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Using the real-space implemented self-consistent field theory, we undertook an investigation on the
hierarchical self-assembly behaviors of comb—coil block copolymers. The comb—coil block copolymers can
self-assemble into hierarchical microstructures with two different length scales. Various structure-within-
structure morphologies, such as parallel and perpendicular lamella-within-lamella, cylinder-within-lamella,
lamella-within-cylinder, and cylinder-within-cylinder, were observed. In the hierarchical structures, the
large-length-scale structures are produced by segregation between the coil blocks and comb blocks, and
the small-length-scale structures are formed by microphase separation within the comb blocks. Effects of
interaction strength and coil block length on the hierarchical phase behaviors were studied, and the phase
diagram was mapped out accordingly. Furthermore, the large-length-scale lamellar period as a function of
interaction strength was examined. It was found the lamellar periods are greatly dependent on interaction

strengths.

Introduction

Hierarchical characteristics of material are ubiquitous
in nature.'”® Materials having hierarchical structures are
widely found in collagen, abalone nacre, and dendrons.
The construction of materials presenting complex hierar-
chical structures such as those observed in natural
materials are of great interest because of their promising
applications in smart coatings, biosensors, and fuel cells.’
The self-assembly of soft matter is considered to be an
effective approach for constructing microstructure with
hierarchical order.®'?

Block copolymers composed of two or more chemically
different species constitute an important class of soft
materials capable of self-assembling into hierarchical
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microstructures.'* ?® ten Brinke and co-workers reported a

hierarchically ordered structure self-assembled from the
comb-shaped supramolecules, where the lower-molecular-
weight compounds are weakly connected to one block of a
block copolymer by intermolecular interactions.’® 2 The
structures were reported to have two different kinds of
periodicity: the large-length-scale period corresponds to the
length of different blocks in the polymeric backbone, and
the small-length-scale period is determined by the length of the
bound low-molecular-weight compound within the comb
blocks. Furthermore, the hierarchical structures with double
periodicity were also observed in linear multiblock copoly-
mers composed of one or two end blocks that are significantly
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longer than the other blocks.”’"* For example, lamellar-
within-lamellar structures were found for the undecablock
copolymers of PS-b-(PI-b-(PS-h-PI),)-b-PS architecture with
two long polystyrene (PS) blocks and a middle multiblock
consisting of alternating short polystyrene (PS) and polyiso-
prene (PI) blocks.*® The above systems exhibit an unconven-
tional chain connectivity of molecular architectures, where
two intrinsic length scales are introduced. This type of mole-
cular design provides a variety of peculiar hierarchical
morphologies. These intriguing morphologies greatly inspire
intellectual curiosity and motivate our interest in such sys-
tems. Encouraged by experimental observations, we present a
theoretical study of the structural organization in a type of
block copolymer (i.e., the binary comb—coil block copoly-
mer). The comb—coil block copolymer is a simplification
of the comb-shaped supramolecular architecture,® ¢ as
described above. Shown in Figure 1 is the architecture of
the comb—coil block copolymer in which the branches are
asymmetrically attached to the homopolymer backbone.

For the comb—coil block copolymers, the stability of or-
dered phases has been examined within the framework of
weak segregation theory.>>*® It was speculated that depending
on system parameters such as the branch number and the
volume fraction of coil blocks, two-length-scale microphase
separations may take place. The coil blocks are phase separ-
ated from the comb blocks; subsequently, a small-length-scale
phase separation occurs within the comb blocks. In addition,
Yang et al. experimentally studied the PS-5-(PS-g-PI) comb—
coil block copolymers in a selective solvent.?” The behaviors
involving separation between coil blocks and comb blocks
were found, which also provide evidence that the comb—coil
block copolymers are prone to self-assemble at different length
scales. Therefore, the comb—coil block copolymers are ex-
pected to produce hierarchical structures, although there have
been no hierarchical structures reported in this system to date.

