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ABSTRACT: We report a new density functional theory (DFT) for block copolymers and its performance
for representing the microscopic structure has been tested with the configurational-bias Monte Carlo
simulation. The segmental density profiles are calculated for systems containing short block copolymers,
represented by tangent-sphere square-well chains of sequences “AABB”, “AAAABBBB”, “ABBBBA”,
“ABBBBBBA”, “BBAABB”, and “BBBBAABBBB?” confined in slit pores where the planar surfaces attract
“A” segments but repel “B” segments. The detailed segmental density profiles are calculated for block
copolymers confined in slit pores where the planar surfaces attract “A” segments but repel “B” segments.
For all conditions considered, the microscopic structures predicted by the DFT are in excellent agreement
with the simulation results. Interesting loop and tail conformations of the block copolymers are observed
near the selective surfaces. The effects of surface energy, chain length, and copolymer backbone structures

on the microscopic segregation of “

1. Introduction

Block copolymers consist of at least two parts typically
with stark different physiochemical properties. When
they are exposed to a surface that preferentially attracts
one part but repels the other, a rich variety of micro-
scopic structures may arise, depending on the chain
architecture and the energetic/chemical nature of the
surface.l2 These structures are directly related to the
performance of copolymers in a number of important
technological applications, including stabilization of
nanoparticle dispersions3* and copolymer-based lithog-
raphy and photonic materials.?

Early theoretical work for understanding the inter-
facial properties of block copolymers is primarily based
on the phenomenological Landau expansions® or the
self-consistent-field theory (SCFT),” following the great
success of similar approaches for describing various
microphase separations in block copolymer melts.® Fre-
drickson published the first notable work in this area
by extending Leibler’s formulation of the free energy for
weak segregated block copolymer melts to similar
systems in contact with a free surface or a solid
substrate.? The oscillatory density profiles and surface-
induced ordering predicted by the mean-field theory are
in good agreement with experiments.!® On the other
hand, Fleer and co-workers formulated a lattice-based
SCFT for the adsorptions of block copolymers and
examined the detailed segmental density profiles, loop
and tail structures, and adsorption isotherms of both
di- and triblock copolymers.'12 Enormous work has
been published since early 1990s on the interfacial
activity of block copolymers between immiscible ho-
mopolymers, motivated by the creation of useful poly-
mer blends with unique combination of the desired
properties of individual components. In particular, the
lattice-based SCFT was extensively used to examine
surface tension, micellization, interfacial density pro-
files, and bulk phase transitions in block copolymer/
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” segments are also investigated.

homopolymer blends.'?14 Quantitative agreement be-
tween theory and neutron reflectivity experiments was
achieved for the composition profiles and interfacial
widths of block copolymer domains between immiscible
homopolymers.’> Another area that attracts consider-
able theoretical interest is on the phase transitions or
morphologic changes in block copolymer thin films at
either uniform or patterned surfaces. Various versions
of SCFT and Ginzburg—Landau-type approaches have
been applied to constructing the thickness-dependent
phase diagrams of diblock and, more recently, triblock
copolymer films.16726 Good agreement between theory
and Monte Carlo simulation was found.?”

