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ABSTRACT: A simple field-theoretic simulation method based on a compressible random-phase approximation
(RPA) theory has been suggested to understand the self-assembly behavior and its pressure responses of
compressible block copolymer systems. Finite compressibility is incorporated in the free energy functional for
the dissipative dynamics through effective RPA interactions that account for the excluded volume and the attractive
nonbonded interactions. It was shown that basic equation-of-state parameters completely characterizing given
block components readily yield stable and metastable morphologies without any presumed symmetry over a
wide range of temperaturgressure-composition space for copolymer melts in unconfined or confined geometry.

It was demonstrated that the simulation tool is capable of predicting in a unified way block copolymer phase
behavior, not only exhibiting nanoscale ordering either upon cooling or reversely upon heating, but also revealing
barotropicity and baroplasticity.

Introduction levels!4~16 However, almost all of the theories for block
copolymers presume the symmetry of ordered patterns and
compare the calculated free energies to determine equilibrium
structures and transition conditions. There have been efforts
through field-theoretic simulation approaches to predict a priori
orphology to which a phase segregating block copolymer
volves!’ Phenomenological cell dynamics simulations by Oono
and co-workers have been widely used to describe phase
separation kinetics in various mixtures, including block copoly-
mers with a free energy expansion suitable for a given mixture
systemt8-22 However, this method possesses such a definite
drawback that there is no systematic way to adjust phenom-
enological parameters necessary for the simulation runs. Fraaije
then developed a dynamic density functional theory (DDFT)
from the generalized time-dependent Ginzbtirgndau theory
to simulate short copolymer systems that are connected to real
systemg3-26 Fredrickson and co-workers introduced the com-
putational screening method, using the SCFT equations to assign
stable and metastable morphologies at given thermodynamic
variables in the mean-field lev&l27-28_ater, Bohbot-Raviv and
Wang introduced a simple Landau-type free energy functional
with a local ideal Flory-Huggins free energy as a reference
and its truncated expansion compensating for the adopted
reference free enerdgy.The latter three methods were able to
demonstrate a priori estimation of stationary morphologies for
molten multiblock or star copolymers with a large parameter

Phase-segregating block copolymers from two or more
homopolymers have been known to exhibit nanoscale self-
assembly behavior to form microscopically ordered structures.
A number of such ordered structures have been identified up
to now. There are classical morphologies such as body-centere
cubic spheres (bcc), hexagonally packed cylinders (hex), and
lamellar (lam) structures. Recently found morphologies such
as bicontinuous gyroid, hexagonally perforated lamellae, and
the latest orthorhombic 3-fold structures are categorized as
complex morphologies: A transition from a disordered state
to an ordered state is induced either upon cooling or upon
heating, where the former is called the upper ord#sorder
transition (UODT) and the latter the lower disorg@rder
transition (LDOT). The UODT behavior, which is analogous
to upper critical solution temperature (UCST) behavior in
polymer blends, is driven by the unfavorable energetics between
dissimilar monomers comprising a given block copolyrer.

As an analogue to lower critical solution temperature (LCST)
behavior in the blends, the LDOT behavior is, on the contrary,
of entropic origin. The difference in volume fluctuations or the
entropic penalty in forming specific interactions is considered
to be the source of the LDO%" Studies on the phase behavior
of block copolymers have drawn much interest theoretically and
experimentally because of their usage in a variety of applications

Is'tuh%h ?as ﬁlast(;;rtw:rﬁ,ncor;pa'l[gmhzgt% surface modifiers, and Inspace of interaction pairs and compositions and also for block
ithography, p ! g ISplays, €ete. ) ~ copolymers in confined geometty27:2%36 Recently, Uneyama
There have been in recent decades extensive theoreticabhnd Doj presented a simulation method based on a density
developments to analyze the microphase separation behaviofynctional theory, which is similar to Bohbot-Raviv and Wang’s
and transitions between equilibrium microstructures for molten approach, but Suggests improvement in a better description of
block copolymers or systems containing block copolymers in a mixture phase behavior in the strong segregation regiife.
Weak-to-strong segregation regirhiéhe most mfluentlal among Most of the block copolymer theories developed so far are
them are &%b_lers Landau appro&cfam_d Its fluctua’t|on based on the common assumption of system incompressibility.
corre_ct|oné_ in a weak segregation regime, Helfands self- Pressure, though it is an equally important thermodynamic
consistent field theory (SCFT) inastrong segregation re@ﬁne,. variable as temperature, has been disregarded in those field
and the subsequent improvements on the SCFT in aIIsegregatloqheories_ However, there have been numerous findings that

