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Computer simulation of structure and microphase separation in modelA-B-A triblock copolymers
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A set of computer simulations for three symmetieB-A triblock copolymer microarchitectures at varying
temperatures is reported. By using the cooperative motion algorithm we obtain energy, specific heat, end-to-
end distance, and bridging fraction as a function of the reduced temperature. The order-disorder transition
temperatures are determined, an outline of a symmatiBeA triblock copolymer phase diagram is presented,
and the visualization of different microstructures is given. A bicontinuous microstructure is reported at 67%
fraction of A component.
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[. INTRODUCTION copolymer blends and solutions, where the system tends to
separate into distinct macrophases at lower temperatures,
Block copolymers have been extensively studied in recenphase behavior is more complex. Pure diblocks with roughly
years due to their fascinating ability to self-assemble into ahe same volume of both species form layéesmellag at
variety of ordered mesoscopic structurgs—28. Self- lower temperatures, while diblocks with significafrhore
assembly indicates the ability of a given system to growthan about 80% or less than 20% by volynescess of one
islands of one of the components to the mesoscopic sizgpecies form ordered spherémicelles. The diblocks with
(about a few tens of nanometgrsand then stabilize the intermediate volume fractions usually form hexagonally
growth, so that phase separation occurs only on a mesoscalgacked cylinders. Apart from those classical microstructures

rather than a macroscale. Traditionally copolymers havénere have been discovered complex microstructures such as
been used as compatibilizers and surfactants, but recentglrdered bicontinuous double diamond structur@n@m
they have found their way into nanotechnology. By engineer- 0 0 &

ing molecular weight, molecular architecture, and composispace group gyroid bicontinuous structurel3d space
tion one can control the size and morphology of these nanodroup, and hexagonally perforated layers. There was some
structures. controversy about the existence and thermodynamic stability
Ordered microstructures @&-B diblock copolymers have of those complex microstructures, and now only the gyroid
been studied both theoreticall¥1-13,20,21,2p and experi- microstructure is known to be a stable complex phase for
mentally for many year§6,7,9,19. They also have been in- pure diblock copolymers. The experimental phase diagram of
vestigated by numerous computer simulations, e.g., Refa real diblock copolymer can be found in, e.g., Rél, and
[8,10,14-16,22,23 Their basic thermodynamic and mesos-the corresponding theoretical phase diagram was calculated
copic behavior is reasonably well understood. using self-consistent field theof8CFT) [12]. The gyroid
Diblock copolymer self-assembly or ordering takes placemicrostructure is stable in a narrow volume fraction window
as those copolymers are cooled down from a disorderetletween layers and cylinders at roughly 30% or 70% by
high-temperature phase to a low-temperature ordered phaselume, and it is a bicontinuous cubic structure in which the
This process is called order-disorder transiti@DT) or also  minority component microdomains form interweaving left-
microphase separation transition, and is characterized by and right-handed threefold coordinated lattices. The bicon-
temperaturel op1, which marks the onset of long range or- tinuous double diamond microstructure, on the other hand, is
der. It is well established experimentally that the microphase cubic structure in which the minority component micro-
(ordered phagecan look like an array of bcc spheres, hex-domains form interweaving fourfold coordinated lattices.
agonally packed cylinders, or spatially ordered layers. Thes&he double diamond microstructure is known to be meta-
microphases are often referred to as the “classical” micro-stable, and has been reported in the same narrow volume
structures. Close to the ODT, the interface between the mifraction window as the gyroid microstructure.
crodomains is diffused, and interfaces can fill up most of the While the properties and phase diagram #AeB diblock
space. This segregation regime is called weak segregati@mopolymers are fairly well understood, this is not the case for
limit. By contrast, when the interfaces between micro-A-B-C triblock copolymers.A-B-C triblock copolymers
domains are sharp and highly localized the system is irtonsist of three different polymer blockBig. 1), and since
strong segregation limit. While the pure diblock copolymerthere are three interaction parameters as opposed to one in-
microstructure depends on the interplay of entropic and enteraction parameter iA-B diblock copolymers, the micro-
thalpic effects, at low temperatures it is mostly determinedstructures and phase behavior of triblocks is much more
by enthalpic, and therefore volumetric considerations. Focomplex. For example, the morphological struct(mgcro-
structure of triblock copolymers depends not only on the
temperature, the overall molecular weight, and the fraction
*Electronic address: mbanasz@amu.edu.pl of each block, but also on the sequence of the blocks in the
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A tuations leading to determination of the specific heat which
gives a strong signature of the ODT, and third we measured
the equilibrium end-to-end distance of the triblock copoly-
mer chain which should significantly increase as the system