SCFT and Landau expansions share a common limi-
tation when a connection between the model parameters
and the chemical details of copolymers is of direct
concern. Indeed, these oversimplified theories are often
insufficient to capture the segment-level behavior of
block copolymer systems under different thermody-
namic conditions. As encountered in the application of
the Flory—Huggins theory for representing the phase
diagrams of bulk polymeric systems, the parameters
appeared in SCFT or Ginzburg—Landau theories only
have a loose connection with the intermolecular forces,
and they often vary with the system conditions includ-
ing temperature and pressure. In principle, such limita-
tion can be avoided by applying atomistic molecular
dynamics or Monte Carlo simulations by taking into
account the details of chemical structure as well as
interaction potentials. However, because of the large
time and length scales pertinent to copolymer systems,
fully atomistic molecular simulations remain out of
reach for most realistic cases. An alternative approach,
following the mathematic framework of classical density
functional theory (DFT), may fill the gap. First intro-
duced by Chandler, McCoy, and Singer (CMS),2® for
polymeric systems DFT has been applied to bulk and
inhomogeneous polymeric systems for studying phase
transitions, interfacial properties, and inter- and in-
tramolecular correlations.?? 4! Two common approaches
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have been used to derive the free energy functional:
One follows CMS’s original framework based on the
quadratic density expansion of the free energy with
respect to a reference of ideal system. This approach
requires as the input the direct correlation functions
from the polymer integral-equation theory (i.e., PRISM*2)
and the intramolecular correlation functions from a
single-chain Monte Carlo simulation.?8 The second
approach is based on the exact formalism for the ideal
part of the free energy functional and a generalized first-
order perturbation theory. Whereas the ideal part
retains the details of bond connectivity, the contribu-
tions due to all nonbonded inter- and intramolecular
interactions are taken into account using a weighted
density approximation for the short-ranged forces and
the first-order perturbation theory for chain correla-
tions. The second approach was initially introduced by
Kierlik and Rosinburg?’® based on an earlier work by
Woodward.?? An improved version was recently devel-
oped for free-joined chains?* and for semiflexible poly-
mers.*3 In comparison with SCFT or other coarse-
grained approaches, DFT preserves more information
on the length scale of a monomer or statistical repeating
unit. The same theoretical framework can be applied
to both bulk and interfacial properties with a single set
of molecular parameters. Furthermore, DFT can be
systematically extended to complicated polymeric sys-
tems that involve a variety of intermolecular interac-
tions, such as hydrogen bonding and electrostatics.

Early formulism of DFT for copolymer systems,
including the one by Melenkevitz and Muthukumar3!
and that by McMullen and Freed,3? was heavily influ-
enced by SCFT and Landau expansions for the selection
of the reference system or for the formulation of the free
energy functional. Such connection remains apparent
in numerous recent publications of so-called dynamic
density functional theory or Mesodyn.*445 Most recent
DFT theories, however, directly adopt the segmental-
level intermolecular forces following either the CMS
approach6=49 or the generalized thermodynamic per-
turbation theory.2%:303¢ The former approach has been
used to describe the phase transitions in symmetric
block copolymer melts,*” thin films,*$4° and vapor—
liquid nucleation of short amphiphilic chains.’0 Re-
cently, Frink and co-workers demonstrated that CMS-
DFT is able to capture the detailed morphology and
microscopic phase transitions of diblock copolymer thin
films as a function of film thickness, in good agreement
with previous SCF calculations and experiments.*?

In this work, a new DFT for block copolymers is
proposed, and its performance for representing the
microscopic structures is tested with the configurational-
bias Monte Carlo simulation for relatively short copoly-
mer chains. Following our previous work for homopoly-
mers and inhomogeneous simple fluids, we formulate
the free energy functional in terms of a modified
fundamental measure theory for the excluded volume
effects,! a generalized first-order thermodynamic per-
turbation theory for chain correlations,?* and a mean-
field approximation for the van der Waals attractions.
Along with Monte Carlo simulations, this new theory
is used to examine the microstructures and conforma-
tion of six short block copolymers confined in slit pores
with discriminating walls for different segments. For
numerical comparison between theory and simulations,
we focus on short chains because of the computational
limitation of simulations rather than DFT.
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The remainder of this paper is organized as the
following. Section 2 presents the molecular models and
force fields used in this work. The details of the density
functional theory for block copolymers are given in
section 3. Section 4 briefly outlines the configurational-
bias Monte Carlo simulation method. In section 5, we
examine the results from DFT and simulations for the
microstructures of block copolymers confined in slit
pores with selective walls. Finally, some conclusive
remarks are drawn in section 6.

