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Computer simulation of copolymer phase behavior
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Discontinuous molecular dynamics simulation is used to study the phase behavior of diblock
copolymers modeled as chains of tangent hard spheres with square shoulder repulsions between
unlike species as a function of chain length, volume fraction and interaction streppttTiie

location of the order—disorder transition for a symmetric copolymer is close to the predictions of
Fredrickson and Helfand. Our simulation results for packing fractions of 0.35, 0.40, and 0.45 and
chain lengths 10 and 20 are summarized in phase diagrams which display disordered, lamellae,
perforated lamella€PL), cylindrical, and BCC spheric&b) phases in thgN versusf plane. These

phase diagrams are consistent with phase diagrams from other simulation studies. Contrary to
theoretical predictions we observe the PL phase near regions of predicted gyroid stability, and the
S phase only in the systems with high packing fraction and long chain length. These discrepancies
may be due to the short chain lengths considered, as they are less evident in the 20-bead chains than
the 10-bead chains. We examine the structural spacing of the microphases and the variation of that
spacing withyN. We also examine the internal energy and entropy and their variationgMittOur

results are consistent with self-consistent field theory results for the strong segregation limit.

© 2002 American Institute of Physic§DOI: 10.1063/1.1519839

I. INTRODUCTION and Helfand and later Barrat and Fredrickson reformulated
_ _ _ Liebler's mean-field theory to include fluctuations, which ef-
Interest in block copollymetrs has. grown con&dergbly INfectively raised the value ofyN)gpr and brought predic-
recent years because their unique microphase behavior is egns of periodic spacing into agreement with experiment for
pected to play a prominent role in future technologies suchhe weak segregation reginf&/SR), where YN is small®#
as high-density magnetic storage materials, molecular sememenoy developed an alternative mean-field theory which
conductors, optical coatings and catalysts. Unlike blends of \ajid in the strong segregation regiff@SR, whereyN is
homopolymers whose phase separation occurs on a macige and used it to predict phase boundaries and periodic
scopic level with separate domains formed for each polymers,)pacing between structural unftianaszak and Whitmore

block copolymers’ phase separation is microscopic becausgseq self-consistent field theofBCFT), which allows the

the two components are chemically linked. The resulting mi'predicition of properties in the SSR and the intermediate

crophases exhibit classical morphologies, such as Iame"agegregation regim@SR), which is between the WSR and

cylinders, and spheres, and complex morphologies, such asg ‘to construct a phase diagram for block copolymers in
perforated lamellae and gyroid. Because of the molecularyy), ontsit They also examined the periodic spacing as a

level separation between components, materials can be dggnction of interaction strength, N, and copolymer volume

veloped which order on a much smaller scale than that foung.,c(ion . Matsen and Schick formulated a new version of

in traditional materials. _ SCFT without the unit cell approximation, and were able to
The phase behavior of block copolymers has receiveq) e gict the stability of the experimentally observed gyroid

considerable theoretical attention from the polymer commuy 4562 | ater Matsen and Bates used this new formulation

hity, with studies examining the behavior both above a”‘fo examine thermodynamic properties such as the internal
below the order—disorder transitiofODT), the point at

, X energy and entropy, and structural properties such as the in-
which an ordered structure forms from a disordered <tate

) | terfacial width, interfacial area, periodic spacing and mean
Theories have been developed to predict the ODT and thgnature’

order—order transition§OOT), the spacing between struc-
tural units such as lamellar sheets or c%/%d?eﬂg,and the  yia computer simulation which is able, in principle, to pro-
thickness of the interface between domaitias a function yige more microscopic-level information than experiment.

of the copolymer lengthN), the volume fraction of each the most popular method for simulating block copolymers
component {) along the chain, and the strength of interac-paq peen lattice Monte Carlo, chosen because of its speed
tion (x). The major contributions to the free energy in these,g|ative to other methods and its ability to accommodate very
theories are the interfacial energy and the entropy of chaifyqe stryctures. A disadvantage of lattice Monte Carlo is that
stretching. Liebler used mean-field theory to predict theyq |attice cannot stretch to accommodate a particular struc-
phase diagram for a block copolymer systeffredrickson  ,re | arson used lattice Monte Carlo to study symmetric
block copolymers of lengths ranging from 6 to 192 in selec-

3E|ectronic mail: hall@eos.ncsu.edu tive solvents. He examined the location of the order—disorder

