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ABSTRACT: We propose a high-speed and accurate hybrid dynamic density functional theory for the computer
simulations of the phase separation processes of polymer melts and blends. The proposed theory is a combination
of the dynamic self-consistent-field (SCF) theory and a time-dependent Ginzbanglau type theory with the

random phase approximation (GRPA). The SCF theory is known to be accurate in evaluating the free energy of
the polymer systems in both weak and strong segregation regions although it has a disadvantage of the requirement
of a considerable amount of computational cost. On the other hand, the GRPA theory has an advantage of much
smaller amount of required computational cost than the SCF theory while its applicability is limited to the weak
segregation region. To make the accuracy of the SCF theory and the high-performance of the GRPA theory
compatible, we adjust the chemical potential of the GRPA theory by using the SCF theory every constant time
steps in the dynamic simulations. The performance of the GRPA and the hybrid theories is tested by using several
systems composed of an A/B homopolymer, an AB diblock copolymer, or an ABC triblock copolymer. Using

the hybrid theory, we succeeded in reproducing the metastable complex phase-separated domain structures of an
ABC triblock copolymer observed by experiments.

1. Introduction A typical density functional theory that can give an accurate
and reliable free energy is the self-consistent-field (SCF)
6—8 i i

practical applications of polymeric materials composed of theory_. In this SCF theory, the free energy and the chemical
polymer alloys, polymer blends, and polymeric additives, etc. potential are accurately evaluated_ by tak_lng account of the
These materials show several types of phase separations, i_e_gonformatlongl entropy Of_ the chains, Wh'c_h IS descn_bed_ n
micro- and macrophase separations, and phase separation rms of path integral technique under mean-field approximation.

dynamic SCF theory is a dynamical extension of this SCF

induced by chemical reactions and external fields. By controlling ) . -
the morphology of the domains generated by the phase,theory’ where the dlf.fu5|on. dynamlqs of the s.egment densities
s assumed?12 A simulation of this dynamic SCF theory

separations, we can design the physical properties of these > ) A - )
polymeric materials such as permeability, electrical conductivity, '€aUires recursive calculations to get the chemical potentials,
and mechanical propertié€. Therefore, understanding the which requires a considerable amount of computational cost.
mechanisms of the phase separation and the domain formation There are other types of density functional theories which
is very important in studying polymeric materials. For this are based on simple phenomenological models of the free energy
purpose, the density functional theories based on coarse-grainedunctional. Typical examples are the time-dependent Ginzburg
models of the polymer chains have been being used as important.andau theory and the FlonHuggins-de Gennes theof319
techniques:> In most of these theories, an analytical form of the free energy
In coarse-grained models of polymers, a polymer chain is functional is assumed. Using such a model free energy, one
modeled as a sequence of segments, which define the smallestan evaluate the chemical potential without using the recursive
length scale of the modélin the density functional theories, calculations as is done in the SCF theory. This accelerates the
the free energy of the system is expressed as a functional ofsimulations considerably. In this article, we refer these theories
the density distributions of the segments. Using such an as phenomenological density functional (PDF) theories. In most
expression of the free energy, one can evaluate the chemicalof the PDF theories, the random phase approximation (RPA)
potential of each segment density. In a diffusion dynamics, the plays a very important rol&:22With this RPA, one can evaluate
segment density is driven by the spatial gradient of this chemical both the short-range part and the long-range part of the
potential. Depending on how the free energy is evaluated, theinteraction energies between segment density fluctuations.
accuracy and the computational cost of the dynamic simulations  The Flory-Huggins-de Gennes PDF theory uses a free
are determined. The more the accuracy is improved, the moreenergy model where the FlorHuggins free energy for uniform
the computational cost is, in general, required. Therefore, it iS systems is extended by introducing a square gradient term of
important to establish a new technique where these two factors,the segment density fluctuations derived by the RPAhis
.e., the accuracy and the computational cost, are improvedheory succeeded to reproduce the spatially inhomogeneous

Polymer phase separation is an important problem in the

simultaneously. states of the phase separations of blends of linear homopolymers.
Leibler obtained a theoretical phase diagram of a diblock
* Corresponding author. E-mail: thonda@polymer.titech.ac.jp. copolymer using a power series expansion of the free energy
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up to the fourth-order terms in the segment density fluctuations, polymer p
where the expansion coefficients are evaluated using the?®RPA.

Ohta and Kawasaki used a simpler form of the Leibler’s free Z 1
energy by decomposing it into a short-range part and a long- /
range part and assumed a Ginzbukgndau (GL) type form . \ Bk - 3
for the short-range part while the long-range part is ap- . A
proximated by the long-range asymptotic form of the second- 5 /[\\)
order term in the expansidd.They succeeded in reproducing s 4
the phase diagram of the microdomain structures of diblock e,

copolymer in the strong segregation region qualitatively.

Contrary to this OhtaKawasaki PDF approach using an
approximation on the second-order term in the free energy
expansion, Bohbot-Raviv and Wang evaluated the second-ordeithe RPA, we will abbreviate this model as GRPA. Bohbot-Raviv
term faithfully using the RPA and combined it with the higher-  and \Wang applied this GRPA theory to static problems such as
order terms in the expansion of the Fletuggins free energy.  the equilibrium domain structures. In the present work, we apply
They predicted several microdomain structures of three-mik- this GRPA theory to dynamic problems of polymer melts and
toarm star polymers and linear triblock copolymers using static plends. We compare the results of the dynamic GRPA theory
calculations* with those of the other PDF theories.