2. Molecular Models

All block copolymers considered in this work are
represented by tangent-sphere chains consisting of two
types of segments, designated by “A” and “B”. These
segments have the same size but different van der
Waals attractions described by a square-well (SW)
potential:

00 r<o
(pij(r)= —€; OSr=<vyo (1)
0 r>vyo

where o is the segment diameter, yo is the square-well
width, and ¢;; is an energy parameter with the indexes
i and j standing for segments “A” or “B”. Throughout
this work, the attractive width is fixed at y = 1.2. Asin
a standard off-lattice model for polymers, this minimum
model retains only the basic features of a copolymer:
the excluded-volume effect, chain connectivity, and
specific interactions between different segments. How-
ever, as discussed later, the formulation of DFT is not
limited to this oversimplified model.

For direct comparison between theory and simula-
tions, we consider the microscopic structures of various
short block copolymers or amphiphilic molecules con-
fined in a slit pore where the slit walls attract “A”
segments but repel “B” segments. Specifically, three
types of block copolymers are investigated: (1) sym-
metric diblock copolymers with the sequence of “AABB”
or “AAAABBBB”, (2) copolymers with the end sites
preferred to the surfaces (‘ABBBBA”, “ABBBBBBA”),
and (3) triblock copolymers with the middle sites
preferred to the surfaces (“BBAABB”, “SBBBBAABBBB”).
Copolymers of short chain length are considered in this
work because of the numerical efficiency for Monte Carlo
simulations.

The interaction between a segment and a slit wall is
also represented by a square-well potential

att v _ ] “&w 0 <z<w

¢iw(2) {O otherwise )
where z is the perpendicular distance from the surface,
i = A or B, w is the width of the surface potential, and
€;w stands for the wall energy. In this work, the surface
width parameter is fixed at w = ¢. All surface interac-
tions are terminated at w = o, which is referred to as
the range of surface energy. Because the wall prefers
segment “A” and abhors segment “B”, the surface
creates an attractive well for “A” segments and a
repulsive shoulder for “B” segments. Therefore, eaw is
always positive and egw is always negative.

3. Density Functional Theory

3.1. Helmholtz Energy Functional. The Helmholtz
energy functional of a polymeric system can be ex-
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pressed in terms of that corresponding to a system of
ideal chains where all nonbonded interactions are
turned off and an excess part due to both inter- and
intramolecular nonbonded interactions

Flpy(R)] = Filpy(R)] + Fo loy(R)] 3)

where R is a composite vector (ry, ry, ..., ry) representing
the positions of individual segments, and pp(R) stands
for a multidimensional density profile.

The Helmholtz energy functional of ideal chains with
a bonding potential specified by Viona(R) is known
exactly

BFaloy®)] = [dR py(R)[In py(R) — 1] +
BfdR py(R) Viypg(R) (4)

For tangent-sphere chains considered in this work, the
bonding potential Vinq(R) is related to the Dirac delta
function by
M O(fryy — 15 — 0)
exp[—pVona(R) = |_l (5)
= 470°

where M denotes the number of segments for each
molecule and r represents a segmental position. In eqs
4 and 5, f = (kT)"! with % standing for the Boltzmann
constant and 7T for temperature. Because eq 4 is true
for an arbitrary bonding potential, the DFT described
here is able to take into account the chemical details of
a polymeric system, at least in principle.

The key assumption in our density functional theory
is that the excess Helmholtz energy functional is
exclusively determined by the density profiles of indi-
vidual segments and the structure of bond connectivity.
In other words, for a given configuration of molecules
represent by the composite vector R, the excess Helm-
holtz energy is not directly related to the details of
bonding potentials. Therefore, in terms of the excess
Helmholtz energy functional, the reference system is a
monomeric fluid with the same density distributions.
For the block copolymers considered in this work, the
nonbonded intersegmental interactions consist of two
parts: hard-sphere repulsions and van der Waals at-
tractions. Correspondingly, the excess Helmholtz energy
functional can be formally written as*3

Fex[pA(r)?pB(r)] = Fhs + Fatt + Fchain (6)

where pa(r) and pp(r) are the density profiles of seg-
ments A and B. The first two terms on the right-hand
side of eq 6 represent the excess Helmholtz energies due
to the hard-sphere repulsions and van der Waals
attractions, respectively. These two terms depend only
on the segmental densities. Conversely, Fenain takes into
account the effect of chain connectivity on the correla-
tion between segments that, in the framework of the
first-order perturbation theory, can be related to the
segmental densities and the backbone structure (but not
the bonding potentials).