Block copolymer phase separation has also been studied
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transition, concentration profiles, and periodic spacing o’
lamellar structures at the ODY.Besold and co-workers |
studied a system of diblock copolymers of length 30 usinc/;
lattice Monte Carld® They found lamellar and cylindrical
structures, and examined the ODT for symmetric copoly
mers. Hoffman and co-workers studied symmetric and asym
metric chains of length 24, and found disordered, lamellar
and Cylindrical StructuregS.,lG They monitored static proper_ Lamellae at f=0.5 and cN=48.6 Cylinders at f=0.2 and ¢cN=97.3
ties, such as the structure factor and the radius of gyratior
and also dynamic properties such as diffusion and relaxatior
Off-lattice molecular dynamics simulations have also
been performed; these have the advantage that they can ¢
commodate most structures and the disadvantage that thi
are relatively slow. Murat and co-workers used moleculal
dynamics to study symmetric block copolymers modeled a:
chains of truncated Lennard-Jones sphéf@hey monitored '
the periodic spacing, the radius of gyration, the end-to-en(y ey rciee s =0t oo Discodoced phase st =3 and =33
distance, and the diffusion constant, and examined the effect
of varying the chain length and strength of interaction. Groot FIG. 1. Simulation structures fdy=20.
and Madden used dissipative particle dynamics to study the
phases formed at different volume fractions, and found dis-

ordered, lamellar, perforated lamellar, cylindrical, and becNg sections: Section I describes the copolymer model and

spherical phase¥. the molecular simulation techniques that we have used. Sec-

In this paper, we describe the results of discontinuou%'(?[.n ! p;esetms }Cedphagg d|a}[%rams restl.JItlngfftrt?m our smtm-
molecular dynamic§DMD) simulations of diblock copoly- ations. >ection escribes e propertes ot e symmetric

mer systems. Our block copolymer is modeled as a hard(;opolymer systems, including the periodic spacing, the inter-

. . . . nal energy and entropy. In Sec. V, we summarize our results
sphere chain with an additional square shoulder repulsion ergy Py
d discuss future avenues of research.

between unlike segments. We have conducted simulations ik
chains of lengths 10 and 20 at packing fractiops 0.35,

0.40 and 0.45 and volume fractiofs-0.1, 0.2, 0.3, 0.4, and |l. COPOLYMER MODEL AND SIMULATION

0.5. In order to accommodate the periodic spacing of differ-TECHNIQUE

ent structures, we have used an algorithm that allows the box, copolymer model

lengths to be adjusted to accommodate different structures or , i i

structural spacings. We have also investigated the stability of . The copolymer is modeled as a flexible chain of spheres,

the resulting structures using Escobedo and de Pablo’ﬁ"th component A spheres on one end apd component B
EVALENCH algorithm to calculate the free enerty. spheres on the other. All beads interact with a hard sphere

Based on our simulations, we have constructed phasBOtential of diameter(_r. Additionally, components A _and B
diagrams for the systems at different chain lengths and paclz?r?_elh ea(t:h dothter W't_ht a sc:uartle-shouldert_ potg_nhtab,
ing fractions. We find disordered, lamellar, cylindrical, per—W I't_c ex ten t's IO an intermolecular separatian. 4he re-
forated lamellar, and bcc spherical structures. Examples oft'tiNg potentials are
these structures, except bcc spheres, are shown in Fig. 1. In o ifr<eo

constructing the phase diagram, we have encountered meta- Uaa(r)=Ues()=1, . _ ey
stable structures. In these cases, we have identified the most ’
stable structure by calculating the free energy. The resulting o if r<eo
phasg diagrams are consistent wit_h other simulati_on_ studies, Up(r)=1{ € if o<r<2o )
but differ qualitatively from mean-field theory predictions. 0 if =2

g.

We have examined the periodic spacing between repeat
units of the structures. We report the variation of the periodic ~ We have chosen to have the two components repel each
spacing with interaction strength and chain length for theother rather than to have an attractive potential between like
lamellar morphology. The periodic spacing behavior is simi-components because this significantly increases computa-
lar to theoretical predictions for the SSR. Quantitative agreetional efficiency. To see this, consider the case in which the
ment improves with increasing chain length. system is ordered, and hence contains domains of A and B.

Finally, we have calculated the internal energy and enSince we only have interactioiisepulsive shouldehetween
tropy of the lamellar phase. These quantities are qualitativelynlike monomers, interactions within each domain are purely
consistent with the results of SCFT, with minor differences.hard-sphere interactions and proceed quickly. The only par-
Agreement between our internal energy results and SCFiicles to experience the more computationally expensive
improves with chain length, but the agreement between ousquare-shoulder potential interactions are those at the inter-
entropy results and SCFT does not. face. If we were to have an attractive potential between like

The remainder of this paper is organized into the follow-components, the square—well interactions would exist
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throughout each domain, and even into the interface, where We have developed an algorithm to find the box lengths
at least half of the interactions would have a square—welappropriate to a specific packing fraction. The algorithm
component. From a physical perspective, the two sets of pasearches for box lengths which maintain the packing fraction
tentials are roughly equivalent becauge the parameter at a specific value, but equalize the pressure in the three
which determines the phase behavior of the copolymers, idirections. Unfortunately, some structuréspheres, HPL,
the same for both. In addition to these advantages, hard-corend gyroid have periodic spacing in all three directions,
only potentials between like components offer the advantageshich means that the pressure algorithm, by itself, is insuf-

that the chains do not experience thermal expansion. ficient to find the correct box lengths for these phases, be-
cause changing all three box lengths independently would
B. DMD simulation algorithm require changing the packing fraction. Instead, in such cases