strongly address a clear need for finite compressibility to
* Corresponding author. E-mail: jhcho@dku.edu. interpret the compressible nature and the pressure effects of
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block copolymers. A decade ago, Russell and co-workers close-packed volume fractiopy of the ith component is then
discovered LDOT phenomena in styrenic block copolymer melts defined asp; = Ni/N. The system is allowed to be compress-
and films®3940ater, they reported large increases in ordler  ible: there is free volume in the system. We denoteyahe
disorder transition temperatures upon pressurization in thoseglobal packing density af monomers that implies the fraction
LDOT systemg142Schwahn and co-workers reported anoma- of system volume occupied by all the monomers of itie
lous responses of some UODT block copolymers to predstfe. component. They(r) represents the local packing density of
It was observed by them that pressure suppresses-alisarder such monomers at a positicnPhase segregation in the system
transitions or even yields the nonmonotonic responses of can be probed by considering the average packing density
transitions in some cases. Mayes and co-workers then broughtluctuations, or the order parametgy, for thei monomers. The

a concept of baroplasticity to the block copolymer society to order parametey; is defined asyi(f) = Bni(N)0= i(7) —
utilize the pressure-induced suppression of ordering in material 7iL) where the brackets imply the thermal average. In a Landau
fabrication4® These phenomena culminated in the discovery of mean-field approach, the free enerfgyor the system can be
highly pressure-sensitive loop-forming diblock copolymers with €xpanded as a series in the order parameters0->ts3

both LDOT and UODT by Ryu, Kim, and Russéli* The

LDOT and the pressure effects, including baroplasticity, have P(F = Fo) =

been successfully interpreted in a recent series of works by the o 1 . . - _ N ~

one of the present authors on the analytical Landau analysis ZEI dg, - dqmri(T-)-im(qlv G (G = ¥ (G

and its fluctuation corrections for compressible block copoly- ™ <" (1)
mers, which are based on a compressible random-phase ap-

proximation (RPA) theory?°° Finite compressibility was  \here theF, implies the free energy in a disordered state and
incorporated into the theory through effective RPA interactions, g = 1/kT has its usual meaning. In the above equati() is
which is obtained from an off-lattice equation-of-state model the Fourier transform ofyi(f) asi(@) = / dFy;i(F)e” 9, with §
by Cho and Sanchez (C$)?" Both the excluded volume  denoting physically the scattering vector. The coefficient
interactions and nonbonded attractive interactions are included™ s commonly known as theth-order vertex function. It
in the RPA interactions. Equilibrium microphase morphologies  is'wall-known thatl’;@(Gy, Go) = S ~* (G, T) O(Ga + Go), where
and transition conditions were determined in a more general g; js the second-order monomemonomer correlation function
temperature pressure-composition space. However, this ana-  and¢ (g, + G,) is the Dirac delta function. The free energy in eq
lytical theory also possesses the restriction to require the 1 can be approximately written by using the local ideal free
predetermined symmetry as other theories do. energy functionaFiq and itsmth order expansioﬁi(g‘) ao

It is our objective here to overcome such a limitation of the
analytical theory, at least in the mean-field level, by introducing
a simple field-theoretic simulation technique for the compress-
ible copolymer systems. The simulation method for incompress- m q k
ible systems devised by Bohbot-Raviv and W&rig general- ¥ (—) + Z_ f r®. H v, (G) dg, (2)
ized to be combined with the compressible RPA. Helfand &kl S
included in his original SCFT a primitive contribution from finite _ _ )
compressibility with the harmonic density fluctuations tédm. ~ Where the suitable functional form &fs for compressible block
Fraaije and co-workers modified their DDFT to simulate COPolymers can be given as
compressible block copolymers by adding a correction factor

1
B(F — Fo) = BlFq — FP1 + 5 J g[S @)y (@) x

3 _ —
from the athermal chain connectivity as the excluded volume RS ar _m(ME
contributions to the free energy functioddHelfand’s harmonic BFiq = U_* f 5 z N Ink;(T)0 3)
penalty term was also tested in the modification of DDF##S Ry !

Our theory, which is based on the compressible RPA, directly
inputs the effective interaction fields with the excluded volume
and the attractive nonbonded interactions into the correlation
functions and the free energy functiof&lTherefore, basic
equation-of-state parameters completely characterizing given Fy=
block components, such as monomer sizes, chain sizes, and self-_

In eq 3,u* (= 70%/6) is the volume of one monomer, aRygis
the unperturbed gyration radius of the copolymer. Hgeis
expanded as

_ —\2
and cross-contact interactions, readily lead to stable or meta- Ry dr ;i 1+1Inn, N 1 %i(T)
stable morphologies without any presumed symmetry once av_*f_3 Z ﬁln T N ¥i(T) +§ N T
thermodynamic condition is set. We thus consider that the Ry : : i
compressible character of block copolymers can be more (4)
elaborately described in the present theory than other ap-_l_he simplest free energy functional can then be given as
proaches.