Recently, Uneyama and Doi proposed a PDF theory general- On the basis of the results of the dynamic GRPA theory, we
izing the Ohta-Kawasaki theory and the FlonHuggins-de next propose a hybrid theory where the dynamic SCF theory
Gennes theory. Uneyama and Doi's model can be used for meltsand the dynamic GRPA theory is combined to reduce the
and blends of any types of polymer architectures, i.e., the computational cost of the dynamic SCF theory without loss of
branching structure and the order of the sequence of theits accuracy. We test this hybrid theory by using several systems
segments along the chah.They could reproduce micellar  as examples. We will show that the hybrid theory considerably
structures and obtained a phase behavior of the micelles that isaccelerates the dynamic SCF theory without spoiling its

Figure 1. A schematic picture of a polymer architecture treated in
this article.

in good agreement with the experimental phase diagfarey accuracy. Using this hybrid theory, we investigate the mi-
also applied their theory to dynamic problems associated with crophase-separation behavior of a linear ABC triblock copoly-
phase separations and structural phase transiions. mer, which is known to show many complex domain structures

Despite the success of these static and dynamic PDF theoriesby changing the affinity of the solvent to each of the blo&&.
there are quantitative discrepancies between the results of the For the present study, we used the “Simulation Utilities for
PDF theory and that of the SCF theory. This is because of the Soft and Hard Interfaces (SUSHI)” in the OCTA systé&hm.
truncation error of the Taylor series expansion of the free energy
used in the PDF theories. Such a truncation error cannot be2- Theory
negligible from the intermediate to the strong segregation In this section, we first explain the detail of the static and
regions. On the other hand, the SCF theory is free from such adynamic GRPA theories. The accuracy of the dynamic GRPA
truncation error because the SCF theory relies on a numericaltheory is then tested. On the basis of these results, we propose
evaluation of the path integral, which corresponds to summing a hybrid dynamic density functional theory that combines the
up all the terms in the Taylor series expansion of the free energy.dynamic SCF theory and the dynamic GRPA theory.

Thus, the SCF theory can give accurate results on the phase We consider a melt or a blend of polymers that have arbitrary
behavior, as long as the mean-field approximation is valid, even molecular architectures. (For simplicity, we assume that the
in the strong segregation region where the truncation of the polymers do not have loops.) To construct a coarse-grained
Taylor series expansion used in the PDF theories breaks down.model, we adopt the Gaussian chain approximation where the

In refs 28-30, we applied the dynamic SCF theory to polymers obey the Gaussian statistics on the scale larger than
dynamics of phase separations and structural phase transitionghe segment size.
and evaluated the performance of the dynamic SCF theory. In  In our model, a polymer chain is divided into subchain(s),
spite of the accuracy of the dynamic SCF theory, it requires a each of which is a Gaussian chain composed of the same type
considerable amount of computational cost compared to the of segments. For example, a homopolymer consists of a single
dynamic PDF theories. Thus, a new technique or a new idea issubchain and a block copolymer consists of subchains of
needed to reduce the computational cost of the dynamic SCFdifferent kinds. Here, the term “subchains” has the same
theory. The main purpose of the present article is to propose meaning as a block in a block copolymer. The molecular
such an idea by combining the dynamic SCF theory and the architecture of a polymer is defined in terms of its branching
PDF theory. To realize this idea, the model is constructed Structures, the sequence of the subchains, the type of the
according to the following steps. segments that compose each subchain, and the length of each

We first introduce our PDF theory, which will be later Subchain. o o
combined with the SCF theory. For this purpose, we derive exact Ve use a superscript indgx(p = 1, 2, 3, ...,m) to identify
expressions of the scattering functions of the segment densitythe type of the polymer architecture, whenés the total number
fluctuations for polymer melts and blends composed of polymers Of polymer types, and a subscript indé to identify the
with any architectures using RPA. Using such scattering chemical type of the segments. Subscript indicasd] (i, j =
functions, we construct the free energy model for our PDF 1. 2,3, ...1) are used to specify the subchains where we denote
theory where we do not rely on the approximate form of the the number of subchains ingtype polymer byn® and the
free energy models proposed by Ohta and Kawasaki and bytotal number of the subchain types in the systermby  pn(®).
Uneyama and DA325 but we use the more accurate form We also define that the number of segments inithesubchain
proposed by Bohbot-Raviv and Wa#gAs this model is based ~ of a p-type polymer isN®, and the total number of segments
on the GL free energy whose coefficients are determined using of the p-type polymer isN® = ziNi(p).
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Figure 1 shows a typical molecular architecture of a polymer 1 #(r)
chain (ap-type chain withn® = 5). Each subchain is specified 7 [{¢/(r)}] =— ZIdr —Ing(r) —
by the number (i.e., the index= 1, 2, ...,n°) and the chemical B4 N,

type of each subchain is distinguished using the line style. 1 1 )
. . —5 Jar —{og(}* +
We denote the interaction energy between a paiK-oype 264 (\¥o3
andK'-type segments bykk. This interaction energy is related 1
to the Flory-Huggins interaction parametgky: by %Z‘/‘dq S]il(q) o¢i(a) o¢(—q) (5)
]
1
XKk = ZIB{EKK’ - E(GKK + GK'K')} 1) whereN; is the length of théth subchains (the superscripis

suppressed for simplicity). In eq 5, the first term is the
Flory—Huggins mixing entropy of the centers of mass of the
wherez is the coordination number arti= 1/kgT , ks andT sypchains. When this mixing entropy is expanded in a power
being the Boltzmann constant and the temperature, respectively sgries indi(r) , the second-order term is given by the second
2.1. Ginzburg—Landau Free Energy Based on the Ran- term of eq 5. By subtracting this cqntribution e}nd instead adding
dom Phase Approximation. 2.1.1. Free Energy Model of the ~ (& more accurate expression, i.e., the third term that con-
System.During dynamic simulations, the system has not yet @insSj(q), one can generalize the Florjiuggins free energy
reached its equilibrium state. This means that the segments info inhomogeneous systems. In this model, it is essentially
different subchains, in general, feel different chemical potentials important in simulating the strong segregated systems that
even if the segments are of the same kind. Thus, the free energyve retain the higher-order contributions in the expansion of
used in the dynamic simulations should be described in termsthe free energy. In eq 5, we can neglect the constant term
of the segment density fluctuations of each subchain defined and the terms linear id¢i(r) because these terms do not affect

by the phase separation dynamics. Thus, the second-order
terms are the leading nontrivial contributions in the GL
- expansion.
opi(r) = ¢i(r) — &, (2