| di i lecular d BMD) simul we use a box size that is sufficiently large that the system can
n a discontinuous molecular dynamigSMD) simula- reorient to vary the effective length of the unit cell. A large

tion, particles experience collisions when they hit a disconbox size also allows the system to adjust the number of re-
tinuity in the potential. Between collisions, particles experi- eat units per box dimension

ence linear trajectories, making the simulation techniqu The first step in the algorithm is to run the simulation at

faster than tradmonal molc_ecular dY”a’T"CS simulations Wh'Chconstant volume and calculate the reduced pressure in each
generally require a small integration time step. The postcoly; .o +ion using the virial theorem

lision velocities can be found by solving the collision dy-

namics equations. In order to treat chains of beads effec- N Pwo® Nyod a3mECO”rijkAvjk

tively, Rapaport created bonds between beads by restricting Pi = keT V. VkgTt ' )
the distance between adjacent beads to lie betweemd

o(1+ 5).%° Bellemans later extended this model so that thevherek is the direction k=Xx, y, or z), kg is Boltzmann’s
distance between adjacent beads can lie betwe¢h  constantT is the temperaturély, is the number of beady]

— 512) anda(1+ 8/2), making the average bond lengtt?: is the volume,m is the mass of each segmeny; is thek
We have developed a DMD code suitable for simulatingcomponent of the distance between colliding partickesd],
copolymers and any mixture of monomers, polymers, and\Vjk=—Avix is thek component of the velocity change for

copolymers. This code was adapted from code originally dethe particlej, andt is the elapsed simulation time.

veloped by Smith and co-workef$lt includes a search al- The second step is to compare the pressure in one direc-
gorithm that allows the system to adjust its box length intion, k, with the pressure in the other two directions. If the
three dimensions in order to accommodate ordered structur@§essure in one of these two directions, kadiffers from the

that might form. It is also optimized to allow for the efficient Pressure in thé& direction, P, by more thansPy,, then the

Simu'ation of |arge mu'ticomponent Systems_ bOX |ength in thd dil’eCtion iS Changed accordingly. At the
_ same time, the box length in tHedirection is changed to
1. Box length search algorithm maintain constant volume. The coordinates of all beads in the

Our DMD code includes an algorithm that adjusts thesystem are scaled up or down with the box lengths. The size
box dimensions to accommodate different structures or strumf the box length change is restricted due to the discontinu-
tural spacings that might try to form over the course of theous nature of the potential and the bonding between seg-
simulation. Ordered structures have periodic spacing in aments. Excluded volume limits box compression, while the
least one dimension. Because the periodic spacing has a paraximum bond length limits box expansion. The box length
ticular value which minimizes the free energy of the systemadjustments are performed periodically until the new box
the box length in the directiork, of the periodic spacing lengths have been achieved. These two steps are repeated
must be a multiple of that periodic spacing. If the box periodically throughout the simulation until each box length
lengths are incorrect, they can change not only the periodifluctuates around a certain value.
spacing, but by increasing the free energy, can give errone- The sensitivity of the box length search algorithm can be
ous results as to which phase has the lowest free effergy  controlled by changing the algorithm parameters. By increas-
cylinders instead of lamellaeTherefore, it is important to ing the frequency of pressure checking, the system is quicker
find the correct box lengths for the system. This is accomio respond to differences in pressure. By decreasing the fre-
plished by comparing the pressure in the three orthogonajuency of pressure checking, the system is slower to re-
directions. If the box length in th& direction is not long spond, but the volume fluctuates less due to better averaging
enough, then the structure will be compressed in that diredgn the virial sum. A similar effect can be achieved by adjust-
tion, and the pressure in that direction will be higher than iting SP},. The two parameter¢frequency and tolerante
would be if the box length were correct. If there is anothershould generally be adjusted together, so that a higher toler-
dimension], in the system without periodic spacing, then theance is used when the frequency is higher.
system will not tend to become compressed or stretched in  One of the advantages of the box length search algo-
that direction, and the pressure in that direction will be inde+ithm is that box length fluctuations are suppres&adnini-
pendent of the box length in that direction. So, if the pres-mized. This is important because large fluctuations would
sures in directiong and| are different, this tells us that the slow the search and complicate determination of the end
system is either stretched or compressed, and that the bgoint. Fluctuations are suppressed by ignoring pressure fluc-
lengths should be changed in order to minimize the free entuations with amplitudes less thadPy, or frequencies
ergy of the system. greater than the frequency of pressure checking. Because the
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algorithm is not “distracted” by these fluctuations, it can eter is defined in terms of simulation values Rft"™™a and
direct the box Iengths to their optimal values more Efﬁ-pC’ the Copo|ymer number density, using the fo||owing

ciently. equation?®
Other possible methods that could be used to find the __ o athermals <2
appropriate box length are the hybrid DMD-MC constant ~ N=63((R3"*™%p). 5

pressure algorithm developed by Wilson and Affdrand
used by Kenkare and co-workéfspr the piston-like con-
stant pressure algorithm of Parrineffowhich was used by
Murat and co-worker$’ The DMD-MC hybrid method in-
volves making random box length change attempts periodi-
cally throughout the simulation. These moves are accepted or y=z(epg— 3(€an+ €gg))/ KT, (6)
rejecteq based on the change in potenuallener'gy that Wouk/%herez is the number of nonbonded neighbors within the
result if the move were accepted. Parrinello’s algorithm. : ) . ; .