1, e 1= — —

Theory B(F = Fo) = lFiy — FiF1 +5 J dalS " @1yi(@w(—3)

In this section, we will present an approximate free energy ©)
functional for a simple field-theoretic simulation method that Equation 5 is particularly useful for block copolymer systems
is suitable for compressible block copolymer systems. Consider with three or more components because the higher-order vertex
a system of ABC... multiblock copolymers witly monomers functions thanj is generally not known in such cases. The
of theith component, where=1, 2, 3, ..., correspond to A, B,  present work will only employ the simplest eq 5 for simulations.
C, ..., respectively, to have the overall sidé= 5 ;N;). All the According to the compressible RPA by CHo®® the inverse
monomers are assumed to have the identical dianset&€he correlation functions for compressible systems can bec%)\-/
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proximated as
§ =5+ ﬁW., (6)

where §;¥s are the Gaussian correlation functions for given

copolymers. The conventional Gaussian functions for the
corresponding incompressible copolymers are equated here to

v*S;%n, wheren corrects the diluted contact probabilities by

the presence of free volume. In eq 6, the effective interaction

field W is obtained from the free enerdry of the CS equation-
of-state model. The CS free energy is givenFas= Fgd +
FoEY 4+ U™, The Fq¢ represents the ideal free energy of the
noninteracting Gaussian chain system. Fg&’ andU? stand

for the contribution to the free energy from the excluded volume
effects and the attractive interactions between nonbonded

monomers, respectively. Th&; is formulated as the second-

order derivative of the nonideal part of the CS free energy per

system volumeV with respect tay's as

BWyiv* = [(BFy" + BU™NY o, @)

The contributions fronFeEY and U™ in eq 7 are respectively

denoted ad j/v* and [— ﬁe PA/v*, where these two are prop-
3 4 61

L) = +

erly written as follows:
( 1 1) 1
— 2 i
da-n* a-»* N Nif (1 - n)

(1_ ﬁ)i+1+1;+ 4
ZNi a-»?3 N Ni (1 -»)°
and

®)

u() ()
_ﬂé p(’?) I] p — + ﬂ(z 77k{6|k + Ejk})f ( 7 )

(1)
‘ﬂ(%ﬂkﬂlem)f ( ;7) )

In eq 9,€; denotes the characteristi¢ interaction parameter
andu(y) = (y/C)*n* — (yIC)%? with y = 1/v/2, andC = /6
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whereM is the empirical mobility parameter. The Gaussian
random noise can later be taken into consideration for the
stochastic approach. After each half time step, a treatment for
material balance is undertaken by rescaling local densifiés (

+ 1) = ni(t + Yo)+[n; S drlf dryi(t + Y2)]) and then recalculating
order parametersyf(t + 1) = #»i(t + 1) — #»). In some
simulation runs, a simpler procedung(t + 1) = yi(t + %) —

f dryi(t + ,)/ dr) is employed. This time-splitting scheme
of the order parameter evolution works out well in the present
dissipative dynamics.

The phase behavior of block copolymer films with finite
thickness can also be analyzed with the present simulations.
Surface interaction can be treated as the external field term,
—J drH; 6(x — Lj)yj, added into the free energy functiorfi,
where H; describes the extremely short-ranged surface
monomer interactions acting at the positior= L;. It should
be noted that the order parameters of the films in the film
thickness direction are described by cosine series only in order
to account for reflecting boundary conditions. In the other
directions, both cosine and sine series are required to support
periodic boundary conditions. Mathematically stated, the order
parameter is transformed into

wj(qx7 qy1 qz) = f dde J:z dij(xa y, Z) eyqy elZQz COSQ(qx)
12)

wheregy(L, — L1)/27 = 0, +1, +2, etc. Block copolymer melts
are, of course, subject to periodic boundary conditions in all
directions.