Following our previous work for homopolymers,3435
the hard-sphere part of the Helmholtz energy functional
is represented by a modified fundamental measure
theory?2
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nng — Ny "Ny,

pF, = fdr[—n0 In(1 — ny + 1-n,
In(1 — ny)
23 n 1 _ %)
127n, 127n4(1 — ng)
where ny(r), a = 0, 1, 2, V1, V; are weighted densities

defined by Rosenfeld.?® These scalar and vector weighted
densities are given by

(n23/3 — nQnV2°nV2)

o) = Y (1) = [oa) i —r)dr' (8)
J J

where ;% (00 =0, 1, 2, 3, V3, V) are six weight functions,
and the subscript j = 1, 2 denotes the index of segments
“A” and “B”. Among the six weight functions, three are
dire5§tly related to the geometry of a spherical parti-
cle:

w(r)=000/2 = 1); ©’F) = 0(o/2 — r);
»*(x) = (¥/r)o(0l2 — 1) (9)

where O(r) is the Heaviside step function, 6(r) is the
Dirac delta function, w2(r) and w;3(r) represent the
particle surface area and volume, respectively, and w;">-
(r) denotes the gradient across a sphere in the r
direction. The other weight functions are proportional
to the three geometric functions

wjo(r) = a)ﬁ(r)/(no2 ); wjl(r) = wjz(r)/(2n0);

0,"1(r) = 0, (x)/(270) (10)

All weight functions are independent of the density
profiles.

The excess Helmholtz energy functional due to the
chain connectivity is given by a generalized first-order
perturbation theory?3*

ﬂFchain = fdr 1 _MMnog In yhs(O,na) (11)

where £ = 1 — ny,'ny,/ns? is defined as an inhomoge-
neous factor and y"(o,n,) is the contact value of the
cavity correlation function between segments

ny’to

ny&o
1 n 9§ g
72(1 — ngy)

1—n3 41— ny)?

y™(o,n,) = (12)

Equation 11 is not directly related to the bonding
potentials of polymeric molecules that have been already
included in eq 4. This term takes into account the effect
of chain connectivity on the nonbonded interactions
between polymeric segments. If the density profiles are
everywhere uniform, eqs 11 and 12 reduce to the first-
order thermodynamic perturbation theory of bulk flu-
ids 54,55

Finally, the excess Helmholtz energy functional due
to van der Waals attractions, ﬁFiff, is represented by a
mean-field approximation

1
pRu =S e de 5 @) pm) fye = x)
ij=K,
13)

where (p?jtt(r) is described in eq 1. We have shown in a
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recent work that the mean-field approximation is quan-
titatively accurate for polymers near attractive walls.*3

As in most DFT approaches, essentially the same
formulism is applicable to both homopolymers and
copolymers. Despite the relative simplicity of the Helm-
holtz energy functionals given by eqs 7, 11, and 13, we
have shown in our previous work that the DFT is
remarkably accurate for predicting the microscopic
structures and thermodynamic properties of homopoly-
mers.3435 Furthermore, similar equations are applicable
to copolymers consisting of segments of different size
or mixtures of polymers and block copolymers.

