken out, the remaining empty sites were assigned
to solvent molecules.

The trial moves consist of two types that are illustrated
schematically in Fig. 1.

�i� Exchange movements: A monomer is selected, and it
can exchange with a solvent molecule on one of its 18 near-
est neighbors. If the exchange does not break the chain, it is
allowed �Fig. 1�a��. If the exchange creates a single break in
the chain, the solvent molecule will continue to exchange
with subsequent monomers along the chain until reconnec-
tion of the links occur �Fig. 1�b��. If the exchange breaks the
chain in two chains, it is not allowed �Fig. 1�c��. This ex-

change movement has proved to be very efficient in studying
the self-assembly of block copolymers �41,53–55,57�.

�ii� Chain reverse: A chain is selected, and all the A mono-
mers on the chain are exchanged with the B monomers on
the same chain �Fig. 1�d��. Our simulation shows that this
chain reverse movement further accelerated the equilibrium
of the system.

The energy of the system is the objective function in the
simulated annealing. There are three effective pair interac-
tions in the system, block A and block B, block A and sol-
vent, and block B and solvent. In this paper we consider the
18 nearest neighbor interactions only. These are modeled by
assigning an energy Eij =�ijkBTref to each nearest neighbor
pair of unlike components i and j, where i, j=A, B, and S
�solvent�; �ij is a reduced interaction energy; kB is the Bolt-
zmann constant; and Tref is a reference temperature. In our
simulations, �AS is attractive whereas �BS and �AB are repul-
sive, which ensures that the solvent is good to the A seg-
ments and poor to the B segments, and the immiscibility
between the A and B segments. Furthermore we assume �ii
=0, with i=A, B, S.

The usual annealing schedule, Tj = fTj−1, was used in the
simulations, where Tj is the temperature used in the jth an-
nealing step and f is a scaling factor. The annealing was
continued until the temperature reached a predetermined
value �TF�. In our studies we used f =0.9, T1=50Tref, and the
temperature reaches the final TF�=T80� after 80 annealing
steps. One Monte Carlo step �MCS� is defined as the time
taken for, on average, all the lattice sites to be visited for an
attempted move. At each annealing step, 25 000 MCSs are
performed. The acceptance or rejection of one attempted
move is further governed by the Metropolis rule �58�;
namely, it is accepted if the energy change �E is negative;
otherwise, it is accepted with a probability of p as the fol-
lowing equation: p=exp�−�E /kBTj�, where �E is the differ-
ence in the energy after and before a trial move.

The most important quantity that we calculate is the static
collective structure factor S�q�. To obtain S�q� from the
simulations, we follow Ref. �59� and label the sites with a
spin-type variable ��ri� which is 1 for B monomers, −1 for A
monomers and solvent molecules. The collective structure
factor S�q� is then evaluated as

S�q� = L−3�
i,j

eiq·rij��ri���r j� .

Here the sum runs over all lattice sites. Given the finite lat-
tices and the boundary conditions implemented here, only a
discrete set of q vectors is physically meaningful; these are

q = 2��nx

L
,
ny

L
,
nz

L
�

with 0	nr	L for r=x ,y ,z. We compute the structure factor
for all these q vectors and then average over those of equal
length to obtain the spherical structure factor S�	q	�=S�q�.

RESULTS AND DISCUSSION

A series of diblock copolymers is employed in the study.
Specifications of these copolymers, the total chain length �N�

FIG. 1. �Color online� Schematic depiction of the trial moves
used in the simulated annealing. Solid circles represent monomers
on the chain; open circles represent solvent molecules.
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and the B-segment length �NB�, are listed in Table I. Previous
studies have indicated that in any simulation methods ap-
plied to block copolymer systems, the similation box size
must be fine-tuned such that the box is commensurate to the
period of the ordered structures �43,46,60�. Due to the cubic
symmetry of the gyroid structure, cubic boxes are used in our
simulations. The box size is varied to obtain optimum struc-
tures. In all the simulations reported here, the A-B and A-S
interaction parameters are kept at constant values, �AB=1.0
and �AS=−1.0, respectively. The simulations proceed in two
steps. The first step of the simulations is to obtain a generic
structural transition sequence for the diblock copolymer so-
lutions. Specifically, for a given cubic box, the ground state
morphology is obtained for a fixed B-S interaction, �BS
=1.0, and for different copolymer concentrations. For those
copolymers listed in Table I in the difference boxes, a series
of morphologies, including spherical micellar phase, cylin-
drical micellar phase, hexagonally packed cylindrical phase,
continuous cylindrical phase, perforated lamellar phase, and
lamellar phase, are obtained when the copolymer concentra-
tion is varied from a low one to a high one. The second step
of the simulations is to locate the gyroid phase. Experimen-
tally the gyroid structure is observed in a narrow range of
block copolymer concentrations between the hexagonally
packed cylindrical and the lamellar phases �34–37�. There-
fore we focus our attentions on the copolymer concentrations
where the continuous cylindrical or the perforated lamellar
phases are observed, while varying the B-S interaction �BS to
locate the gyroid structure. We find that we can always locate
the gyroid structure for the copolymers listed in Table I using
such a two-step searching procedure. Furthermore, it is ob-
served that the gyroid structure forms at specific box sizes,
near L=24 with one periodic structure and near L=48 with
twice periodic structure. Since it is time consuming to carry
out simulations for a twice periodic structure, we used the
simulation box near L=24 for all the simulations reported in
this paper.