Uneyama and Doi have simplified the third term of eq 5 by
) ] ) ] using the approximate form of the scattering function pro-
whgrg@(r) is the !ocal segment density of tli sgbcham at posed by Ohta and Kawas&kasS;~(q) = Aj/q? + Bj + Cja2,
positionr and ¢; is the average segment density of fite where A, Bj, and C; are fitting parameters. In addition to
subchain. this simplification, Uneyama and Doi introduced another
Using the GL expansion that is justified in the weak Modificationtoeq 5. They introduced the essence of the Flory
segregation region, the free energy functional is giveh by Huggins-de Gennes theory by assuming the coefficient of the
square gradient termvigi(r))? (i.e., the coefficientC; in the
_ above approximated form) to be dependent on the local segment
T {ei(H = Tl ] + densities a<;j = 0;b?{ 24¢i(r)} . This modification is empiri-
1 R ) ) cally known to be efficient in introducing the effects of the
% ZIIdr dr S (r —1') 0¢y(r) 6¢j(r )+ () inhomogeneity in the segment density distribution into the model
I (mainly the effects of the inhomogeneity in the higher-order
_ 1 terms in the GL expansion). On the other hand, the inhomo-
=T{e} +— Zqu S (q) 0¢y(@) Oy (—a) + ... geneity in our model will be treated by combining this PDF
284 (4) free energy with the exact SCF theory. Thus, we decided to
use the original form of th&;~%(g) obtained using the RFA
B without the empirical modification by Uneyama and Doi.
where the first termi[{ ¢i}] is the free energy of the uniformly
mixed state that is used as the reference state for the expansion. TO obtain the exact expression®f*(q) , the linear relation
Equations 3 and 4 are the Taylor series expansions of the freeUi(d) = 3;S;%q) 0¢j(q) is assumed in the RPA, whefei(r)}
energy with respect to the local segment density fluctuations is the external potential field an§;~%(q) is theij element of
of the subchains. The expansion coefficiel8g,}(r — r’), in the inverse matrix of the scattering function matrix of segment
eq 3 is the inverse of the densitdensity autocorrelation  density fluctuations. Because of the incompressibility condition,
function between the segment density fluctuations belonging one of the elements dfd¢i} is not independent of the other.
to theith andjth subchains at positionsandr’, respectively. This leads to the use of a reduced scattering function matrix
Its Fourier representation i§;-%(q) in eq 4, whereq is the {S;7%q)} instead of {S;7Yq)} itself. The details of the
scattering wave vector. The dots at the ends of eqs 3 and 4derivation of this scattering function matrix are given in
mean the higher-order terms in the Taylor series expansion in Appendix A.
0¢i(r) or d¢i(q), respectively. .
With this {S;7%(q}), we can explicitly calculate{ui(r)}
Using this GL expansion, Bohbot-Raviv and Wang tried to  without relying on any recursive calculations when the segment
include the effects of the spatial inhomogeneity into the Flory  density distribution{ d¢:(r)} is given.
Huggins free energy for uniform systems. They replaced the
second-order contributions &;(r) in the Flory—Huggins free 2.1.2. Free Energy and Chemical PotentialBy using
energy with the second term of eq 4, and they obtained the{Sj‘l(q)}, the free energy of the system, eq 5, is rewritten
following expressior?? as
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1.0 #i(r)
T [{ (N} =E|2fdf TI In ¢(r) —

12 1 -
2 JU (SHOBOFE Y far w0 00(r) (©

The coefficientd ui(r)} in the third term of eq 6 are calculated
by using the matrix §;~%}.

Using the free energy model eq 6, the chemical potential of
the segments of thieh subchain is given by

ST {4,
i =22 ™
e 1 1
_B{ N +ﬁi—m5¢i(f)—
In¢”(r)—i+ia + 8
N, NN, éa(r)p +u(r) (8)

where the incompressibility condition is used. Under such an
incompressibility condition, thath elementsp,(r) and d¢n(r)
are treated as dependent variables as

n—1
) =1- 3 4(1) (©)
n—1
On(r) = = 0¢(r) (10)

Thesenth elements andi,(r) are not explicitly used in the
dynamic calculations.

2.2. Dynamic Density Functional Theory.The time evolu-
tion equation for the segment density of title subchain can
be described in terms of the chemical potengigt) under the
assumption of Fick’s law of linear diffusion for the segment
densities as follows

SN =VILEOVEE) F A0 (D)

wheret is the time Li(r,t) is the mobility of the segment of the
ith subchain at position at timet, andA(r,t) is the Lagrange
multiplier determined by the local incompressible condition. The
explicit expression oWVA(r,t) in eq 11 is given by

> Li(r) Va(r 1)

VA(rt) =— (12)
LY
The details are given in Appendix B.
We use the following density-dependent mobility
Lir) = Lig(rh (13)

where Li0 is a constant value. This assumption prevents the
segment densityi(r,t) from being negative value. It is useful

Macromolecules, Vol. 40, No. 4, 2007

(@ 27

2.0

D/bNW?

1.5 L
Uneyama-Doi

100

XN

(b) *¢
0.9
0.8

0.7

0.6

Figure 2. Results of an one-dimensional GRPA calculation on a
symmetric AB diblock copolymer. (a) The simulation results of the
SCF, GRPA, and Uneyam and Doi's theoffesn the equilibrium
periodsD of the lamellar structure are shown for various values of the
xN. (b) A comparison between the segment density profiles of the
GRPA theory (solid lines) and those of the SCF theory (dashed lines)
for the lamellar structure is shown.

A variable time mesh technique, whose detaila are described
in Appendix C, is also adopted to avoid the negative values of
the segment densityi(r,t).

2.3. Accuracy of the Dynamic GRPA Theory We compare
the domain structures of several block copolymer systems
obtained using the dynamic GRPA theory with those obtained
using some other theories.

2.3.1. One-Dimensional Lamellar Structure of a Sym-
metric Diblock Copolymer. Figure 2 shows the simulation
results on the lamellar structure of a symmetric AB diblock
copolymer (block ratid = 0.5) melt obtained with the dynamic
GRPA theory. The size of the simulation box is optimized using
the dynamic system size optimization (SSO) metffodhere
the GRPA free energy is used in determining the rate of change
of each side length of the simulation box.