3.2. Euler—Lagrange Equation. At equilibrium, the
molecular density profile py(R) can be solved by mini-
mization of the grand potential

QloyR)] = FloyR) + [Ty R) — pty]l o (R) d%l |
14

where upr is the chemical potential of the copolymer
chain, which can be calculated from the corresponding
equation of state for bulk fluids

Buy = 1n py + Mﬁﬂlﬂl/ls,bulk(pbulk) +

dlny

hs,bulk( 0)
(1 _ M) ln yhs,bulk(a) + pbulk

Pbulk
(—47/3)(A° — De* ppyxx,0° (15)

icAorB
JjeAorB

where ppux = Mpyy is the total bulk densities of segments
“A” and “B”, and uPsbulk ig the excess chemical potential
of hard sphere represented by Carnahan—Starling
equation of state. xp (or x;) is the molar fraction of
segment “I (or j)” where ¢ (or j) denotes the index of
segments “A” or “B”. In eq 14, yu(R) is the external
potential exerting on individual segments.

Following the variational principles, the stationary
condition of the grand potential satisfies

o) 0 (16)

Once we have the molecular density profile py(R), the
segmental densities are calculated from

pAorB(r) = st(r) = Z de or — I‘J») PM(R)
jeAorB JjeAorB (17)

Substitution of eqs 3 and 14 into eq 16 yields the Euler—
Lagrange equation

ey (R) = explBuy — BVponaR) —
BY ) — B Ag(ry)] (18)
]; AT ;B B(Ty

where pj(r) stands for the local density of segment j
denoting the index of segment “A” and “B”; the self-
consistent field 1 is related to the excess Helmholtz
energy functional F.; and the external potential for
individual segments @ and ¢sz:

OF,,
Aalr) = m + @alr) (19a)
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oF
Ag(r,) = — = + @p(r,) (19b)
Opp(ry)

Combining eq 17 and eq 18, we have a set of coupled
integral equations for the segmental density profiles

py(®) = [dR (r — 1) explfiuy —
BVondR) = BS Axx) — B g, (20)
bond J; INSY, ké BT}

For block copolymers confined in a slit pore, the
density distribution varies only in the direction perpen-
dicular to the surface (2), i.e., psi(r) = p;(2). In this case,
the average segmental densities are given by

pa@) = exp(Buy) 'y Gi(z) expl—p1,(2)]GL(z)

(21)
pp2) = exp(Buy) S Gi(2) expl—BA,(2)]GR(z)

=

(22)

where Gi(z) and G%(z) respectively are the left and
right recurrence functions

Gi) = o [ expl A 4@IGL @)z (23)

1 z+o

Gre) =5, [, exp[—p1,,@1GE ) dz  (24)
with Gi(z) =1 and G]I‘g(z) =1,andi =1, 2, ..., M.
Equations 21 and 22 can be solved by standard Picard
iteration.3* Unlike that for homopolymers, the left and
right recurrence functions for copolymers bear no sym-
metry because the Boltzmann factors exp[—/f1:(z)] de-
pend on the identity of the segment “A” or “B”.

4. Configurational-Bias Monte Carlo Simulation

To test the performance of our DFT, we carry out
configurational-bias canonical Monte Carlo simulations
for relatively short copolymers confined in slit pores.56
For a given pore width and a polymer packing fraction
7, the simulation box contains at least 50 copolymer
chains. The period boundary conditions are applied to
the x and y directions of the simulation box; the box
length in the z direction is fixed by the pore width. The
recoil—growth algorithm is used to generate the initial
polymer configurations, followed by translational, ro-
tational, and configurational-biased (including crank-
shaft, chain regrowing, and cut rebridging) Monte Carlo
moves.?%57 The different methods for Monte Carlo
updates are allocated approximately with the same
frequency. Each simulation runs 1 x 107 Monte Carlo
cycles, with the first half for the system to reach
equilibrium whereas the second half for evaluating the
ensemble averages.