B undergoes the ODT. Finally we visualize the selected equi-
librium microstructures of the triblock copolymer system.
Computer simulations are useful because they can help in
diminishing the limitations of both the experiment and the
theory. In experiment, it is difficult to determine copolymer
phase behavior due to long relaxation times of high molecu-
lar weight copolymers and difficulties in preparation of well-
C characterized samples. The SCFT calculations, on the other
hand, require a microstructure symmetry assumption prior to
the free energy evaluation, and usually do not go beyond the
EIG. 1. A schematic picture of aA-B-C triblock copolymer  ean field approximation. Drolet and Fredricks@v,29,
chain. however, have recently proposed a new real-space imple-
mentation of SCFT which starts from a random, disordered
chain. In addition to well-established microstructures, knownnitial condition to produce a variety of microphases with
from the diblock studies, there are new intriguing morpholo-different symmetries. Computer simulation offers methods
gies, such as a lamella-cylinder combination microstructurewhich can, in principle, be free of those drawbacks, but,
a lamella-sphere combination microstructure, and a cylindemanfortunately, they are still limited by available computing
ring combination microphase. These combination morpholoresources. However, with increasing computing power, and
gies, which often have characteristics of one-, two-, threerapid development of novel simulation techniques, the re-
dimensional order simultaneously, can have unusuaults of computer simulations are bound to contribute signifi-
electronic and transport properties. In this paper, we limit outantly towards a better understanding of the equilibrium self-
attention to symmetricA-B-A triblock copolymers, where assembly of copolymers. At this moment copolymer
the third block is made of the same species as the first bloclsimulations are still constrained by finite-size effects and
i.e., theA block, and both thé\ end blocks are of the same relatively short chainglow copolymer molecular weighks
volume. Such triblocks have been studied by many workerglue to rather small simulation box sizes which can be used
[3] (and references therginand of particular interest is a meaningfully. Similarly as in experimental studies long re-
recent work by Matsen and Thomps@s] where a phase laxation times prevent us from reaching the thermal equilib-
diagram for symmetricA-B-A triblock copolymer melt is rium, and the copolymer system is often trapped in a meta-
calculated using the SCFT. These authors show that the tetable state. Another challenge in simulations of mesoscopic
pology of triblock phase diagram is the same as that for theelf-assembly of copolymers is the competition of different
corresponding diblock, with very similar phase boundariedength scales, i.e., simulation box size, microstructure peri-
between lamellar and gyroid microphases, between gyroiddicity, and the fluctuation correlation length. Micka and
and cylindrical microphases, and between cylindrical andBinder have shown that this competition makes the straight-
spherical microphases. This phase diagram is roughly synferward application of finite-size scaling techniques impos-
metric with respect to swappirgg and B monomers. sible, unlike the case of homopolymer blef@g]. The box
While the thermodynamic properties of the correspondingsize should be chosen to be significantly larger than the mi-
A-B and symmetricA-B-A copolymers are quite similar, crostructure length, but this is often quite difficult to achieve
their mechanical properties are quite different. This is bedue to prohibitively long relaxation times. In order to in-
cause the distinct feature &-B-A triblock copolymers is crease efficiency many researchers use lattice models for co-
that B block ends are constrained to an interface. In the orpolymer melts, e.g., Ref$9,10,22,23, which speed up the
dered microphase one can, therefore, distinguish betweeimulations by taking advantage of the integer arithmetic, but
bridged and looped configurations. In a looped configuratioralso introduce some error due to the symmetry of the lattice.
both ends of théB block are located on the same interface, Another method of speeding up the simulations is the appli-
whereas in the bridged configuration the two ends reside onation of soft potential§28] and phantom chaingl5].
different interface$5]. Computer simulations in this study have been performed
The aim of this study is to determine the thermodynamicusing the CMA, which has been described in detail else-
and structural properties of a set of selected symmetrigvhere[9,10.. The CMA allows the simulation of a dense
A-B-A triblock copolymers using the cooperative motion al- polymer melt on a fcc lattice with the standard periodic
gorithm (CMA) developed by Pakula and co-workers boundary conditions. The lattice is completely occupied by
[8—10]. N, monomeric units Kl,=N,N,N,/2), and the units in each
We investigateA-B-A triblock copolymers by measuring chain are connected byN(-1) bonds of constant length
both thermodynamic and structural properties. There arghich are not allowed to be broken or stretched. The fcc
many ways of determining the ODT for block copolymers, lattice sites have the coordinates, (n,,n,), where the sum
and we did try some of them. First of all, we looked at the(n,+ny+n,) is an even number, and,=0,1,...,(Ny
energy per lattice site. Second, we looked at the energy fluc-1); n,=0,1,...,N,—1); n,=0,1,...,N,—1), where
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Ny, Ny, N, are simulation box lengths and they are also
even numbers. The chains satisfy the excluded volume con-
dition. In this work two types of monomeric unité\(andB)