The self-consistent field theory (SCFT) has emerged as
a powerful tool for exploring the thermodynamics of
inhomogeneous fluids.**>° Matsen and Schick developed
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Coil Block
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Figure 1. Schematic presentation of the comb—coil block copoly-
mer. Flexible homopolymer B branches are spaced along the flexible
homopolymer A blocks. The jth branchislocated atz; = 7, + (j— 1)
(1 — 71)/7. The A blocks between 74 and 7, are referred to as coil
blocks, and the remaining part is referred to as a comb block
consisting of B branches and A blocks.

a state-of-the-art numerical approach to solve the SCFT
equations.® #* The Matsen—Schick spectral approach is
suited to accurate calculations of free energies and phase
diagrams. To improve the numerical efficiency, in most
calculations, the symmetry of the ordered phases is assumed
to be known a priori. In addition, the generalization of the
spectral method can be used to discover new phases.'® An
alternative numerical approach to solving the SCFT equa-
tions was implemented in real space.***¢ Usually, low-free-
energy morphologies are found through relaxation from
random potential fields. By giving the initial field possessing
symmetry of the order phases, the real-space SCFT can also
be utilized to calculate the free energy accurately and con-
struct phase diagrams.*** It was found that the real-space
method is preferable over the spectral method because of the
large number of basis functions required to obtain an
accurate solution for strongly segregated systems in the
spectral method. But using a general 3D real-space approach
is not beneficial because larger chain contour step numbers
for discretization of the diffusion equation are needed at
a higher degree of segregation by adopting the Crank—
Nicolson algorithm or Baker—Hausdorff operator splitting
formula. Recently, the fourth-order backward differentia-
tion formula (BDF4) developed by Fredrickson et al. was
utilized to solve the stiff equation for strongly segregated
systems.***° This BDF4 method can dramatically decrease
the number of contour steps to achieve accurate solutions.
Therefore, the real-space SCFT obtained by adopting BDF4
is appropriate to discovering a previous unknown hierarch-
ical structure at a higher degree of segregations in three
dimensions.

In this work, we present the first investigation on the
hierarchical self-assembly behaviors of comb—coil block
copolymers by using real-space SCFT with the BDF4 method.
Novel hierarchical microstructures, such as cylinder-within-
lamella and cylinder-within-cylinder, were found. Influences
of interaction strength and coil block length on the hierarch-
ical phase behaviors were studied. The phase diagram was
constructed in space for the interaction strength and coil block
volume fraction in the copolymer.

Theoretical Framework

We consider a system with volume V' containing n comb—
coil block copolymers. As shown in Figure 1, each copolymer
is composed of a flexible homopolymer A backbone along
which m homopolymer B branches are spaced. The block
copolymers are assumed to be monodisperse. The statistical
segments of A and B chains are No and N, respectively. The
volume fraction of A-type segment is denoted by fa, and that
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of B-type segment is fg = 1 — fa. The jth branch is located at
7;, given by

G-1-7)

m

T =17+ <jsm )

Within the mean-field theory, the configuration of a single
copolymer is determined by a set of effective chemical poten-
tial fields wy (r) (I = A,B), replacing actual interactions in the
melt. The potential fields are conjugated to the density fields
¢1(r) of block species I. We invoke an incompressibility
(pa(r) + ¢p(r) = 1) by introducing a Lagrange multiplier
&(r). For such a system, the free energy (in units of kg7) per
chain is given by

(3

+ lV/ dr[yNoa(r) ¢g(r) —wa(r) ¢a(r) —

wp(r) ¢p(r) —&(1 —a(r) —¢p(r))] (2)
In this expression, N(= N + mNp) is the total statistical
segments of the copolymer, and the Flory—Huggins para-
meter y characterizes the interaction between species A and B.
0 = [drga(r.1) is the partition function of a single noninter-
acting, branched chain subject to the effective chemical po-
tential fields wa(r) and wg(r) in terms of the backbone
propagator ga(r, s). The contour length s starts from one
end of the homopolymer chain (s = 0) to the other (s = 1).
The spatial coordinater is rescaled by R, where R = &N NG
(ais the statistical segment length). The backbone propagator
is divided into m + 1 segments based on branch points and is
given by

ga(r.s) = q{(r.s) (3)