5. Results and Discussion

To facilitate a direct comparison between the DFT and
configurational-bias Monte Carlo (CBMC) simulations,
we consider short diblock and triblock copolymers
consisting of “A” and “B” segments confined in slit pores.
The confining surfaces attract the “A” segments but
repel the “B” segments. In all Monte Carlo simulations,
the average packing fraction of copolymers inside the
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1.5

M=4, AABB copolymer

p*(2)

Figure 1. Segmental density profiles of the AABB (M = 4)
copolymers confined in selective slit pores. The reduced surface
energies are (a) e*wa = 0.5, ¢*wp = —0.5; (b) €*wa = 1.0, e*wn
= —1.0. The packing fraction of copolymers in the pore is 7 =
0.1, and the reduced energy parameters are given by e*sa =
1.0, e¥ag = —0.5, e*gg = 0.5. The points are from configurational-
bias MC simulation, and the lines are from DFT.

pore is fixed at = 0.1 and the pore width is H = 100.
For comparison with simulation data, the corresponding
results from DFT are calculated by adjusting the bulk
packing fractions such that the predicted average pack-
ing factions inside the pore match the conditions of
canonical ensemble Monte Carlo simulations.

5.1. AB Diblock Copolymers. We first consider
symmetric diblock copolymers represented by “AABB”
and “AAAABBBB” confined in slit pores with weakly
selective walls, (¢*wa = 0.5, ¢*wp = —0.5) and (¢*wa =
1.0, e*wp = —1.0). Throughout this work, all reduced
energy parameters are defined as ¢* = f¢, and the
reduced density is defined as p*(z) = p(z)/paye, Where paye
is the average density of segments in the pore. Here a
negative energy means repulsion and a positive sign for
attractive interactions. The interactions between like
segments (“AA” or “BB”) are assumed to be energetically
favorable (¢¥aa > 0 and €*gg > 0) and that between
unlike segments is unfavorable (¢*ap = €¢¥ps < 0). We
assume further that the attraction between “AA” seg-
ments is stronger than that between “BB” segments so
that the copolymers may form micelles in the bulk
phase.

Figure 1 depicts the segmental density profiles of
“AABB” copolymers calculated independently from Monte
Carlo simulations and from the DFT. The agreement
between DFT and simulation is excellent. As expected,
the density profile of “A” segments within the attractive
well is always greater than that of “B” segments. Less
intuitive though is that the density profiles within the
range of surface potential increase with the distance
from the surface, and they exhibit a discontinuity at the
position where the surface attraction/repulsion termi-
nates. Similar behavior has been reported for mono-
meric SW fluids near a SW wall.5859 For the distribu-
tions of “A” and “B” segments beyond the range of the
surface potential, the local density of “B” segments is
always larger than that of the “A” segments and that
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p*(2)

zlo

Figure 2. Same as Figure 1 but for the AAAABBBB copoly-
mers.

difference increases with the surface selective. Both “A”
and “B” density profiles present a peak at z/o = 1.5,
reflecting the packing effect of individual segments.
Beyond approximately one layer of molecules (here z/o
= 3.0), the system becomes essentially homogeneous.
Interestingly, the inhomogeneous copolymer layer near
the surface correspond to approximately a monolayer
of “A” segments followed by fully stretched “B” segments
toward the pore center. Nevertheless, the density pro-
files indicate that there is no sharp separation between
“A” and “B” segments.

Figure 2 shows a similar case except that the copoly-
mer has eight segments. A comparison between Figures
1 and 2 indicates that with the same packing fraction
and energy parameters the segregation between “A” and
“B” segments at the selective surface is magnified as
the chain length increases. While the density profiles
for the “A” segments show a peak at z/o = 1.5 due to
the packing effect, the peak for “B” segments occurs at
zlo = 2.0. In addition, Figure 2 indicates that the range
of surface inhomogeneity is slightly less that corre-
sponding to a monolayer of “A” segments plus fully
stretched “B” segments. This suggests the coiling of
longer chains. Clearly, the results from DFT and MC
shown in both Figures 1 and 2 are in quantitative
agreement.