Simulations for Various Copolymer Systems

The formulated free energy functional is now applied to
simulate stable or metastable ordered patterns for various block
copolymer systems. Prior to displaying illustrative simulation
results, let us first review some important aspects of the
analytical Landau approach for compressible diblock copoly-
mers$1-53in order to help us to understand simulations. It is often
useful to operate the second-order vertex function to

fq = Skfl Mkiil lel (13)
where the matrixVl; is defined as
11
Ml =27 29 (14)
11

describes the density dependence of attractive nonbonded

interactions. The numeric prefactty associated withu(y) is
simply f, = 4. Finally, the equilibrium bulk density (= Y )

is determined at a given set of temperature and pressure from

the following CS equation of state*®-57

fpﬁz i€ au(y)
pP=— 172 +
2 v* o
1307 +»° by + %2
prEm ot
12 (1-9n)° Ni (1 - )

The densityy; of individual components is computed @g;.
The evolution of order parameters is given in the spirit of
the deterministic time-dependent Ginzbtitgandau equation as

OpF

_ 1y _ .
YT, t+ ) =yi(T, 1) M—éwi(?,t)

11)

An effective Flory-type interaction paramegrfor compress-
ible block copolymers was defined from the following equation:
U*'det([:ij)/nfzz = U*'z ﬂSjO/det(Sjo) = 2k = 20— 2

(15)

25

It was shown thajr can be divided into two contributions as
XAF = Xapp T Xcomp The formeryappis given byyapp = SAE-fy
2:lu(n)|, whereAe is the exchange energy betwegfs asAe
= €pa T s — 2éas. The yapp can then be viewed as the
exchange energy density. The remalnxlagnps given asycomp
= 142y 2. It was shown in our previous works*3-55 that
T'12 (O[Ean — @ss] at ¢a = 0.5) and, thusycomp represents the
compressibility difference between block components in a given
system. A composite parametéyg claims the so-called relevant
parameter for the phase behavior of the given compressible
copolymer instead oy in the incompressible situation.

In the case that A block is less compressible, an approximate
Landau free energy at a dominant wavenumb@f,= Q, CanCDV



Macromolecules, Vol. 39, No. 13, 2006

be written as

BIF = Folln ~ (22— 2 9o(1)° =

[ﬁ " ALy,

T
N 7l ¥

NV (16)

where Q]Jn(l_)/\/ﬁ describes the amplitude of a coupled order
parametenpi(f) (= (y1 — y2)/2y) for periodically patterned
ordered systems characterized yeciprocal lattice vectors
Q's. The symbolsa, andb, are identical witha,, and g, (eqs
V-10, 11, 14, 15, and 26 in ref 9) for a proper microphase
morphology, respectively, in the Landau free energy by Leibler
for incompressible UODT diblock copolymer mettt.is clear
from eq 16 that the mean-field spinodal satisfigs(Q) = Nys

(Q) and thus takes the universal value of 10.495 for symmetric
diblock copolymers regardless of compressibility. Another
coupled order parametep,(f) (= 1 + o = —on(F)D) is
necessary to describe the fluctuations in free volume fraction
ni(f). They(r) was then intuitively divided into two terms as
2 = € + &. The former stands for the preference of free volume
for a more compressible block if there is a compressibility
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difference between blocks. The latter accounts for the screeninggigure 1. Two-dimensional density plots afia(F) for species A (a)
of unfavorable interactions between dissimilar monomers at the and of 5= —(ia + vs) for free volume fluctuations (b) in the case

A—B interfaces. Th& thus fluctuates with the wavenumber
Q, whereast does with the wavenumber@ The A is given
by the coupled third-order vertex functions, which are evaluated

of a symmetric Ab-B copolymer with no compressibility difference.
The simulation is performed for the copolymer at 0.1 MPa Wij-

(Q) = 11.2711. It is shown that excess free volume is located at the
interfaces to screen the unfavorable energetics. All of the axes are scaled

in the case that the three wave vectors form an equilateral by the unperturbed gyration radius of the copolymer.

triangle. The amplitudegn/ﬁ and énlﬁ associated witht
and & are determined byy1(1) as a result of minimization as

r..@ B
== D) - =5 v A7)
1—‘12 21_‘22
11 — N2
=1 18
a0y (18)

wherell is given by the coupled third-order vertex functions
that involve twoQ’'s and one—2Q. All the numeratorsl'i,, A,

of ~3Ry x 3Ry, a clearly developed structure, with the box
dimensions varied to release the strain energy, requires several
hours on a personal computer. As a first case, a symmetric
diblock copolymer with no compressibility difference between
constituentsl_(“lz, 2comp— 0) is considered. Equation 16 is then
formally identical to Leibler's incompressible Landau energy
except more complicategk (= yapp. replacing simple Flory’s

x- Therefore, eq 16 and Leibler’'s Landau energy reveal common
features such as the existence of a continuous transition. The
presence of free volume, however, lends a significant difference
to eq 16 so that it yields properties pertinent to compressible

andIl, in egs 17 and 18, are negative as they should. It is shownsystems such as barotropicity. Ordering is induced upon

that—AT'12/T», gives a nonvanishing and negative contribution
to the free energy for bcc and hex morphologiesI'if is

pressurization as the exchange energy depgifincreases with
the increased density. The pressure dependence of transition

nonzero. This procedure yields the sequence of transition of temperatures is typically of 2680 K/100 MP&152 The

disorder— bcc— hex— lam with Ny for the entire range of
composition again with nonvanishinfj;,. The mean-field
continuous transition exists only if the copolymer is symmetric
(an— 0 as¢a — 0.5) and there is no compressibility difference
(T12— 0 as|ean — epp| — 0)537%°