are considered. The interaction parameters between neigh-
boring monomeric units are;;, where eaa=€gg=0, and
eag= €. The single paramete¢ serves here as an energy
unit, therefore we can define the reduced dimensionless in-
teraction parameters{] =¢€;; /€. The reduced dimensionless
temperature can be expressedlds=kgT/e, and the Flory
interaction parametey is y=(z—2)e/(kgT) [8]. The en-
ergy of one unit is given by the sum over alhearest neigh-

bors, which can be of either typ& or typeB. In this simu- g

lation, a dense system of triblock chains is moved by -

cooperative rearrangements. These moves are strictly coop- , i ,

erative, as in the dense system all lattice sites are occupied, F'C- 2. Three differeni\-B-A wriblock chains, 3-24-3, 7-16-7,
and a segment of one chain can only move if other segmentd'd 10-10-10. placed in a 30X 30 simulation box.

move simultaneously. The simulations, in this work, are per- o )

formed on a fcc lattice in the 6030x 30 box (that is N, \/E and the coordination number=12, using the standard
=60, Ny=30, N,=30), which has the coordination number periodic boundary conditions.

z=12, and the bond length=\2, using the standard peri- N this study we present three model 30-segmeNt (
odic boundary conditions. =30) A-B-A copolymer microarchitectures, shown, in Fig.

Triblock A-B-C copolymers have already been investi- 2, on a 3 30x 30 lattice which is smaller than the actual

gated in computer simulations, e.g., by Dotera and Hatan§0%30x 30 Ia_lttice th_at is th_e stage of the performed simula-
[15] who were able to form a tricontinuous double diamond,tions. In the first series of simulations we haveAzblock of
using a Monte Carlo method. Their method, unlike the CMAthrée segments of monomeric unit of typefollowed by 24
used in this study, allows polymer chains to transparentlynits of typeB, and t.ermmated with a_bloc_k of three units of
pass through like phantom chains and requires a significayP€ A- This model is to be referred in this paper as 3-24-3
fraction of lattice vacancies, and this results in unphysicaffiblock. Moreover we have a 7-16-7 triblock consisting of 7,
dynamics. Extensive work on diblock copolymers by Binderl6, and 7 segments of typés B, and A, respectively, and
and coworkers, e.g. Ref§22,23, have revealed both the finally a 10-10-10 triblock consustmg_ of 10, 10, and 10 seg-
advantages and limitations of lattice Monte Carlo simula-Ments of typesA, B, and A, respectively. For each of the
tions which use fluctuating bond theory and require a signififhree triblock copolymer microarchitectures, we have placed
cant fraction of vacancies. Recently also Hathal. [26], us- 900 triblock chains, on the fcc lattice within the %G0

ing the Metropolis sampling[30] and slithering snake 30 simulation box, that if,=60, Ny =30, N,=30.
algorithm, have found theA-B-A symmetric copolymer Moving a chain glement alters the_local energy because
bridging function as a function ok/T* on a 40<40x 40 the monomers are in close contact vy|th new ne|ghbors_. An
lattice for 8-16-8 microarchitecture. This method, again un-2it€mpt to move a single monomer is assumed to define a
like the CMA, requires a significant fraction of vacancies.Single Monte Carlo step and the probability of motion is
Since the lattice methods introduce effects due to the synf€lated to the interaction energy of the monomer in the at-
metry of the lattice, one may want to get rid of those effectstempted positionEy ¢, - At a given temperaturd™, the