5.2. Copolymers with End Site Preferring to the
Wall. We now consider the microstructures of copoly-
mers with the end sites preferred to the slit walls.
Again, two types of block copolymers, represented by
“ABBBBA” and “ABBBBBBA”, are examined using both
DFT and MC simulations. When the slit pore is weakly
selective, i.e., the surface energy is less than one £T for
each segment, the density profiles for both A and B
segments are similar to those for symmetric diblock
copolymers (Figure 3). In comparison with Figures 1 and
2, the only noticeable difference is that the density
profile for segment “A” presents only one peak near the
surface, and it decays linearly to the bulk value beyond
the range of the surface potential. The similarity
between the density profiles of the “B” segments in the
symmetric and end-active copolymers suggests that
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0.5
ABBBBA copolymer

0.0 it —

ABBBBA copolymer

Figure 3. Same as Figure 1 but for the ABBBBA copolymers.

18
164

p*(z)

Figure 4. (a) Segmental density profiles and (b) a simulation
snapshot of ABBBBA copolymers confined in slit pore with
strongly selective walls: e*wa = 5.0, €*wp = —5.0

when the surface energy is weak, most copolymers are
adsorbed only by one end. However, the situation is
different when the surface energy is significantly higher.
As shown in Figure 4, when the surface strongly attracts
“A” but repels “B” (e*wa = 5.0, ¢*wp = —5.0), the local
density of “A” segments within the range of the surface
potential is more than 10 times its bulk value. Figure
4b shows a snapshot from Monte Carlo simulation, in
which the surface layer is predominately occupied by
“A” segments and essentially no “B” segments appear
within the range of the surface potential. Because the
wall attracts “A” segments but repels the “B” segments,
most end-active copolymers form “U”-shape configura-
tions near the surface, which can be clearly observed
in Figure 4b. For the guidance of the eye, the circles in
the snapshot identify two loop structures.

Figure 5 shows a similar case for end-active copoly-
mers except that the chain length is slightly longer. As
expected, an increase of the chain length leads to a
broader range of surface inhomogeneity. Similar “U”-
shaped configurations appear near the discriminating
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Figure 5. Same as Figure 4 but for ABBBBBBA copolymers.
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Figure 6. Same as Figure 1 but for the BBAABB copolymers.

surface. Compared with symmetric diblock copolymers,
the coiling and folding of chains become more apparent
when the chain length increases.

5.3 Triblock Copolymers with Middle Sites Pre-
ferred to the Surface. The DFT is easily applicable
to copolymer chains of arbitrary structures without
significantly increasing the computational complexity.
To illustrate, we consider copolymers with the sequences
represented by “BBAABB” and “BBBBAABBBB” con-
fined in the slit pores. Figure 6 presents the segmental
density profiles of the “BBAABB” copolymers near a
weakly selective surface. Because of the entropic restric-
tions for the middle sites of the polymer chain, the local
density of “A” segments within the range of surface
potential is much lower than that corresponding to
diblock or end-active copolymers at similar conditions.
When the surface shows stronger selection between “A”
and “B” segments, however, the copolymers form new
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Figure 7. (a) Segmental density profiles and (b) a snapshot
of BBAABB triblock copolymers confined in slit pore with
strongly selective walls.
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Figure 8. Same as Figure 7 but for BBBBAABBBB copoly-
mers.

“U”-shaped configurations with the open ends pointing
toward the pore center. Figure 7 presents the segmental
density profiles and a snapshot of the “BBAABB”
copolymers. In this case, the surface energy dominates,
and most “A” segments adsorb on the surface. The range
of inhomogeneity is about 3 times the segment diameter,
suggesting that most “B” segments are perpendicular
to the surface.