Figure 2a shows the equilibrium period of the lamellar
structure as a function gfN, whereN is the total number of
segments composing the block copolymer chain. The result of
our GRPA theory lies between that of the SCF theory and that
of Uneyama and Doi’s theory. Both our GRPA theory and the
Uneyama and Doi theory are based on the same GL expansion
of the free energy and the RPA. The difference between these
two theories comes from the use of the approximate form of
the scattering function and the use of the local density-dependent
coefficient of the square gradient term in Uneyama and Doi’s
theory. As the GRPA free energy coincides with the SCF free
energy up to the second order in its Taylor series expansion,
the behavior of the GRPA and SCF theories should be the same
when the system approaches the critical point. We can actually
confirm this in Figure 2a; i.e., the results of the GRPA and the
SCF theories converge to the same result near the theoretical
critical point (N = 10.5 for symmetric block copolymer).

Figure 2b shows the profiles of the segment densities at the

because the Taylor series expansion in terms of the densityA/B interface of the lamellar structures shown in Figure 2a for

fluctuationdgi(r t) aroundg; does not guarantee the positiveness
of the values ofpi(r t).

different values ofyN obtained by using GRPA and SCF
theories. The interfacial profiles obtained with the GRPA theory
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AR =AY + AR Y (14)
where theii"®(r t) means a corrected chemical potential. The
correction termAg;(r) is defined as the difference between the
chemical potential obtained with the SCF the@R(r ,t) and

that obtained with the GRPA theorg""(r,t) . Here we
evaluateA;(r) at every constant intervals of tirrig as

_ _ ~SCF, ~RP
A (r ) = i<ty — 7 (r nty)
Figure 3. A comparison of the domain structures of a melt of an AB for nty=t=(n+1)t, (15)
diblock copolymer withN = 20 ,f = 0.35 , andyN = 15 calculated
with the dynamic GRPA and the hybrid theories in the late stage is ; . ; ; ;
given. The spatial mesh size is%gith the mesh widthAx = 0.5375. ‘r’]"h;rzgiznes'sthz dp?,‘s:r':]’ii é’g‘;gs;' | Eh'r?arﬁ?grgg'gg tﬁgﬁgsure
The values of andyN correspond to those in the stable region of the Y Yy y :

hexagonally packed cylinder (HEX) structure on the phase diagram of ~ Using this corrected chemical potenti@l"°(r t), we can
the SCF calculatiof perform dynamic simulations. Although the speed of the
calculation of the hybrid theory is slower than that of the

are always sharper than those obtained with the SCF theory.dynamic GRPA theory, it is much faster than that of the dynamic
The kinks of curves of GRPA for large values)df are caused ~ SCF theory. The hybrid theory guarantees that the final
by the spatial discretization of the continuum segment densities. equilibrium structure (or the steady state in the late stage) is
The origin of such a sharp interfacial profile is expected to be the same as that produced in the late stage of the corresponding
the approximate form of the higher-order terms in the expansion dynamic SCF simulation. If we choose the interval of the update
of the GRPA free energy where the effects of the chain of Aui(r) short enough, the result of the hybrid theory should
conformation are neglected. The available region of the GRPA trace that of the dynamic SCF theory. Therefore, the interval
calculation extends up to aboyN = 50, at which point the of updatety is a crucial parameter for the accuracy of the hybrid
interfacial profile becomes too sharp to be simulated with a theory. In practical calculations, the simulation time step is
reasonable mesh size compared to that of the dynamic SCFdiscretized withAt. Thus, the number of time steps between
theory. the consecutive updates afii;(r) is denoted byny = t/At.

2.3.2. Three-Dimensional Cylindrical Structure of a Diblock Hereafter, we will use this, to indicate the degree of the
Copolymer. We tested the GRPA theory using a block hybridization.
copolymer system with a set of parameters which corresponds
to the hexagonally packed cylinder (HEX) as the equilibrium
state33! Figure 3 shows the comparison of the obtained  In this section, we will test the accuracy and the efficiency
structures between the dynamic GRPA theory (Figure 3a) and of the hybrid theory by comparing its results with those of the
the dynamic SCF (Figure 3b) theory. The dynamic GRPA theory dynamic GRPA and dynamic SCF theories using several
cannot reach the equilibrium HEX structure, while the dynamic €xamples.
SCF theory can. Such a discrepancy is caused by the difference In section 3.1, we check the quantitative accuracy of the
of the free energy model between these two theories. Thehybrid theory by comparing the time dependences of the
structure shown in Figure 3a has many 3-fold junctions, which scattering function for various values of using a two-
are characteristic of the bicontinuous double gyroid (G) dimensional symmetric A/B polymer blend that undergoes
structure. We compared the densities of the GRPA free energyspinodal decomposition as a target system. We will see that
for the HEX structure (Figure 3b) and for the G structfrat the hybrid theory with a rather large valuergf can reproduce
this parameter sef & 0.35 andyN = 15). This comparison the results of the correct SCF simulation well.
showed that the G structure is more stable than the HEX If one wants to obtain a qualitative (not quantitative) phase
structure for the GRPA model. This is due to the fact that the diagram of a given polymer system, a correct evaluation of the
phase diagrams of diblock copolymers are quantitatively dif- relative order of the values of the free energy for different
ferent between the SCF and GRPA theories. Thus, the GRPAMicrodomain structures is important. In section 3.2, we evaluate

theory cannot be used for quantitative evaluations of the phasethe free energy of a three-dimensional cylindrical structure of
diagram while the SCF theory can. an asymmetric A-B diblock copolymer using both the GRPA

and the SCF theories and compare their results to show that
éhese two theories give qualitatively the same results.