. : : , .. interaction distancekg is Boltzmann’s constantT is the
treats the simulation box like the chamber of a piston with ; . )

- temperature and; is the interaction energy between com-

constant external pressure. If the pressure within the box is J

) . . .ponents andj. Sinceean = egg=0 in our work, this formula
different than the external pressure, an imaginary force i .
. . . , reduces toy=zexg /KT, with z the average number of non-
applied to the piston. This force accelerates the piston a

. ) : . .Qf)onded neighbors within the interaction range,, Zoming
cording to Newton’s second law, which can be integrated i rom our simulation data. Although Ed6) is only strictly

time to regulate box length changes. Although these metho:}s . L
are well suited to conducting constant pressure simulation correct when the density is homogenequaich is the case

they are not as efficient as our algorithm if the only purpos%r an incompressible systgnthe total density in our simu-

is to find the appropriate box lengths. In fact, neither of these tions is nearly homogeneous, except at strong segregation,

other algorithms maintains the total volume of the system a hich we discuss n Sec. IyA' T_he value afis ,ns_:arly
a constant value during the simulation. proportional to density and is equivalent rgs= ¢z’ in a

Finally, we should point out that the box length SearChIatt|ce simulationt®> wherez’ is the number of neighboring

algorithm described here is neither ergodike the hybrid lattice sites andp is the volume fraction of occupied sites.

DMD-MC algorithm) nor dynamic (like the piston algo- This equation forz.z does not apply for off-lattice simula-

rithm). An ergodic algorithm must be reversible: At equilib- j[lons, S0 we must calculatgy directly. Consequently oug

rium, the probability of the system going from state A to IS the equn/falent. of the Iattélcgﬁﬁ,:;fl.ned n I.attlce simula-
state B must be equal to the probability of going from state Bt|ons a:s a function ofp and the Interaction parameter,
to A. Our algorithm is designed to take the system from onetAB =~ €ag/KT. In other words

state to another and suppress fluctuations. If it goes from  y«.=¢xas @)
state A to B, it is unlikely to go back to A. A dynamic algo- ,

rithm must attempt to mimic the dynamics of a real system = ¢z eap/KT. (8)
by responding to the forces according to the laws of physicswe will refer to it simply asy in the rest of the paper. We
Our algorithm responds to forces in a heuristic way that isshall see that using a density-dependertilows us to more
different than the way that the laws of physics require. How-effectively analyze density-dependent phenomena.

ever, since the box length search algorithm is not used to \jJyes ofz, X Rgthermal, N from our simulations at dif-
calculate any properties and is only used to adjust the shaggrent packing fractions and chain lengths can be found in
of the simulation box, the lack of ergodicity and dynamicsTaple I. We also include the range of compressibility factors,
does not adversely affect our results. Z atf=0.5, over the temperatures considered.

This effective length determines the impact of fluctuations on
copolymer behavior in theories by Fredrickson and Helfand,
and by Barrat and Fredrickson.

The interaction strengthy, can be calculated from

C. Relating simulation parameters to commonly D. Simulation methods
accepted polymer parameters '

It is useful to be able to relate the parameters in our We have performed simulations of copolymer chains
IS US€elu P : ucontaining 10 and 20 beads at packing fractiomspf 0.35,

model to the parameters_ cpmmonly used in polymer theor)éAQ and 0.45, wherg=7N,o*/6V, V is the volume, and
a_md expgnment: the stat|st|ca.l segment Iengﬂ;hf;he effe_c- N, is the number of beads in the system. The phase behavior
tive chain length for fluctuationsN, and the interaction 5nq periodic spacing were recorded as a function of volume
strength,y. This allows us to compare our results with the- faction, f, packing fraction,», and reduced temperature,
oretical predictions and experimental results. . T*=kgT/eag. We started our simulations in a random con-
The statistical segment Iengtb}h can be calculated in  figyration of 125(200 for 20-bead chainshains at the de-
terms of the simulation values @™, the athermal ra-  gjred packing fraction with equal box lengths on all sides.

dius of gyration in the melt, using the equation The temperature was set to a temperature at which we ex-
" , a2 pected a structure to form, and a simulation was performed
(R3™Merm?y =5 N (4 using the box length search algorithm described in Sec.

. IIB1. Once the algorithm converge@ignaled by having
The effective copolymer length for fluctuationd, is  each box length fluctuate about a certain valwee repli-
chosen to be the Ginsburg parameter. The Ginsburg paransated two copies of the unit subcell in every direction yield-
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TABLE I. Values ofz, x, R3"™?, a, N, andZ from our simulations at different packing fractions, and chain

lengths,N.