by performing off-lattice simulations. These are particularly Boltzmann factop=ex{ —Ej o/ T*] is compared with the
useful when used iN-P-T ensemble, where pressure tensorrandom number (0<r <1); the interaction reduced energy
can be kept constant, while the simulation box size varies to

achieve the true equilibrium periodicity. Thus the box length z
becomes easily commensurate with the microstructure peri- = =2 (i)
odicity. This technique has been used to produce the lamellar =1

microstructure for diblock copolymers by Gresttal. [31],

and also by Banaszak and Clafi@2] for ionic diblock co- is calculated over alt nearest neighbors. f>r the move is
polymers. Another promising method is the dissipative parperformed and the motion of a new monomer is attempted.
ticle dynamics[28] which has produced many interesting This method of calculating the Boltzmann factor has been
results for block copolymers. This method uses a very sofshown to yield results properly accounting for dynamic prop-
repulsive potential, and can be regarded as a mesoscopierties of dense polymer systeff@, and can be thought of as

massively coarse-grained model. a dynamic Monte Carlo method.
Moreover, for 3-24-3 microarchitecture, we have also ap-
Il SIMULATION plied the standard Metropolis algorithf80] when calculat-

ing the Boltzmann factor for cooperative chain moves. The
In order to generate equilibrium states in this simulation,numerical results for this microarchitecture were the same,
the triblock system of chains is moved by strictly cooperativewithin the statistical error, with both the dynamic Monte
rearrangements on a fcc lattice with the bond length equal t€arlo and the standard Metropolis Monte Carlo methods.
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FIG. 4. A visualization of the 3-24-3 triblock copolymer at
T*/N=0.03, only A block monomers shown in four simulation
boxes.

©)

nificantly indicating chain extension. By examining Fig.
: ] 3(c), one can conclude that,+/N is about 0.16. Similarly,
5 '0'1 ' E— 1 by looking at the maximum of the specific h&g from Fig.

© T*N 3(b), one can confirm nearly the same ODT temperature.

. . ) ) In Fig. 4 we present a visualization of an ordered micro-
FIG. 3. Simulation results for the 3-24-3 microarchitect®®  gi,cqyre for 3-24-3 microarchitecture Bt/N=0.03. These
223{%&‘2 (;?;tt'acscgztd?/ Na. (b) specific healC, , (¢) squared 5o grgered cylinders shown in four simulation boxes, that is

' in the primary 60<30x30 simulation box and its three
IIl. RESULTS neighboring periodic images. At higher temperatures, just be-
low the ODT, we can see weakly segregated micelles. Re-
We start the simulation by equilibrating the system in thecently Ryu and Lodg¢17] have reported a reversible ther-
athermal limit, that is the state whee&(kgT) is zero. When  motropic cylinder-to-sphere transition for a p(tyrene-
the system reaches its thermal equilibrium the segments da§oprene-styrenetriblock copolymer melt(15% styrene by
different types are distributed uniformly within the simula- volume). Spheres are observed at higher temperature and
tion box. Then a jump is made to a finite reduced temperaeylinders at lower temperature, which is what we report in
ture T*/N=1, at which the system still remains disordered.this simulation for 3-24-3 triblock copolymer.
From this temperature the system is gradually cooled down, Similar simulations for 7-16-7 and 10-10-10 triblock co-
and we monitor the relevant properties which could indicatgpolymers have been performed. In Figs. 5, 6, and 7 we
the ODT. For each temperature we perforrx 20° Monte  present some of the results for the 7-16-7 microarchitecture.
Carlo time steps on the 6030x 30 fcc lattice, and for each As we can see from Fig. (), at high temperatures the
microarchitecture we perform three independent simulatiorsquared end-to-end distance is quite close to the ideal Gauss-
experiments in order to improve the statistics, and verifyian value N— 1)a?=58, and as we decrease the temperature
reproducibility. towards the ODT it increases significantly. Similarly by
First, we present the results for the 3-24-3 triblock co-looking at the maximum of the specific he@f, maximum
polymer. In Fig. 3 we report the total energy per lattice sitefrom Fig. 5b), one can confirm thatg,/N is about 0.28.
e*=E*/N,, the specific heat, calculated &,={(e*  The microarchitecture 7-16-7 is almost symmetrical with re-
—(e*))?)/T*, and the variations of the equilibrium end-to- spect toA and B content, therefore we expect the lamellar
end distance of triblock chaiR? as a function of the reduced morphology to be the equilibrium one. Indeed, from visual-
temperature. The reduced temperatiife is divided byN, ization of A monomers in 4 simulation boxdghe primary
since according to Leibler's random-phase approximatior60x 30X 30 simulation box and its three neighboring peri-
theory[11] the ODT temperatur@g; scales linearly with  odic image$ at T*/N=0.03, in Fig. 6, we can notice very
the number of segment$. At high temperatures, we can well developed layers at this low temperature. In Fig) e
confirm that, due to the excluded volume screening, thehow the distribution of the copolymer chain end-to-end dis-
squared end-to-end distance of the copolymer chain is quiteances in the direction normal to the layersTaN=0.03.
close to the ideal Gaussian valud{ 1)a®=58, and as we Shorter distances, i.e., smaller or equal to 5, correspond to
decrease the temperature towards the ODT it increases sitjte looped configuration, whereas the larger distances corre-
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a)