We now present simulations for some selected block copoly-
mer melts and films. For all the simulations, the chain sizes of

intuitive input of the free volume fluctuations in our analytical
theory can be compared with the simulation results. To
characterize a given block copolymer system, the compressible
RPA by Cho requires various molecular parameters, which
include the self-interaction parametgr the monomer diameter

oi, the chain size\; for pure polymers, and the parameggr

for cross interaction between different polymers. Those param-

given copolymer systems are chosen to be large enough toeters for A block are chosen as follows; = 4.04 A, g4/k =

stabilize the liquid state at ambient or higher pressure. Here,

two-dimensional simulations for AB diblock copolymers are
only performed. The generalization to multiblock copolymers

and three-dimensional simulations is, however, straightforward.

A simulation box in the units of the unperturbed gyration radius
Ry of the copolymers is discretized into 32 32 lattice sites.

4107.0 K. As was shown in our previous publicatitfs! for

the compressible RPA, this set of parameters represents
polystyrene. To ensure that there is no compressibility difference
between blocks, the identical set of parameters is assumed to
represent B block:o, = 01, €22 = €11. The cross interaction
parametere;, of 0.99534%;:€27)2 is used here to yield an

The box sizes can be varied to reduce the free energy or fixedunfavorableAe/k = 38.277. The total chain size is choser\as

at any values. All the simulations given here start from a random

configuration of order parameters unless mentioned otherwise.

= N; + N = 400. The subdivided order parameterfor
compressibility difference is then vanishing. Free volume act

The computational time depends on the characteristics of a givenas a neutral solvent to screen the unfavorable energetics, in

system. For a typical example of a compressible diblock
copolymer with a chain sizdl of O(100) in a simulation box

particular, at the AB interfaces%® Figure 1 shows the
simulation results of such a system at 549 K and at 0.1 I\@D&/
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Figure 2. Two-dimensional density plots afa(r) for polystyrene (a)
and of[dni= —(ya + ys) for free volume fluctuations (b) in the case
of a symmetric SBD diblock copolymer. The simulation is performed
for the copolymer at 0.1 MPa witNy=(Q) = 11.7206. It is seen that /R,

free volume fluctuates out of phase with the fluctuations of the less- Figure 3. Density plot of the isosurface for a LDOT diblock copolymer
compressible polystyrene. Free volume fluctuations for screening arewi%h N= 2000 andpwith a highly asymmetric compositiah 8 1¥)

hidden. at 350 K and at 0.1 MPa. The dimensions of the simulation box are
allowed to vary in order to release the strain energy. Inside plot (a),

In this condition, the copolymer experiences the effective Flory the unit cell is extended using the periodic boundary condition to reveal

interactionNyr = 11.2711. It is seen that a lamellar pattern is tsr;? gt“?iec.r?"’t‘ﬁlgr;g g; i%ﬁ%fﬁﬁhvg“cgnﬁiﬂnmﬁﬁ g?gt r(TESSttrfgvc(J)rrdegr bee

obtained in plot (a), while excess free volume in plot (b) is StTucture! v on @ and e '

located at the interface with half the periodicity of lamellae. parametersy(r) andye(7), atx/Ry = 0.620 are drawn.

The simulation results are, therefore, supportive of our intuitive

treatment of free volume fluctuations. the largere;i. The simulation results are harmonious with our
Our second sample materials are real and typical diblock analytical theory. A<, > &, the fluctuations associated with

copolymers such as polystyrebepolybutadiene (SBD) or  the screening are hidden in those associated with the com-

polystyreneb-poly(methyl methacrylate) (SMMA), with both  pressibility difference. This inequality explains the simu-

unfavorable energetics and small compressibility difference. As lated free volume fluctuations apparently reveal the characteristic

the small compressibility difference yields nonvanishihgand of C.