N 7 z pY Rslhermal a N z

10 0.35 19.54 19.57F 1.5408 1.1935 12.914 33-43
10 0.40 22.63 22.63F 1.5113 1.1706 15.020 46-51
10 0.45 25.82 25.82F 1.4828 1.1429 16.958 65-72
20 0.35 19.46 19.48F 2.3046 1.2623 36.150 59-66
20 0.40 22.56 22.56F 2.2629 1.2394 42.316 84-93
20 0.45 25.74 25.73F 2.2131 1.2122 46.863 119-130

ing 1000(1600 for the 20-bead chainshains, and continued ous parts of the molecule. The excess chemical potential con-

the simulation again using the box length search algorithmtribution for going from state to statei +1 is

At the end of this process, ordered structures were observed.

For example, lamellar structures formed containing two Mi—»i-%—l/kT:In(

lamellar repeat unitgéabab) and cylindrical systems formed

containing eight cylinders. Once the larger system reachetthe excess chemical potential of the whole molecule is then

equilibrium, we stopped the box length search simulation

and started alNVT simulation so that we could collect data. ,ueX/kT:In(WOPN), (12)

Average CPU time needed on our 600 MHz Alpha 21164 Powy

included 13 h for the equilibration of the small systems, 2.5 nere states=0 andi=N are completely deleted and in-

days for equilibration of the large systems, and 30 h for theygteq molecules, respectively.

data collection for the large system at each state point. During our molecular dynamics simulation, we periodi-
The phase diagrams described in the next section wergy|ly performevaLencH bead insertions and deletions with

created by performing the simulations described above ovegontinuum configurational bidS;*°which improves the sam-

a wide variety of temperatures and volume fractions. Temying slightly by reducing the number of states which must

perature sweeps were conducted by starting at low tmperge visited by the algorithm. We use the resulting chemical

ture and then increasing the temperature. Volume fraCtiO'ﬂ)otential to calculate the free enerdy, /nkT, of the system
sweeps were conducted by starting at a volume fraction of

0.5 and then decreasing it by reassigning components to dif-  Aex/NKT= pex/KT—Z, (12)

ferent beads. whereZ=PV/nkgT is the compressibility factor of the sys-
tem, andn is the number of copolymer molecules. We can
then calculate the entrop$/nk, of the system

S/nk=A/nkT—U/nkT, (13

WiPiq

(10

Piw;

E. Calculation of free energy and entropy

We have used the expanded ensemble technigue, ) .
LENCH (expanded variable-length chain methodeveloped WhereU is the internal energy of the system.
by Escobedo and de Pablo, to calculate the chemical poten-
tial of our copolymer molecules. A detailed description of the|ll. PHASE DIAGRAMS

expanded ensemble technique can be found in Refs. 19 and ) he simulati hni q ibed i
27. Here, we present a brief overview. Using the simulation technique described in Sec. II, we

The EVALENCH algorithm is similar in concept to the first focused on the order-disorder transition for symmetric
Widom insertion method except that a molecule is inserted block copolym_ers. We locatedyN) opr by finding the tem-
and deleted in pieceéwo beads at a timeduring the simu- p'e.rature at WhICh a lamellar system u.ndergoes a phase tran-
lation. These insertions and deletions are accepted with trapiion to a disordered state. Figure 2 is a graph xiJopr

sition probability dictated by the weighted Metropolis crite- VErsusN which compares our simulation results fdr=10
ria and 20, andyp=0.35, 0.40, and 0.45 to various theoretical

) results. Our simulation results foylN)opt for the 10-bead

Pi_j=min[1,exg —AU;_;/kT)w;/w;], (9 chains are lower than the predictions of Fredrickson and
whereU; ; is the change in energy associated with goingHelfand. Instead of showing a monotonic trend with the
from statei to statej (such as from 0 beads to 2 beadsnd ~ (xN)opr values are all the same within their error bars. Our
w; is the weight assigned to stédteThe weights are adjusted simulation results for ¥N)opr for the 20-bead chains are
so that the probabilityP;, that the system is in staieis  slightly higher than the predictions of Fredrickson and
approximately equal for all states. This allows the system tdielfand, and are similar in magnitude to our own results for
move more freely between the different states and improveshorter chains. They do, however seem to decrease slightly
the sampling of the algorithm. with increasingn andN. We do not know the reason why