The accuracy and the efficiency of the hybrid theory are
expected to be strongly dependent on the choice of the correction
interval ny. We check such an effect in section 3.3. We will
confirm that the hybrid theory is efficient and correct even with
5 large value ohy. However, the hybrid theory is not always
. : . efficient. Such an exceptional example where the hybrid theory
neglects the conformation entropy in the higher-order terms cannot trace the correct dynamics will be shown in section 3.4.
while the SCF theory evaluates them correctly. To show the usefulness of the hybrid theory, in section 3.5,

To improve the accuracy of the dynamic GRPA theory up to we show results of the hybrid simulation on a formation of
the level of the dynamic SCF theory, one can combine these complex microphase-separated domains of a cast film of an
two theories. This can be achieved by adding a correction term ABC triblock copolymer where the microdomain structures are
AZ(r) to the chemical potential of the GRPA thegi§" (r 1) controlled dynamically through the evaporation of a selective
given in eq 8 as solvent$2:33

3. Simulation Results

2.4. Hybrid Dynamic Density Functional Theory. The
discrepancy between the GRPA and SCF theories as describe
in the preceding section is caused by the assumption in the
evaluation of the higher-order terms in the Taylor series
expansion in the GRPA theory. This is because the accuracy of
the evaluated higher-order terms is depended on the treatmen
of the conformational entropy of the chains. The GRPA theory
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10° 10° 10" Figure 5. Time dependence of the free energy densities for the
Time microphase separation of an AB diblock copolymer melt is shown. The

simulation condition is the same as that of the system shown in Figure
3. Shown are the results of the hybrid calculations with several values
of ny with At = 0.01. The free energy density is evaluated with both
the SCF (upper set of curves) and GRPA (lower set of curves) theories
to show that these two theories give qualitatively the same results.

Figure 4. Time dependence of the wavenumber at the peak position
of the scattering functions of an A/B polymer blend that undergoes
spinodal decomposition is given. The system is a symmetric polymer
blend withNa = Ng = 10, ¢a = ¢g = 0.5, andyN = 3. The spatial
mesh size is 258with the spatial mesh widthx = 1.0, and the time
evolution is integrated with the time mesh widt = 0.01.

ny values on the formation process of the HEX structure shown

In all the simulations shown in this section, the effective bond in Figure 3b, starting from an initial disordered state. For each
lengths of all segments are assumed to be the same lalue Simulation run, we evaluate the free energy based on the
which we use as the unit of length. calculated segment density fields.

3.1. Quantitative Accuracy of the Hybrid Theory: A/B Figure 5 shows the time dependence of the free energy density
Polymer Blend Case.Here, we test the quantitative accuracy for various values ohy. The upper set of curves shows the
of the hybrid theory by using a two-dimensional A/B polymer free energy densities evaluated with the SCF theory while the
blend system which undergoes a spinodal decomposition as arlower set of curves shows those evaluated with the GRPA
example. Figure 4 shows the time dependence of the wave-theory. In both sets, the segment density distributions are
number of the peak position of the circularly averaged scattering calculated with the hybrid theory with the, values shown in
function. The wavenumber at the peak is obtained by fitting the figure. In all cases, the free energy converges to the same
the scattering function by a Gaussian function using the least- value in the late stage when the system reaches the equilibrium
squares method with 20 data points near the peak position (theHEX phase, as shown in Figure 3b. Although the absolute values
range ofg is 0.07&1). The values ofiy, are shown in the figure.  of the free energy are different for the two cases, i.e., SCF and

The time dependence of the peak position of the scattering GRPA theories, the overall and relative behaviors of the
function for the four cases with SCRY{ = 1), hybrid (n = individual runs are almost the same for these two sets of curves.
200, 1600), and GRPA(; = ) are plotted in Figure 4. Here, ~ This result means that the computationally economical GRPA
the two curves for SCF anoly = 200 are almost overlapping theory can be used in evaluating the free energy instead of the
and the curve fony = 1600 is also very close to these curves. computationally expensive SCF theory as long as the dynamics
There is a tendency that the wavenumber of the dynamic GRPAIs traced using the hybrid simulation method. Thus, a combina-
theory is larger than that of the dynamic SCF theory; i.e., the tion of the hybrid dynamical simulations and the free energy
GRPA theory underestimates the domain size than the SCFevaluation using GRPA theory is a useful technique to predict
theory. This feature is the same as the one-dimensionalthe (qualitative) nonequilibrium phase diagram. (Or we should
calculation result of lamellar as shown in Figure 2a. On the call it as “stability diagram” because the system is not in the
other hand, it is surprising that the wavenumber of the hybrid equilibrium state even in the final stage.)
theory with even a large value afj; i.e.,ny = 1600 coincides 3.3. Computational Efficiency of the Hybrid Theory.
well with that of the dynamic SCF theory. This result demon- Figure 6 shows the relation between theand the computa-
strates that the hybrid theory can trace the same morphologicaltional time required for the hybrid simulation. Here, the
change of domains as the dynamic SCF theory. A further computational time is normalized with that of the dynamic SCF
increase imy such as 3600 prevents the SCF iteration scheme theory. Results for three different systems are shown: a one-
from converging because the interfaces become too sharp indimensional symmetric AB diblock copolymer melt in the
the late stage of the dynamic GRPA simulation. lamellar phase, a two-dimensional symmetric A/B polymer

3.2. Qualitative Accuracy of the Phase Behavior: Hex- blend which undergoes a spinodal decomposition (the same
agonally Packed Cylinder CaseFor a qualitative understand- ~ system as was shown in Figure 4), and a three-dimensional
ing of the phase behavior of a given system, it is essential thatasymmetric A-B diblock copolymer melt in the HEX phase
the theory can give correct order of the values of the free energy (the same as that shown in Figures 3 and 5).
for different microdomain structures. Here, we check whether  The required computational time decreases with increasing
the GRPA theory can give a qualitatively the same result as ny. This is not trivial because increasimg in general results
the SCF theory which is regarded as a correct reference valuein a larger difference between the GRPA result and the correct
For this purpose, we perform hybrid simulations with different SCF result aftemy time steps, which leads to an increased
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Figure 6. Dependence of the performance of the hybrid theory on the ( ) 1.0 SCF

model parameters and the used techniques is shown. The computational
times for individual runs are normalized using that for the full SCF 0.8
calculation fiy = 1). Results for three types of simulations wih = )
0.01 are indicated: (a) a one-dimensional diblock copolymer system
with N = 100,f = 0.5,yN = 15, and the number of grid points 64 0.6
with mesh widthAx = 0.25; (b) a two-dimensional A/B polymer blend

system whose simulation condition is the same as that in Figure 4; and ®
(c) a three-dimensional diblock copolymer system whose simulation 0.4+
condition is the same as that in Figure 3. The horizontal lines indicate
the necessary computational time for the dynamic GRPA theory, which