b)

©)

0.1
T*/N
FIG. 5. Simulation results for the 7-16-7 microarchitectuge:
energy per lattice siteE*/N,, (b) specific heatC,, (c) squared
end-to-end distancB?.

spond to the bridged configurations. In Figb)7we report
the bridging fraction as a function of the reduced tempera
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FIG. 7. Properties of the triblock chains in the lamellar mi-
crophase(a) Distribution of end-to-end distance normal to layers at
T*/N=0.03. (b) Bridging fraction(in %) vs the reduced tempera-
ture T*/N.

about 0.24 from the squared end-to-end copolymer chain dis-
tance, Fig. &), and the specific heat, Fig(l§. Then, in Fig.

9 we present a visualization of the ordered microstructure at
T*/N=0.03, where we show onl block monomergthe
minority middle blocK. This is a bicontinuous microstruc-

ture. Most experimental and theoretical studies point 10 §re where two distinct continuous components are shown in

bridging fraction of about 40%7,19,1,4, which is not far

from what we have obtained at higher temperatures.
Finally, in Fig. 8 we present the results for the 10-10-10

microarchitecture. As before, we determifig,/N to be

l// w I).

FIG. 6. A visualization of the 7-16-7 triblock copolymer at
T*/N=0.03, only A block monomers shown in four simulation
boxes.

two different colors. In Fig. @) we show just one continu-
ous component, while in Fig.(®) we visualize both continu-
ous components. We identify this microstructure as a bicon-
tinuous double diamond structure. It is not completely
unexpected to obtain the double diamond microstructure
rather than a gyroid microstructure, because of the finite-size
effects in our simulation, and small free energy differences
between those two cubic bicontinuous microstructures,
which have been reported in SCFT calculations.

In Fig. 10, we summarize our results by sketching a sche-
matic phase diagram of the symmetAeB-A triblock co-
polymers. Iff denotes the fraction ok monomers, which are
the external block monomers, then it is known from the
SCFT calculationg5] and experimental datgl8], that the
phase diagram is roughly symmetric with respect to chang-
ing f to (1—f). We show the ODT temperatures for three
compositionsf =6/30, f =14/30, and = 20/30, correspond-
ing to microarchitectures 3-24-3, 7-16-7, and 10-10-10, re-
spectively. Furthermore we indicate microphases for those
compositions aff*/N=0.03 by labeling thenC, L, andB,
for cylindrical, lamellar and bicontinuous microphases, re-
spectively. We also display, using the very rough symmetry,
pointsC’, L', andB’, which are the mirror images of points
C, L, andB with respect tdf = 1/2 composition, and similarly
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s b
E*/N E ]

b)
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ABRENR

0.1 T*/N 1

FIG. 9. A visualization of the 10-10-10 triblock copolymer at
T*/N=0.03, only B block monomers shown in four simulation
boxes:(a) one continuous componer(h) two continuous compo-
nents.