A, a weak first-order transition prior fdyr at spinodals becomes It has been shown that the simulation results support the
possible even for symmetric copolymers in the mean-field analytical Landau energy in eq 16. In fact, those two approaches
situation. 33 Both ¢ for compressibility difference and for are complementary to each other. While the previous two cases

screening are required in this case. As seen in egs 17 and 18deal with typical UODT character, one can also test a group of
the differences in the order af,(1), in particular, imply that materials that reveal ordering reversely upon heating, i.e., LDOT

&n > &n. As was employed in our previous publicaticiis! character. This peculiar phase behavior is exhibited by some
SBD copolymer is characterized by the above set of parametersblock copolymers containing polystyrehé®4° The LDOT
for polystyrene and the following onei, = o1, €2,/k = 4065.9 behavior is driven entropically either by compressibility dif-

K. The compressibility difference between constituents is mostly ference between constituent bloeksr by specific interactions
determined by the difference in self-interaction parametérs; between dissimilar monome?35° Polystyrenes-poly(viny!

— | per one theoretical monomer € 4.04 A) is only~1% methyl ether) is considered to belong to the former Sasdile

of €11. The cross interaction paramef@p is estimated from the homologous series of polystyrebgoly(lower n-alkyl

the corresponding blend phase behavior as 0.995 f54)/2 methacrylate) with ethyl ta-pentyl pendant groups to the
to yield an unfavorablé\e/k = 35.655 K> For the symmetric latter®> As an illustration of the former case, a LDOT symmetric
copolymer ofN = 300, which gives the molecular weight (MW)  diblock copolymer is to be simulated with the set of parameters
of ~15 000, the simulation run at 400 K and at 0.1 MPa shows for polystyrene and the following oner, = 01, andéx/k =

the lamellar morphology, as seen in the plot (a) of Figure 2. 3239.6 K. Relatively largé¢e;1 — €2 significantly contributes
The effective Flory interaction in this case readge(Q) = to ycomp Which provides the source of microphase separation.
11.7206 withNyapp = 11.7068. The pressure response of the The cross interaction parameggs of 1.008 00¢11622)Y2is used
transition temperatures is similar to the previous case becausan this case to yield a favorable/k = —6.9759 K. In the plot
Nxcomp is small. The excess free volume in the plot (b) of this (a) of Figure 3, the copolymer with a highly asymmetric
figure is, however, mostly out of phase with the order parameter composition ¢; = 0.15) andN = 2000 was simulated at 350
for the less compressible component (polystyrene), which hasK and at 0.1 MPa. The compressibility driven microph%ﬁsv
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separation is shown to yield the cubic packing of spheres 14

signifying the most favored bcc morphology at the given ‘@)

composition and the segregation level. This copolymer reveals 12 1 ./-0/”/4’4’;;
Nye(Q) = 42.9575 at; = 0.15. The exchange energy density ”
2appiS Negative, agapp 0 A€. This yappis compensated by larger

and positiveycomp Where Nycomp reads 60.2167 at the given
composition. It is seen in plot (b) of this figure that the ratio of Ny
amplitudes for the two order parameteys(A)/1yn(B), vividly

deviates from 1yn(A)/yn(B) ~ 1.05. This number corresponds

to the ratio of A and B homopolymer densities,@d®a — 1)

= 0.4325 andj(¢ — 0) = 0.4135. This phenomenon is indeed
observable for all copolymer systems with finite compressibility 2 1 N o
difference. The latter case of LDOT behavior driven by specific M ‘c\:

interactions can also be analyzed with the present field-theoretic 0 . : , . ,
simulation method by adopting a Sanch®alasz-type ap- (] 50 100 150 200 250
proach to treating cross-interaction parametefyhich is not

pursued in this work. Pressure (MPa)

10 1

One of the merits of the present field-theoretic simulation
method is its capability to describe pressure effects on nano- ®)

structured materials. Materials in the ordered state show higher

elastic resistance to shear than in the disordered state. Baroplasti “ |

materials in particular respond to hydrostatic pressure to enhance y/R, 0O -

phase mixing. The changes in the transition temperatures react _ _

up to 100-700 K/100 MPa in an absolute sense. As the normal

processing condition always involve the exertion of pressure, | '
6 4 2 0 2 4 &

this issue is important in designing and controlling self-
assembled nanostructures. LDOT systems are usually baroplas
tic, and as a result, the ordedisorder transition under pressure x/R,
is further increased to a higher temperature regidd Some e 0.0002
UODT systems such as polystyrebgoly(n-hexyl methacry- 0.00015
late) 42 polystyreneb-poly(n-butyl acrylate):é and polystyrene- ' ' I 90001
b-poly(2-ethylhexyl acrylaté§ can be categorized as having this - -