gives the lower limit of the hybrid simulations. 0.2

number of iterations in the SCF calculation. The reduction rate ood =" = ~ =7

depends on the simulation conditions, i.e., the system size, the ’ ' ' ' !
f 0 10 20 30 40

number of components, and the molecular architecture of the X

polymers. In the same figure, the computational times required Figure 7. A comparison of the segment density profiles between the

folr the dyna.mic GR,PA Simu'latior!sm( = ) are a_|39 shown dynamic GRPA and dynamic SCF theories for an exceptional case that
with the horizontal lines, which give the lower limits for the requires smalhy for the hybrid theory is given. The system is a one-
computational times for the hybrid theory. These results show dimensional polymer blend composed of a homopolymgraBd a

that the computational efficiency of the hybrid theory quickly triblock copolymer ABzyAy with N =10,y =1.08, ands = 0.6. (a)

p y y v 4 y The segment density profile obtained with the GRPA theory and (b)

approaches its optimum value (the GRPA case) when the Valuethat obtained with the SCF theory are shown. In the latter case, a fine

of ny is larger than a critical value. structure inside the interfacial region can be observed, which cannot
3.4. Inefficient Case for the Hybrid Theory. There are be reproduced in the former case.

certain systems where a very small valuengf(ny ~ 5) is
required for the hybrid theory to trace the result of the dynamic
SCF theory. Such an inefficiency is caused by the discrepancy
between the equilibrium segment density profiles calculated with
the GRPA and the SCF theories.

As an example, Figure 7 shows the one-dimensional segment
density profiles of a blend of an ABA triblock copolymer and
a B homopolymer. Figure 7a is the profile obtained with the
dynamic GRPA theory, while Figure 7b is that obtained with
the SCF theory. In Figure 7a, an accumulation of the A segments
and the B segments of the ABA copolymer is observed at the
interfaces between the domains of the B segments of the B
homopolymer. There is no internal fine structure in such
interfacial regions. On the other hand, in Figure 7b, one can
observe a microphase separation of the A segments and the B
segments of the ABA copolymer inside these interfacial regions. \ /
Such a discrepancy means that the GRPA theory cannot .
reproduce the fine structure in the interfacial region. Thus, in Figure 8. A domain structure of a three-dimensional/BnBavAn
order for the hybrid theory to trace the correct SCF results, one blend obtained with the hybrid theory with = 5 att = 2000 is shown.

; The condition of the system is the same as that of Figure 7. The
has to use a smalk, t0 keep track of the change in the correct simulation is done on a 3-dimensional mesh with @@sh points. The

segment profile of the SCF theory at any time step of the jsosyrfaces of the B segment density of the ABA copolymer at the
dynamical simulations. value 0.2 are shown.

Even with a small value ofiy, the efficiency of the hybrid

theory is still better than that of the full SCF theony (= 1), .
as was discussed in Figure 6. Figure 8 shows a result of a hybrid®f Which the core and shell are formed by the A and B segments

simulation withny = 5 on the same system as was shown in Of the ABA polymer, respectively. Such a complex domain
Figure 7. The ABA copolymer forms micelles in the matrix of ~Structure can be obtained with the hybrid theory with a
the B homopolymer. The micelles have the ceseell structure considerably improved efficiency compared to the SCF theory.
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- segments is simulated by changing fhparameters tgag =
® xac = xsc = 0.4, which corresponds to a change in the quality
of the THF solvent by a solvent evaporation. In this simulation,
. we assumed that the system size is not changed because the
» solvent has evaporated already in the initial state, which means
that the system size cannot change.
— Itis true that this method of simulating the solvent evaporation
A is a phenomenologically conventional way, as was pointed out
in ref 34. We decided, however, to adopt this conventional
method because the realistic treatment discussed in ref 34 is
beyond the scope of this article. (We could perform more
realistic simulations by introducing the degrees of freedom of
the solvent directly, which is a target of the future publications.)
Instead, we will present the simulation results on the ABC
triblock copolymer as one of the typical examples of complex
systems for which the hybrid approach gives reasonable results
with an improved efficiency.
Parts b and c of Figure 9 show the time-dependent distribu-

tions of the A segments. The A segments migrate in the matrix
Figure 9. Time dependence of the formation of the domain structure as Figure 9b and make a hexagonally arranged structural motif,

of a melt of an AdBsoCz0 polymer starting from an equilibrium HEX i i f
structure of the C segments is shown. (a) The initial distribution of A as shown in Figure 9c. To show the fine structure of the system

segments (black) where C segments form the HEX structure and, A in Figure 9¢, we show in Figure 9d the same system as in Figure
and B segments form the matrix phase. The used parametersgare  9C but show the final segment density profiles of both the A
= 0 andyac = ysc = 0.4, and the system size is 30:535.2, which and the C segments. We can confirm that the system is

is divided into 64 meshes. In order to adjust the system size to the composed of a HEX domains of the C segments surrounded by
natural period of the HEX structure, we used the SSO methadi.t the motif of the A segmenf&:33

= 0 they, parameters are suddenly changegd®= yac = ysc = 0.4. . . . .
Then, tt)fepphase separation pmcg’ss is s?m%latedm?ﬂq 5%(55 and c). Itis important to note that this motif structure is a metastable

The A segment distributions at (b)= 64 and (c)t = 128 are shown. structure that can be realized in the nonequilibrium dynamic
(d) is the same system as in (c), but both the A and the C segments aredomain formation process. Because theByCoo triblock

shown simultaneously where the A segments form a spatial motif e ; ;
around the HEX structure of the C segment. (e) is the square-lattice _copolymer witty; = 0.4 for all pairs of different segment types

cylinder structure obtained with the static SCF calculation with SSO 1S Symmetric with respect to the exchange of A and C, the
using (d) as the initial condition. (f) is the segment density profile of equilibrium structure should also have the same symmetry. One

the most stable lamellar structure. All figures are shown in the same of such symmetric structures is a square lattice as shown in

scale with periodic boundary conditions. Figure 9e where cylinders composed of A and C segments are
] placed alternatively on a square lattf€eThis square lattice
3.5. Morphology of an ABC Triblock Copolymer Con- structure is obtained with the static SCF calculation with SSO

trolled by Solvent Selectivity. It is known that a cast film of  starting from the structure shown in Figure 9d as the initial
polystyreneblockpolybutadiengslockpoly(methyl methacry-  condition. This condition corresponds to the annealing process

late) (SBM) solvated with a tetrahydrofuran (THF) solution often \here the system size can change according to the strain of the
shows a structural motif, i.e., a characteristic microdomain gomain structure.