Figure 2 shows a typical gyroid morphology that formed
in our simulation. It is displayed as the isosurface contour
plot of the B monomers �only B microphase is shown here
for clarity; A and solvent correspond to the empty volume�.
By direct inspection, we find that this morphology consists
of two interpenetrating, but nonintersecting, strut networks

of the B monomers, corresponding to the characteristic of the
gyroid morphology reported experimentally. �9–14�. Previ-
ous simulation papers on amphiphilic or block copolymer
systems using Monte Carlo method or using free-energy-
based Langevin diffusion equations have reported the repro-
duction of structures resembling the gyroid �42–48�.

The simulations demonstrate that the formation of the gy-
roid structure is restricted to a narrow range of copolymer
concentrations. Furthermore, gyroid formation is especially
sensitive to the B-S interaction �BS. Table I lists the param-
eters that form the gyroid structure. For a given box size, one
typical simulated phase diagram of the studied system is
shown in Fig. 3. It is clear from the phase diagram that the
hexagonally packed cylindrical phase, the perforated lamel-
lar phase �PL�, the gyroid phase, and the lamellar phase can

TABLE I. The condition that the gyroid structure forms.

N NB L �BS cP �%� cB �%�

9 7 24 0.5–0.6 52.1–54.1 40.5–42.1

9 7 25 0.4–0.5 52.7–54.1 41.0–42.1

9 6 23 0.9–1.1 59.2–60.4 39.5–40.3

9 6 24 0.6–1.1 58.9–60.4 39.3–40.3

9 6 25 0.9–1.1 58.9–60.2 39.3–40.1

9 5 24 1.4–1.7 71.5–72.2 39.7–40.1

9 5 25 1.5–1.6 71.5–72.2 39.7–40.1

8 5 23 1.4–1.7 61.9–64.0 38.7–40.0

8 5 24 1.4–1.9 63.7–65.0 39.8–40.6

8 5 25 1.0–1.2 64.5–65.3 40.3–40.8

FIG. 2. �Color online� Isosurface contour of the simulated mor-
phology formed by 64.0% A�3�-b-B�5� in solvent selective for A
segments with �BS=1.5 on a 24�24�24 lattice.

FIG. 3. �Color online� The simulated phase diagram of A�3�-b
-B�5� in solvent selective for A segment on a 24�24�24 lattice.
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be observed when the copolymer concentration is increased.
The gyroid structure is in a narrow range of block copolymer
concentrations between the hexagonally packed cylindrical
and the lamellar phases, and the PL structure is found be-
tween the hexagonally packed cylindrical and the gyroid and
between the gyroid and lamellar phases. The PL structure has
also been observed during the L↔G transition in diblock
copolymer melts �17� and during the G↔C transition in
diblock copolymer solutions �38,39�. It has been identified as
a long-lived nonequilibrium state �10,61–64�. For all the co-
polymers with compositions and box size listed in Table I,
the simulated phase diagram is very similar to that shown in
Fig. 3, except that gyroid region in the phase diagram is
displaced. For a given block copolymer composition, the re-
gions of the hexagonally packed cylindrical phase, the sum
of the perforated lamellar phase and the gyroid phase, and
the lamellar phase do not change with the box size, whereas
the region of the gyroid phase does. Table I has listed the
gyroid region. When tested with other box sizes not listed in
Table I, the hexagonally packed cylindrical and the lamellar
phase regions in the phase diagram did not change, whereas
the gyroid region in the phase diagram is replaced by the PL
phase.

Table I illustrated that for a copolymer with a given chain
length and composition, the gyroid structure can be formed
in a narrow range of box size. This case was also found in
Monte Carlo simulations of symmetric diblock copolymers
in solution �43� and of blends of triblock copolymer and
homopolymer �46�. The box length that the gyroid structure
can be observed concentrates on L=23–25 for these studied
chain lengths and compositions, which reflect that the period
of the simulated gyroid phase lies in this length scale. It is
interesting to notice that, in the region where the gyroid is
stable, the B-monomers, which form the strut networks of the
gyroid structure, are kept at an almost constant concentration
�cB
40% �. To keep this constant B-monomer concentra-
tion, the total polymer concentration �cP� must increase with
the decrease of the B-segment length for copolymers with a
given chain length �N�. Table I also shows that, in the gyroid
phase region, the B-S interaction ��BS� increases with the
decrease of NB, that is, for a fixed chain length and smaller
NB, the gyroid structure will form in solvents with stronger
selectivity than for those with longer NB.