. -5e-005
property. The loop-forming polystyrertepoly(n-pentyl meth- _ _ -0.0001
acrylate) yields the unprecedented pressure coefficient of jg'%;ﬁ
transition temperatures over 700 K/100 MBaConsider a | ' '
diblock copolymer with the parameter set of polystyrene and | |
the following one can be chosen for relevant simulations: P S —
= 01, andéz/lk = 3000 K. The cross interaction parameger 6 4 2 0 2 4 6
of 0.996 70¢1:€,7)2 that yields an unfavorablée/k = 109.910 /R
K_ is l_Jsed here to simulate the UODT character. The total chain Figure 4. Behavior (a) ofNyam andN olotted against pressure
AT taker! FO b? somewhat smaliNas= N + N - ].'OO’ and for a baroplastic A>-B copol;j/cr;pgr &a =X603T)p at 400 K. The copolymer
the composition is set tpa = 0.3. As pressure is increased, 5t 36.73 MPa is shown to be ordered, exhibiting the hex morphology
the unfavorable contact interactions)@ppincreases due to the  in plot (b). Further pressurization at 100 MPa is found to force the
increased density. However, the given compressibility difference copolymer to be mixed, as seen in plot (c).
and thusycomp are greatly suppressed with pressure on the

contrary. Such a pressure dependencbiigbp andNyappat T 53 /100 MP##2 SMMA is indeed one of the most frequently
= 400 K is depicted in plot (a) of Figure 4. The overall action | s in thin film studie§263The MMA block is characterized

then enhances the miscibility upon pressurization. The effective by 02 = 3.92 A andex/k = 4196.8 K. The cross-interaction

Flory interactionNy(Q) at 400 K changes from 16.0168 at 0.1 parameteg:, of 0.997 52¢11¢,,)Y2 with the unfavorablehe/k
MPa to 14.5307 at 100 MPa and then to 14.0549 at 200 MPa. _ 1 9778 K yields a reasonable estimate for the copolymer

It is obtained that the mean-field spinodal pressure at this
temperature i®s = 87 MPa. The plots (b) and (c) of this figure
depict the evolved patterns for the copolymer system at 36.73 5 chosen adl = 458.25, which corresponds to the copolymer
MPa (<Ps) and at 100 MPaxPy), respectively. In the former ity M of 23 000. The copolymer film is confined between
caseNyr(Q) reads 15.2260. As can be seen in those plots, the 4 identical substrates with the thickness of 9.83 in the units
hex pattern is shown in the former case, whereas disorderingf the unperturbed gyration radi@. The surface interactions
occurs in the latter. are characterized bk = —0.5 andHa/k = 0.2 K, which
Surface ordering phenomena in block copolymer films are favors the MMA block. In this case, the simulation run starts
of practical importance due to the applicability of nanopatterning from a sinusoidal profile possessing the amplitude~6£005,
on a substrate to microelectronics. The current simulations canwith the styrene block contacting both surfaces. Figure 5 depicts
be performed with a substrate surface exerting an external field.the annealed film at 415 K (a) and 380 K (b). Pressure is fixed
To illustrate this, let us consider two cases of barotropic UODT at 0.1 MPa. The effective Flory interactidiy(Q) in each case
systems. The first illustration is the symmetric SMMA copoly- reads 10.2482 and 11.3734, respectively. With the chosen set
mer system, which reveals the pressure coefficient of ODT of of molecular parameters, the bulk copolymer melts exhibitéfbe\/
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by employing the average= (01 + 02)/2. The total chain size
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Figure 5. One-dimensional order parametgi(x) of a symmetric 40

SMMA copolymer film of MW = ~23 000 with 9.83Ry thick in the 20 -15-10 -5 0 5 10 15 20

presence of surface interactions, which are setlftk = —0.5 and /R

Ho/k = 0.2 K at both sides. It is seen that MMA block is in contact Vi

with the substrates due to the selected surface interactions. Simulationsrigure 6. Time evolution of the pattern formation for an ordered

for the two plots (a) and (b) are performed above and below the mean- asymmetric Ab-B copolymer film ¢ = 0.3) of N = 100 with no

field order-disorder transition, respectively. Pressure is set to 0.1 MPa. compressibility difference at 400 K. Pressure is fixed to 0.1 MPa. The
film thickness is chosen as 37.1R. The surface interaction strength

. . o is set toH./k = 2 andH./k = =5 K atx/R; = —37.70 andHy/k = Ha/k
mean-field orderdisorder transition temperature of 406 K at = o K at xR, = 0. The simulation times for plots {&) are as

ambient pressure. As seen in the plot (a) of this figure, the follows: (a) 168, (b) 690, and (c) 2200 (in arbitrary units).