formation. For example, in refs 32 and 33, a HEX structure of  Another candidate of the equilibrium structure is the sym-
the triblock copolymer is controlled by changing the selectivity metric lamellar structure with the arrangement of the domains
of the THF solvent to each of the blocks. In the process of the 35 ABCBA... (shown in Figure 9f), which is also obtained with
evaporation of the THF, HEX domains composed of the poly- the static SCF theory with SSO starting from a uniform initial
(methyl methacrylate) (PM) first appear, where the PS and PB ¢ondition.

blocks make a uniform matrix phase. After such HEX domains e evaluated the free energy density for the above-mentioned
are formed, the PS segments start to accumulate around the HEXhree structures, i.e., the motif structure, the square lattice

domains of PM and form a structural motif. structure, and the lamellar structure, and we found that
As is easily anticipated, the final structure is a nonequilibrium
state which depends on the kinetic pathway that reaches this Flametiar < quua,e tattice~ Fmotit

final state. Thus, we need a dynamical simulation that can take

the complex structures of polymers and domains into account Thus, the true equilibrium structure is neither the motif structure
by correctly evaluating the free energy of the system. We nor the square-lattice structure but the lamellar structure. This
simulated this phenomenon using a hybrid simulation on a two- result demonstrates the usefulness of the hybrid theory, which
dimensional ABC triblock copolymer system. We assume that can reproduce a dynamic and complex domain formation process
the SBM triblock copolymer is modeled with an,g8sCzo with a considerably improved calculation efficiency than the
triblock copolymer. The evaporation of the THF solvent is dynamic SCF theory.

effectively modeled as a change in the value of the ) )

parameters. The simulation results are shown in Figure 9, where#- Discussion

the segment densities of the A segments are shown. Figure 9a The GRPA theory is based on both the Floruggins theory
shows the initial HEX structure of the C segments obtained with and the RPA up to the second-order terms in the series expansion
SSO, where thg parameters are chosenjyag = 0.0 andyac of the free energy. These assumptions cause a deviation of the
= ysc = 0.4. In this initial state, the A and B segments are chemical potential from that of the SCF theory. Although the
dissolved in the THF solvent to form a matrix. Starting from dynamic simulation based on the GRPA theory can follow the
this initial HEX structure, a domain formation of the A (PS) dynamic SCF calculation qualitatively as shown in Figure 4,
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the result of the GRPA theory is quantitatively inadequate. The estimate that this hybrid theory will enable us to perform
hybrid theory can correct this deviation and reproduces the resultaccurate large-scale simulations on polymer melts and blend

of the SCF theory as shown in Figures 4 and 5. systems.
Our GRPA theory uses the same free energy model of _
Bohbot-Raviv and Wang's theo},where we use the exact Acknowledgment. The authors thank Prof. M. Doi (Tokyo

expressions of the scattering functions derived using the RPA, University) and T. Uneyama (Kyoto University) for many
while Ohta-Kawasak? and Uneyama and Dof&theories use comments and discussions. This study is executed under the
approximate expressions of the scattering functions. While National project on nanostructured polymeric materials, which
Bohbot-Raviv and Wang reported the results only for static and has been entrusted to the Japan Chemical Innovation Institute
two-dimensional systems, we performed three-dimensional by the New Energy and Industrial Technology Development
dynamic calculation for polymer melts and blends of any Organization (NEDO) under METi's Program for the Scientific
polymer architectures using our GRPA theory. Technology Development for Industries that Create New

Uneyama and Doi have reported that Bohbot-Raviv and quustrieg. This work is p_artially supportgd by the Grant-in-
Wang's theory cannot give the correct dependence of the Aid for Science from the Ministry of Education, Culture, Sports,
interfacial tension of a block copolymer melt on its block rafio. ~ Science and Technology, Japan on the priority area "Soft Matter
Moreover, both the dynamic GRPA theory and the Uneyama Physics”.
and Doi theory show a considerable deviation from the result A di
of the SCF theory as shown in Figure 2a, especially in the strong ppendices
segregation region. These difficulties are eliminated with the ~ A. Scattering Functions Based on RPA for Polymers with
use of the hybrid theory. Any Molecular Architectures. In this appendix, we derive an

In the GRPA theory, the coefficients of the series expansion €Xact expression of the inver_se 01_‘ t_he scattering fu_nc_tion matrix
of the free energy are calculated in the Fourier space. Thus, theS (d) = {S;7}(a)}. For the simplicity of the descriptions, we:
use of the GRPA theory is limited to the systems with proper define vectors of the Fourier modes of the segment density
boundary conditions that are adapted to the Fourier transforma-fluctuations of each sub_cahln and the external potentials acting
tion. This condition makes it difficult to apply the dynamic ©On €ach segment density as
GRPA and hybrid theories to the systems without periodic
boundary conditions, such as a system subjected to a solid x(@) = {o¢:(a)}

wall.
As a result of the above discussions, we understand that the u(a) = {u (@) (17)
We also define the same vectors but in the real space as

(16)

hybrid theory suffers from the limitations of both the dynamic
SCF and the dynamic GRPA theories. The numerical scheme

of the dynamic SCF theory is in general more robust than the x(r) = {6¢:(r)} (18)

dynamic GRPA theory. Thus, it is usually enough for the hybrid :

theory to satisfy the standard condition for the dynamic SCF u(r) = {u(r)} (19)
- 1

theory. The most severe restriction on the GRPA theory is the

fact_ that the system is Iimit_ed_ Wit_hin the weak segregat?on wherer is the position vector. A linear relation(q) = S(q)

regime. However, such a limitation is released by the combina- 4y petween these two vectors is assumed, where the coefficient

tion of the SCF and GRPA. Thus, the conditions for the hybrid matrix S(q) corresponds to the inverse 8f1(q) . Because of

theory to be valid are almost the same as those for the dynamicy, o incompressibility condition, one of the elements @ not

SCF theory. independent of the other, and theref8(q) is a singular matrix.