The predicted conditions for the formation of the gyroid
structures can be compared with experiments. Using
variable-temperature small-angle x-ray scattering �SAXS�,
Lai et al. �36� studied the phase behavior of poly�styrene-b
-isoprene� �S-b-I� diblock copolymers in the isoprene-
selective solvents tetradecane �TD�, tributylamine �TBA�,
and squalane �SQ�, with the selectivity going in the order of
SQ
TD
TBA. Their results show that the gyroid struc-
tures are stable over limited regions near an order-disorder
transition locus. The composite �S-b-I�-TD phase map for 88
samples �10 melts and 78 solutions� in their experiments
shows that the gyroid structure �GS� forms at almost constant
weight fraction of polystyrene in the solution �about 35–40
%�. Their experiments also show that whether the gyroid
structure �GS� can be formed in solutions also depends on the
solvent selectivity. For samples with relatively higher poly-

styrene content �S�24�-b-I�6��, the gyroid structure �GS� can
be observed in solvent �TD� with relatively lower selectivity,
but not in solvents �SQ� with higher selectivity; whereas for
samples with relatively lower polystyrene content �S�19�-b
-I�7��, the gyroid structure �GS� can be observed in solvents
�SQ and TD� with relatively higher selectivity, but not in
solvents �TBA� with lower selectivity. The polystyrene in
those experiments corresponds to the B segment in our mod-
els, thus it can be concluded that our simulation results have
the same trends with these experimental facts.

Using SAXS, rheology, and static birefringence, Lodge
and co-workers �34,35,37� studied the phase behavior of six
poly�styrene-b-isoprene� �S-b-I� diblock copolymers with
different composition, in the styrene-selective solvents di-
n-butyl phthalate �DBP�, diethyl phthalate �DEP�, and dim-
ethyl phthalate �DMP�, with the selectivity going in the order
of DMP
DEP
DBP. Phase diagrams for their samples
also show that for sample with relatively higher polyisoprene
content �S�11�-b-I�32��, the gyroid structure �GI� can be ob-
served in solvents �DBP� with relatively lower selectivity,
but not in solvents �DEP� with higher selectivity. The phase
diagrams for their samples also show that the polymer con-
centrations where the gyroid structure �GI� forms increase
with the decrease of polyisoprene content. The polyisoprene
in those experiments corresponds to the B segment in our
models. Thus the above analysis shows that all these experi-
mental facts are consistent with our simulation results.

Transmission electron micrograph �TEM� images of the

gyroid structure when viewed along the �lll� axis of the Ia3̄d
unit cell have the “wagon wheel” pattern shown in Fig. 4�a�.
This image was obtained by Lammertink et al. �9� on the
blends of the diblocks poly�styrene-block-
ferrocenyldimethylsilane� copolymers 9/19 with homopoly-
mer. By generating such a projection along the �111� axis for
the simulated gyroid structure, one obtains the image shown
in Fig. 4�b�, which is very similar to the experimental image
in Fig. 4�a�. A similar pattern was also obtained in Monte
Carlo simulations of symmetric diblock copolymers in solu-
tion �43�.

Projections such as Fig. 4 do not allow the gyroid struc-
ture to be clearly distinguished from the “double diamond”
phase, which is a cubic phase closely related to the gyroid.
SAXS techniques have been instrumental in the determina-
tion of the gyroid structures �34–38�. SAXS spectra give
peak patterns that can be used as fingerprints in determining
structures. The calculated spherically averaged structure fac-
tor of the simulated structure of Fig. 2 is shown in Fig. 5,
where the experimental SAXS peaks of the gyroid structure
�34� are indicated by the arrows. The spherically averaged
structure factor of the simulated structure is in good agree-
ment with the experimental SAXS spectra �34� of the gyroid
structure. Therefore one can incontestably identify the simu-
lated structure as that of the gyroid. For gyroid structures
formed under the conditions listed in Table I, all have the
very similar snapshots as that shown in Fig. 2, and all have
the very similar spherically averaged structure factor as that
shown in Fig. 5. Especially, all structures have very good
reproducibility.
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CONCLUSIONS

The simulated annealing method was applied to study the
condition of the formation of the gyroid structure in diblock
copolymer solutions composed of A�NA�-b-B�NB� diblock
copolymers �with NA�NB� in A-selective solvents. A series
of copolymer compositions is studied. Phase diagrams of the
system are constructed. The predicted conditions for the for-
mation of gyroids are in good agreement with available ex-
periments. Very regular gyroid morphologies are reproduced.
The study demonstrated that the simulated annealing method

is an efficient tool for the study of the formation of complex
structures from block copolymers. We hope that the simu-
lated gyroid structure can be used as a good input for the
study of OOTs involving the gyroid in diblock copolymer
solutions.
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