substrate induces surface ordering, which eventually leads to

phase coherence as the segregation propagates through the filffilm is confined between two asymmetric substrates with the
thickness direction. It is shown in this plot that the preferred thickness of 37.7®;. The surface field acting afR; = —37.70
MMA block is now wetting the substrate due to the chosen is characterized byH,/k = 2 andHy/k = —5 K in favor of
surface field values. The phase coherent profiles in plot (a) dispersed A block, and that atRy; = 0 is assumed to have
reveal the decaying amplitudes with a temperature-dependentH;/k = Hy/k = 0 K. The simulation is performed at ambient
decay length, which is definitely different from those of the pressure for this copolymer film having a random configuration
copolymer film in the ordered state in plot (b). These simulation in its initial stage. In this condition, the bulk copolymer melt is
results are in accordance with the experiments on the UODT- ordered with the hexagonal pattern. The preferential affinity of
type SMMAS263and the LDOT-type polystyrengpoly(n-butyl the substrate, however, induces a lamellar wetting layer of A
methacrylate’ by Russell and co-workers or the neutron block and the subsequent alternating layers, as seen in the plot
reflectivity measurements and an analytical theoretical inter- (a) of Figure 6. As time evolution is progressed, these surface-

pretation on other styrenic LDOT copolyméps. induced lamellar layers distant from the interacting surface show
As the second illustration of the phase behavior in block the hexagonal undulation to form the dispersed phases. In the
copolymer thin films, let us consider the asymmetrido/B remaining part of the simulation box, the randomly developed

copolymer atpp = 0.3 with no compressibility difference, which  dispersed phases evolve to the random hex pattern. Such
is the simplest barotropic system. The chain length is taken to simulation results are shown in plots (b) and (c), although the
be rather small adN = 100. The molecular parameters resolution of this figure is rather low. When the surface fields
characterizing the two block components are assumed to be theat xRy = —37.70 are decreasedlth/k = 0.2 andH./k = —0.5
same as those for the copolymer used in Figure 1. The crossK, the surface interactions become weaker, so the surface
interaction parametet; is, however, set to a stronger value of wetting layer and the subsequent lamellae suffer the hexagonal
0.980¢11€20)2 (Ae/k = 164.28 K), which yielddNyr = 15.2260 undulation to be dispersed after annealing. These simulation
at a chosen simulation temperatures of 400 K. The copolymer results are compatible with the experimental study by KraEJB\/
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and co-workers on the polystyrebepoly(vinyl pyridine) or its or metastable morphologies for given copolymer systems were
ABA type triblock copolymer$§® We expect that a three- shown to be yielded without any presumed symmetry over a
dimensional extension of this particular simulation with various wide range of temperaturgressure-composition space. Co-

choices of surface interaction fields results in a richer morpho- polymer systems with the LDOT character as well as the
logical variety of cylinder-forming block copolymers as in the conventional UODT character were all simulated by using the
series of works using DDFT by Sevink and Magéefié? present tool. It was shown that barotropicity and baroplasticity

The phase behavior of the block copolymer films addresses in many copolymer systems can also be studied with this new
many interesting scientific issues such as the commensurabilitymethod that accommodates finite compressibility. It was also
of lamellae layering, frustration induced by curved surfaces, and demonstrated that, not only bulk copolymer melts, but also
free surface phenomena. In particular, the free surface problemcopolymers in confined geometry, can be simulated to under-
may well be interpreted by the extension of the present tool or stand the experimentally observed pattern formation. The current
an analytical approach based on the compressible RPA becaus&€ory may be extended to simulate the self-assembly behavior
of the proven accuracy of the CS equation-of-state nf88el of multiblock copolymers with diverse molecular architectures
employed here. Baroplasticity in block copolymer films can also @and also of block copolymers in a solvent covering from
be an addition to the issues just mentioned. The reduced apparergomplex patterns to micellar structures.

Flory x¢ in such films under an applied pressure is expected to ~ Finally, it needs to be re-emphasized that the present field-
yield the tendency of phase coherence reverse to that of ordinarytheOI’etiC simulation method enables us to study various nanos-
UODT diblock copolymer films. The simulation results in cale morphologies and phase separation kinetics for copolymer
Figures 5-6 for block copolymer films are primitive but still ~ Systems in a vast processing window. The capability to treat
suggestive of the capability of the present method in relevant the effects of pressure on the copolymer phase behavior in
studies. More elaborate analyses on the baroplasticity and otheiparticular will prove useful in designing and manufacturing
issues mentioned above for block copolymers in a confined nanostructured materials aimed at desired applications.
geometry will be given in our future works. _

We have shown the field-theoretic simulations based on the _ Acknowledgment. This work was supported by the Korea
compressible RPA, which suits simulation studies of compress- R€Séarch Foundation Grant (KRF-2005-013-D00020). J.C.

ible block copolymer systems. The current simulation method _acknowledg_es Dr. v. Bohbot-Raviv for sharing the code for
has the definite advantage over our previous analytical theory INcOmpressible block copolymer systems.
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