Figure 8 gives the segmental density profiles and a
Monte Carlo snapshot of the “BBBBAABBBB” copoly-
mers near a strongly selective surface. Apparently, an
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Figure 9. Same as Figure 1 but for the diblock copolymers
in slit pore of H* = 20: (a) M = 100 (top panel), (b) M = 50
(bottom panel).

increase in the chain length expands the range of
inhomogeneity near the surface. Furthermore, the coil-
ing and folding of polymer chains become more distinct,
which can be clearly observed from the snapshot shown
in Figure 8b. For systems with strong surface potential,
the DFT slightly underestimates the density profiles of
the “A” segments within the range of surface interac-
tions, leading to a small discrepancy in the density far
from the surface. This is because the same average
segmental density is used in both theory and simula-
tions. It is worth mentioning that when the middle
segments are adsorbed onto the wall, the density
profiles for the end segments have a shape similar to
that for tethered chains.5°

5.4. Application of the DFT for Longer Chains.
For the calibration of the numerical performance of the
DFT, we focus only on relatively short chains because
it is rather time-consuming to attain reliable molecular
simulation data for longer copolymers. However, the
application of DFT is definitely not limited to systems
containing surfactant-like molecules. Unlike that in
simulations, the computational time of DFT for tangent
chains increases only linearly with the number of
segments. To illustrate, Figure 9 depicts the density
profiles of two diblock copolymers of much longer chain
length (M = 50 and 100) confined in the slit pore of H*
= 20. Except the chain length, here all the molecular
parameters are the same as those used in Figure 1.
Interestingly, we observe lamellar microstructures par-
allel to the surface for both cases. Intuitively, this can
be understood that the copolymers must adjust the
chain configurations to fit into the confined spaces when
the chain length is greater than the pore width. There-
fore, a trilayer ordered film is formed for the diblock
copolymer of M = 100, and a five-layer lamellar film is
formed for the diblock copolymer of M = 50. Figure 9
indicates that both the number of layers within the pore
and the layer thickness are directly related to the chain
length. The formation of lamellar microstructure has
been previously reported by both theory?”4° and experi-
ments.10

6. Conclusions

We have presented a new density functional theory
(DFT) for block copolymers and demonstrated its nu-
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merical performance by extensive comparison with
results from configurational-bias Monte Carlo simula-
tions for a variety of tangent square-well chains confined
in selective slit pores. The DFT faithfully reproduces
the simulation data for the density profiles of individual
segments. Even though only a simple coarse-grained
model and relatively short copolymer chains are con-
sidered in this work, similar procedures should be
applicable to more sophisticated models retaining the
chemical details. Because of the simplicity and numer-
ical efficiency of the present DFT in comparison with
molecular simulations, its applications to more realistic
copolymer systems are expectable.

For those systems containing relatively short copoly-
mers (Figures 1—8), we find that the incompatibility
parameter yM is in the range of 3 < yM < 5, less than
the critical value of order—disorder transition (13.5 <
M < 17),2" where y is the Flory—Huggins parameter
and M is the total number of segments. As a result,
these systems are expected in the disorder state in the
bulk phase. However, for systems containing long
copolymer chains (Figure 9), the incompatibility param-
eter is 25 for M = 50 and 50 for M = 100. For those
cases, the systems are likely in the ordered state in the
bulk phase. Indeed, as shown in Figure 9, lamellar
structures are observed in the slit pores.

Some interesting surface structures are also observed.
For example, both simulation and DFT show that the
density profiles exhibit a discontinuity at the position
when the surface potential terminates. When the block
copolymers are adsorbed to a surface by one type of
preferential segments, the tangling segments are fully
stretched for short chains but coiling and folding for long
chains. For the copolymers with the end sites strongly
preferred to the surface, we find a special conformation
of the “U”-shape with the open ends attached to the
surface. However, for copolymers with the middle sites
preferred to the wall, the conformation is opposite with
the open ends pointing toward the center of the slit pore.
We also find that the morphology of copolymer chains
is highly sensitive to the chain length. For relatively
short chains, a random phase is observed within the
channel, but at similar conditions, the copolymers may
self-organize into lamellar structures as the chain
length increases.
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