The excess chemical potentigklative to the ideal gas the (yN)gpr values for the 10- and 20-bead chains are es-
of the whole molecule is the sum of contributions to thesentially the same since the theories of Fredrickson and
excess chemical potentials associated with inserting the varHelfand and of Barrat and Fredrickson both predict that
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30.0 ' spherical phases in regions N versusf space similar to
éﬂzg'ig those observed by us, although their study did not cover as
o50 | On=045 | many values ofyN, f, or » as ours. The phase diagrams are
' generally in agreement with Matsen and Bates’ SCFT
results! except that our ¥N) op7 values are shifted to higher
5 s00 | | values ofyN. The phase boundaries above oyN()op are
g ' qualitatively similar to those predicted by SCFT, but the val-
et ues for (yN)opt are higher than theoretical predictions. An-
150 | Er Barrat & Fredrickson & | other difference between our phase diagrams and theoretical
. edrickson Helfand . B
\ predictions is that we observe the perforated lamelRilr)
Liebler. SCET phase between the cylindrical and lamellar phased at
10.0 — : : =0.3, whereas SCFT theory predicts the PL phase to be
10 100 1000 10000 unstable in this regioh.Contrary to those predictions, some
N=63(Rgapc)2 experimental studies of copolymers have found the PL phase

to be stablgand thermoreversibldn this region®*? These
FIG. 2. (xN)gpr for symmetric copolymers as a function Nf Solid lines ~ experimental results are more consistent with our simulation
?re Ftreed:iflizge;i;«’;IdpLejg;%gSefbgLiae:cllé;j;rz, x}ztﬁgd?ﬂsiﬁz??zf- results. Another experimental study found the PL phase to be
O)ben symbols indicate our sim-ula‘tion results. o a metastable pha§§. . .

There are a number of possible explanations for the lack
of a gyroid phase in our simulations. The gyroid phase is
predicted to be stable in the weak segregation regime, but

(xN)opt should decrease with increasing chain length. How-because the ODT is shifted to higher valueg/df, we don't
ever, since neither theory is appropriate for chains as short asally have a weak segregation regime. While the gyroid
N=20, the lack of agreement may not be too surprising. Ouphase is also predicted to be stable in the intermediate seg-
results can also be compared to those from lattice Monteegation regimdISR), we were limited to discrete values of
Carlo simulations. Besold and co-workers used lattice Monté (the number of A beads must be an integethere the
Carlo to look at the order—disorder transition for symmetricgyroid phase is not predicted to be stable. It is also possible
chains of length 30 and foungN) opr~23", which is only  that the gyroid phase does not form in our simulations be-
slightly lower than our values of {N)gopt for chains of cause our box length search algorithm fails to find the right
length 10 and 20. Larson also used lattice Monte Carlo tdox lengths, causing the PL phase to form instead. To test
examine the order—disorder transition, but included selectivéhis, we ran our simulations with 3200 chains for long times
solvents in his system that suppressed the disordered phasear regions of predicted gyroid stability. These systems
Accordingly, his values of XN)opt are consistently lower should have been large enough for the gyroid phase to form
than those we see in our simulations. without feeling the finite size of the box, but no gyroid struc-
By expanding our simulation parameter space to includeures appeared.
asymmetric copolymers, we were able to construct phase We should also emphasize that the perforations in our
diagrams showing disordered, lamellar, perforated lamellaperforated lamellar phase are not always hexagonally spaced.
cylindrical and bcc spherical structures. Figure 3 display thaVhile mean-field theories have predicted that the hexago-
resulting phase diagrams, plotted yiN versusf space for nally perforated lamelladHPL) phase is not stable, these
packing fractionsy= 0.35, 0.40, and 0.45 and chain lengths theories have been unable to treat structures with disordered
N=10 andN=20. The phase diagrams show that a directperforations such as those that we see in our simulations. At
phase transition occurs between a disordered phase andf& 0.4, the perforations are small and transient and do not
lamellar phase af=0.5. For moderately asymmetric co- seem to have an effective repulsive interaction between them
polymers f= 0.3, 0.4, a perforated lamellafPL) phase is  (two perforations often appear next to each othes that the
stable below the lamellar phase. For more asymmetric coperforations are not ordered in any way. The lack of the PL
polymers §=<0.3), cylinders are stable between the lamellarphase in theoretical phase diagrams could be caused by the
phases and disordéexcept atN=10, f=0.3, and»=0.35 inability to handle such disordered structures. At volume
and 0.40. For highly asymmetric copolymerd£0.1), N  fractions off=0.3, the perforations are larger, more stable,
=20, and%=0.40 and 0.45, bcc spheres form between theappear to repel one another and are ordéthd box was
cylindrical and disordered phases. We found that the order-eften not large enough to allow perfect hexagonal spacing to
disorder and lamellae—PL transitions are reversible, whildorm).

the other order—order transitiongcylinders—bcc, PL-— At strong segregatiothigh values ofyN) and low vol-
cylinders, lamellae—cylindersare only observed during ume fractions {= 0.1 and 0.2, our simulations have pro-
heating. duced both lamellator perforated lamellarand cylindrical