FIG. 8. Simulation results for the 10-10-10 microarchitecture:
(a) energy per lattice sit&€*/N,, (b) specific heat,, (c) squared
end-to-end distanci?.

we display the ODT temperatures at compositiohs ., _ _

=24/30, 16/30, and 10/30. It should be stressed that data af@Mples” considered, that is 3-24-3, 7-16-7, and 10-10-10,
compositionsf = 24/30, 16/30, and 10/30 are not simulation P0th the total copolymer chain lengt=30 and the indi-
results but only reasonable guesses based on theory and &ddual block lengths, €.gN»=3, are small. At this moment
periment[5,18]. All these data, both the simulation data atWe are limited by available computing power, but with in-
f=6/30, 14/30, and 20/30, and the corresponding guesseS/€asing resources, copolymer melts with significantly larger

give us an approximate outline of the phase diagram for th&0lecular weights can be simulated within larger boxes.
symmetricA-B-A triblock copolymer. The cooperative motion algorithm, the simulation method

used in this study, realistically represents a dense copolymer
melt taking into account hard core interactions, polymer con-

IV. CONCLUSION nectivity, and chain entanglements. Neverthe-
We have demonstrated that varying systematically the mi-

croarchitecture and the temperature of a symmetric triblock 04 JRARERARARLRE AL
copolymers of typeA-B-A produces a series of interesting 038 ¢ disordered E
ordered microstructures, i.e., lamellar microstructure for 03 £ E
7-16-7 microarchitecture, double diamond microstructure for “N 025 E
10-10-10 microarchitecture, and cylindrical and weakly seg-T 02 ordered E
regated spherical microstructures for 3-24-3 microarchitec- 0.15 - E
ture. We have been able to estimate order-disorder transitiol o1 f , , , 3
temperaturel /N, from energy, specific heat, and end-to- 005 | (.3 E ].‘ I.‘ E E 3
end distance measurements. In order to determine the acci 0 Bl L T

rate phase boundaries further investigations are needed. | 01 02 03 04 05 06 07 08 09

particular, precise methods of discriminating the microphases
are required. Copolymer phase behavior is controlled by both F|G. 10. Schematic phase diagram for symmefi@-A tri-
enthalpic and entropic contributions, and in order to capturélock copolymer:C, cylindrical microphaseB, bicontinuous mi-
the entropic penalties of stretching different chains one needsophase; and L, lamellar. Poin®', B, andL’ are symmetrical
to have blocks with a large number of segments. In the thregnages ofC, B, andL, respectively.
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less, the results obtained are subject to the current limitationsiuch as we slowly cool down the triblock melt. This behav-
of the lattice Monte Carlo simulations of block copolymer ior is different from the expected lamellar periodicity expan-
self-assembly. The major difficulty in copolymer simulations sion upon cooling, and consequently the bridging fraction
is the competition of different length scales, i.e., simulationdoes not decrease upon cooling as predicted by tH&&ly

box size, microstructure periodicity, fluctuation correlation In our next study we perform the simulations in a differ-
length. The choice of the simulation box lengths is, thereforegnt way. Instead of series of slow and long coolings, we
particularly important, as it should be significantly larger perform a series of quenches where the triblock melt is
than the microstructure periodicity. In this work we have cooled down instantaneously from*/N=1.0 to the re-
used a very slow cooling scheme with very long equilibra-quired reduced temperatufi’/N. This alternative method
tion times to ensure that the true equilibrium structure andyjives results very similar to that of the slow cooling as far as
periodicity are achieved. In principle, there is a variety ofthe thermodynamic properties are concerned, but yields quite
microstructures which are commensurate with the simulationifferent structural data because the layer thickness is not
box size, and thus many possible periodicities. For lamellatocked to its high-temperatut@earTop7) value. In particu-
microstructure, if the layers were to orient only alorkQ) lar, it shows that the layer thickness increases with decreas-
plane of the simulation box, wheieis an integer, then one ing temperature, as predicted by theoretical calculation, scal-
would have to choose the box size very precisely, but sincéng nearly as T*) Y%, and the bridging fraction decreases,
they can orient themselves along any commensurate planscaling nearly asT*)*°in close agreement with theof$3].

they have quite a lot of freedom in choosing their periodicity, These quenching simulation experiments are underway, and
provided the box length is at least about 5 to 10 times largewill be reported in a future publication. We also intend to
than the periodicity. If, for example, the layer thickness is 1/5present a simulation of complex microphases formation,
of the box length, then the layers can be oriented along (5003uch as the gyroid microphase, and to explore systematically
plane or (430) plane. If, however, the equilibrium layerthe finite-size effects by probing different box sizes and
thickness is slightly larger than 1/5 of the box length, thenshapes, and also copolymer molecular weights.

the layers can also be oriented along (422) plane, and then it

is_ shiftt_ad by only about 2%. We have _also potiped in our ACKNOWLEDGMENTS

simulation experiments, that once the orientation is locked, it
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