Then, in order to obtai$1(q), we introduce3(q) where one

of the rows and corresponding column $(fj) are eliminated
We proposed a hybrid theory for the dynamics of the phase so thatS-1(q) can exist.

separation phenomena of polymer melts and blend systems We introduce a matrix whose elements are the scattering

composed of polymers with any molecular architectures. functions of ideal Gaussian chains as

To improve the efficiency and accuracy, the dynamic SCF and

dynamic GRPA theories are hybridized. The former is quanti- S’ ={g()} (20)

tatively accurate while the latter has an advantage in the

computational efficiency. Although the parameters required for Whereﬁ?(q) = 0 if theith andjth subchains belong to different

the GRPA theory are the same as those for the SCF theOI‘y, th%0|ymers_ The exp”cit expressions of the e|emﬁ)($1) are

GRPA theory demands neither the recursive calculations nor given later. We also define a matrix of the segment interaction
any extra model parameters such as the empirical parametergnergy as

required for the GL free energy. In the hybrid theory, the

time evolution of the segment density fields is mainly calculated C={z} (21)
using the chemical potential of the GRPA theory, which is

corrected using the chemical potential of the SCF at some wheree; means the interaction energy between segments of the

5. Conclusion

intervals. ith andjth subchains. Hereafter, the expressipasidu without
We confirmed that this hybrid theory accelerates the dynamic arguments are only used for those in the Fourier space.
SCF theory without loss of its accuracy in a symmetric 1BB\ The incompressibility condition generates a static pressure

diblock copolymer, a symmetric 2D A/B polymer blend, and a that is common to all the subchains. We denote this static
3D A—B diblock copolymer system whose equilibrium phase pressure in the Fourier spacew$q) . Thisu* is a function of

is the cylindrical phase. We also confirmed that the dynamic u, S, andC as

hybrid theory well reproduces the morphological changes of

domains quantitatively in several systems. Therefore, we u* = f (u,s°,C) (22)
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Using the quantities introduced above, the self-consistent noted that the matri$ ! is time independent for the canonical

equation is given by ensemble system. Therefore, in practical calculation, there is
no need to update the™! for each time step of the dynamical
x = —pSu + Cx + u*e) (23) simulations.

] ) ) ] A.1. Subchain Scattering Function Matrix. We denote the
whereeis the vector whose all elements are unity. This equation jygices of the subchains in thetype polymer by’ andj'. Then
is the fundamental equation of the generalized RPA that gives the scattering function from the-type polymer which is
the coefficient of the second-order term in the free energy gssumed to be an ideal Gaussian chain is given by
expansion. According to Leibler, the sum of terms in parentheses
on the right-hand side of eq 23 is called the effective potential 1 o N q2
that is an external potential renormalized by the internal SQE?(q) = N’ "ds( " ds ex;{— —|s—¢ b2) =

interactions and the incompressibility conditi&nSolving eq ° ° 6
23 with respect tx gives NP -
o (e”"—=1+x) (30)
x = —B(E + BS°C) 1S (u + u*e) NP
= —f(Bu + u*Be) (24) ’ ) 2
) = % o “ds N Pds exg— Lls— g |b?
whereE is the identity matrix and® = (E + fSC)~1S°. Here NP 6

the incompressibility condition must be satisfied foas
NP NPlg 2
=———(€* -1’1 =) (31

n

in =0 (25) a NPxy

. ) wherex, y, andz are given by
From eqs 24 and 2%* is obtained as

x=Rg 0>, y=Rg’al>, and z=Rg;’ql’

w=-— (26) Rsir and Rg; are the radii of gyrationRs = (1/6)Nb?) of the
non i'th andj'th subchains, respectively, afg;; is the radius of
ZZB“ gyration of a sequence of subchains that connects'tth@nd
i=1j= j'th subchains.

As a result, the explicit expression of t@(q) is obtained

Substituting eq 26 into eq 24 leads to as a product of the average volume fraction of fheype

X = —pSu (27) polymer in the systerp, and the&qj‘?(q) as
\;vsheres = B + B’ and the element of the matri is defined gj?(q) = g,psﬁJP,(q) (33)
p—1
n n i = (CONNT
= )n" +i 34
(ZB”')( By ; o
==
S — (28) _ . . - _
non whereS? is a symmetric matrix that satisfi€(q) = S(q) and
ZZBW the diagonal elemerﬂﬂ’(q) is the self-scattering function of the
=)= ith subchain. The subscript indéxor subchains in the system

) ) . is expressed by using the subscript indefor subchains in the
If the inverse ofS can be obtained in eq 27, we can get polymer as eq 34.

(—1/8)S™*x, and thisu can be used for the calculation of the B. The Treatment of the Incompressibility Condition in

free energy. However, because of the incompressibility condi- ¢ Equation of Motion. Under the incompressibility condition,
tion, eq 25, the matri§ is a singular matrix; i.e., the rank & the free energy” [{#i(r,0)}] is modified as

isn— 1. This means that the segment densities sfibchains

are not independent. Then, we take the segment densities of __, o
the subchains < n — 1 as the independent variables and the T 'H{e(r D} = 7 [{&(r.0}] + fdr Ar 't)[z¢i(r’t) —1]
I

segment density of theth subchain as a dependent one. In this (35)
case, we should calculate the inverse matrix of the-(1) x

(n — 1) block in the upper left part d. Then, we define an where thei(r,t) is the Lagrange multiplier of the incompress-
x n matrix S71, where the f — 1) x (n — 1) block in the ibility condition. Substituting this equation into the time

upper left part is filled with the inverse matrix obtained above evolution equation for the segment density gives
and thenth row and column are filled with O elements.

By using theS1, theu is given by Q(ﬁi(ht) v Li(r,t)V{ 0T " oi(r ,t)}]] (36)
10, ot opy(r 1)
u=— BS X (29)

i = V-[Li(r.)V{a(r.t) + A(r.H}] (37)
The S 1in eq 29 is the exact and general expression of the
inverse scattering function derived with the RPA. It should be The incompressibility condition demands
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a dynamic SCF theory because the SCF theory demands many
o Zd’i(r!t) =0 (38) iterations for a large\t value.
|
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