It is of interest to compare our results to other simulationphases, depending on the initial conditions, at the same tem-
results and to theoretical predictions. The phase diagrams aperature. Using the expanded ensemble technique,
consistent with Groot and Madden’s simulation study of 10-EvALENCH,'® to compare the free energies of the various
bead chains using dissipative particle dynamfcshey phases, we found that the lamellar and PL phases are meta-
found lamellar, perforated lamellar, cylindrical, and bccstable compared to the cylindrical phase over a small range
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of yN. For example, the PL phase was present but metanterfacial arepasyN increases, the cylinders must adopt an
stable atN=10, f=0.1 and 0.2, andy=0.35 and 0.40. The elongated cross section. At the same time, the majority block
PL phase was also present at the same conditions and padkvith 8 beady is much easier to stretch. This unbalanced
ing fraction 0.45, but the expanded ensemble techniqustretching leads to an effect similar to conformational asym-
failed to provide accurate enough values of the free energy tmetry (ay<ag), which would cause the phase diagram to be
determine the relative stability of the PL and cylindrical shifted to the lef€>3®This explains why our phase diagrams
phases. In this case we have plotted the PL as being stable ame shifted to the leftlower values off) in the SSR relative
our phase diagram, although the cylinders might be moréo theoretical predictions.
stable.

Another interesting aspect of our phase diagram is thajy PROPERTIES OF SYMMETRIC COPOLYMER
the metastable cylinders at strong segregation develop a&STRUCTURE
elongated cross sectiaishown in Fig. 4 similar to those
postulated by Burger and co-workers for “super”-strongly
segregated copolymet$We believe our cylinders develop In this section we report the periodic spacitly,of the
elongated cross sections due to the non-Gaussian stretchitagmellar structures described in Sec. Ill. We examine the
of our short chains rather than because of some effect intrinvariation of the periodic spacing witgN, and compare the
sic to having high values gfN. While the Gaussian stretch- results with SCFT and with Barrat and Fredrickson’s fluctua-
ing assumption used in most theoretical treatments of cotion theory. The periodic spacing is calculated by dividing
polymers is valid for experimental copolymersl31000), the box length by the number of repeat units in that direction.
the assumption is not as good for short chains. For instance, Theoretical predictions of periodic spacing behavior
in Fig. 4, the minority component occupies only two beadscan be compared to one another and to simulation results
along the chain, which means that it cannot stretch muclvy expressing them in terms similar to Banaszak and
beyond its “Gaussian” conformation. Therefore, in order to Whitmore’s predictiof! [We have compared our results with
increase the size of the cylindefim order to minimize the Banaszak and Whitmore’s results for slightly selective sol-

A. Periodic spacing
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. ) ) FIG. 5. Graph ofd/aN®% vs yN at f=0.5 for different packing fractions
vent (their “model System) rather than with Whitmore and  ang chain lengths. Open symbols correspondlital0 systems and closed

Noolandi'€ results for neutral solvent because Banaszak aneymbols correspond td=20 systems. Results from Matsen and Bates’ self-

Whitmoret! reported that the selective solvent results wereconsistent theoryRef. 37 and Barrat and Fredrickson’s fluctuation theory
. . f. Iso displayed.

more accurate and that no differences between selective afige & also displayed

neutral solvent spacing behavior were observed using the

more accurate algorithr;.
; Figure 5 suggests that the spacing near the QDW

d/acxPNi, (14) values ofyN) is unaffected by differences in packing frac-
where ¢, is the volume fraction of neutral solvent. Many tion (r~0), although the scalingwith y) of the spacing
theories predict that the scaling powepsand g should be increases slightly with increasing packing fraction at high
constant. In contrast, SCFT predicts tipsaind q depend on values ofyN, resulting in different spacings &0). These
xN, solvent volume fraction, and the type of structure. Byresults seem reasonable when we recognize that a positive
plotting the spacing versus interaction strength on a log—logalue forr indicates a failure of the dilution approximation.
graph at constanyy and N, we can determine the effective The dilution approximation says that solvent particles
values of the exponent from our simulations. vacanciegdistribute themselves evenly throughout the struc-

Because we have conducted simulations at differenture, serving only to screen the unfavorable interactions at
packing fractions, we can also examine the effect of packinghe interface. In our system, the voids between particles act
fraction on spacing. We do this in Fig. 5 by plottidgaN®®  like a neutral “solvent;” they occupy volume, but do not
versusyN for a lamellar structure at=0.5, »=0.35, 0.40 interact with either component. At low values @i, there is
and 0.45 and chain lengtHd=10 and 20. We have also not much segregation of the solvent at any packing fraction,
included results from Matsen’s SCFT and Barrat and Freso the dilution approximation should be reasonable. How-
drickson’s fluctuation theory for compariséfiThe periodic  ever, asy increases the solvent is pulled to the interface in
spacing from our simulations is consistently higher than theorder to screen the interactions at the interface more effec-
SCFT predictions, although agreement does improve witliively. This is much easier to accomplish at lower densities
chain length. The simulation values pfdetermined from than at higher densities, so that the polymers do not have to
Fig. 5 are tabulated in Table Il, and indicate that, at least fostretch as much to lower the internal energy. This results in
the short chain lengths studied hepéncreases slightly with  different densities having different spacings at high values of
N. This increase irp can be attributed to the non-Gaussian yN and hence a positive. Contrary to our simulation re-
stretching penalties, which are greater for shorter chains. Theults, Whitmore and Banaszak reported no change in the pe-
magnitude of oup values is consistent with the SSR predic- riodic spacing with solvent concentration, at consfggeN
tions of Banaszak and Whitmore, who found tipavaried  [which is equivalent to ougN as indicated in Eq(7)]. How-
from 0.2 in the SSR to 0.5 in the WSR. At low valuesydfl, ever, because they variggg separately fromp in coming
Barrat and Fredrickson’s predicted spacing is very close t@o this conclusion, any changes due solely to concentration
the SCFT results, but deviate from SCFT resultsydsin-  would be difficult to distinguish from changes due to qur
creases, resulting in a higher valueppfvhich is inconsistent Although Murat and co-workers examined the structural
with our own results for short chains. spacing of the lamellar structures in their simulations of sym-

TABLE II. Values of p for lamellar structures at different values fand 7.

N 10 20
n 0.35 0.40 0.45 0.35 0.40 0.45
p 0.19 0.21 0.21 0.21 0.22 0.23
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FIG. 6. Graph oU/nkTvs xN at f=0.5 for different packing fractions and FIG. 7. Graph ofS/nk vs N at f=0.5 for different packing fractions and
chain lengths. Symbols are the same as those plotted in Fig. 5. Results froohain lengths. Symbols are the same as those plotted in Fig. 5. Results from
Matsen and Bates’ SCFRef. 7) are also displayed. Matsen and Bates’ SCHRef. 7) are also displayed.

metric copolymers, they did not examine the variation of thethe interface more effectively when the packing fraction is

structural spacing with interaction strengthHowever, by low . . .
reanalyzing their datglotting Ind versus Ine), we find that T_he S|mglat|on resglts for d!sqrdered structures are more
p~0.12 for their data on chains containing 40 to 200 beadsconsistent with theoretical predmt_mn; than for ordere_d struc-
The reason for their low values is unclear. tgres. The data show near—quantltgtlve agreement \_Nlth mean
field theory at very low segregationgl<<5). At higher
segregationd 5< yN<(xN)opr], the internal energy de-
creases relative to the mean-field prediction, and continues
deviating until the transition occurs. This decrease is consis-
In this section we report values for the internal energy oftent with fluctuation theories, which predict that concentra-
symmetric copolymer structures obtained from our simulation fluctuations form in the disordered morphology at seg-
tions. We have determined the internal energy directly fronregations near the ODT. These fluctuations lower the free
the simulation. energy of the disordered state by decreasing the internal en-
We plot the internal energy)/nkT versusyN for sym-  ergy below the mean-field prediction. Our result that the in-
metric copolymers alN=10 and 20 andy=0.35, 0.40, and ternal energy of the disordered state for 20-bead chains is
0.45 in Fig. 6. The order—disorder transition is indicated by dower than that for 10-bead chains contradicts fluctuation
discontinuity in the data agN~23; the disordered phase theories, which predict that the concentration fluctuations are
lies to the left of the discontinuity and the lamellar phase liessuppressed as the chain length increases.
to the right. Simulations of disordered structures were only
performed for the low packing fractiony=0.35) systems.
For disordered structures near the ODT, long simulatio
times and large simulation boxes were necessgavice the In this section we report values for the entropy of sym-
normal size because the concentration fluctuations have anetric copolymer structures obtained from our simulations.
long correlation length. However, we expect that the resultéVe have determined the entropy using the expanded en-
would be independent of packing fraction since the dilutionsemble method described in Sec. Il E.
approximation is valid at these low levels of segregation. We  We plot the entropy relative to the homogeneous disor-
have also plotted Matsen’'s SCFT results for comparison. dered state,$— Sp)/nk versusyN in Fig. 7 for symmetric
The internal energy per chain of the ordered lamellae icopolymers aiN=10 and»=0.35 and 0.40, and d&i=20
consistently higher than that predicted by theory, but has and »=0.35. The error bars on our entropy values are ap-
similar slope. The 20-bead chains have a lower internal enproximately the same size as the symbols. The order—
ergy per chain than the 10-bead chains, in closer agreemedisorder transition is indicated by a discontinuity in the data
with theory. Preliminary data indicate that concentrationat yN~23; the disordered phase lies to the left of the dis-
fluctuations are responsible for the large difference betweenontinuity and the lamellar phase lies to the right.
theory and simulation. More details on these fluctuations will ~ The entropy of the ordered lamellae is slightly higher
be included in a later paper. than SCFT predictions. The entropy for the two packing frac-
The effect of packing fraction on internal energy at low tions atN=10 are indistinguishable within their error bars
segregations is small, consistent with the dilution approximafor all values of yN we examined. This suggests that al-
tion. However, as the segregation increases, the internal ethough the periodic spacing decreases with solvent segrega-
ergy is higher for higher packing fractions. This is consistention, the effect on the entropy is much less significant than
with solvent segregation, which screens the interactions ahe effect on the internal energgee Fig. 8 The entropy for

B. Internal energy of symmetric copolymer structures

nC' Entropy of symmetric copolymer structures
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