Here, ¢{(r, 5) is the backbone propagator for the jth segment
between 7;and 7;4,. In particular, 7y and 7,4, are the positions
of two free ends of the backbone (i.e., 7o = 0 and 7,,, .1 = 1).
The contour length s is subject to 7; < s < 7;.; for
j = 0,1, ..., m. Each segment of the backbone propagator
satisfies the modified diffusion equation

8q (r,s) _

s 5) = &WA(T) qX) (r,s) (4

Rszqu) (r’ N

subject to the following initial condition

a2 (1) =" () gu(r. 1)

Here, ¢g(r, 5) is a propagator for B branches that satisfies the
modified diffusion equation

&aqg(r, s)

NA

272

\V4 - 6
NB a5 RA qB (l‘, S) (1)]3([') qB(l‘, S) ( )

N

and is subject to the initial condition ¢g(r, 0) = 1 for the free
end of the branch ats = 0. The backward propagator of the A
backbone is similarly subdivided into m + 1 segments accord-
ing to branch points and is given by

ga(r.s) =33 (r.s) (7)
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where g¥(r, 5) is the backward propagator for the jth segment
between 1 — 7,,4—;and 1 — ;- The contour length s is
subject to (1 = 7,41 —) < § = (1 - rm,j) forj=0,1,...m
Each segment obeys the diffusion equation (eq 4) and is
subject to the following initial conditions:

701 —t1m) =78 (01 =Ti1)) ga(r 1)
j = 1,2,...,””

7\ (r.0) =1 (8)

The back-propagator gg(r, s) of each B branch attached the
Jth junction satisfies eq 6 and starts on the end of the B chain
tethered to the backbone. The initial condition gg/r, 0) is the
product of the propagator and backward propagator of the
backbone approaching the jth junction and satisfies!

(=1

T (r,0) = ¢ at

( 91:1')?A r, 1 _Tj) =

g (r,7)a(r 1 —7) _
gs(r, 1)

qa(r, Tj)qA(ra 1 _Tj)
qB(rv 1) (9)

dh (0 T)qA(r 1 =) =

In terms of the single-polymer propagators, the segment
densities ¢ (r) and ¢g(r) become

m—+l1
oA (r) = VfA /dsmrs)qA( =5 (10)

s /dsqs Danr1-5 (1)

Finally, the minimization of free energy, F, with respect to ¢,
¢g, and & is achieved by satisfying the mean-field equations

wa(r) = xNgg(r) + &(r) (12)
wp(r) = yNpa(r) +&(r) (13)
alr) +p(r) =1 (14)

We decompose the free energy of comb—coil block copoly-
mers (in units of kzT) as>

F =E-TS (15)

Here, E is the internal energy, and S is the conformational
entropy of the total molecule. These quantities are given by

£ =22 [ droa ulr (16)

TS = —m( ) /dmA ) @a(r) + wn(r) y(r)
(17)
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To solve the SCFT equations, we use a variant of the
algorithm developed by Fredrickson and co-workers.**#¢
The calculations were started from a general initial state.
The diffusion equation equations were solved with the
fourth-order backward differentiation formula (BDF4),
which has higher accuracy and stability for strongly segre-
gated systems.**>* For example, the diffusion equation (eq 4)
is discretized according to

25 A,j . A,j 4A,' 1 A, j
T =4 430, 34,7 + 50 =

A,j j A,j A, Aj
RAZAsvzqnjr’l —Ay‘AwA(4an’-’ =64, +44,2, —q,7)
(18)

In this expression, q,,AJZl- denotes q,@(r, s + 1As), and As is
the step size. The initial values required to apply this formula
are obtained by using backward Euler and Richardson
extrapolation. The densities ¢(r) of special I, conjugating
the chemical potential fields w(r), are evaluated with respect
to eqs 10—13. The chemical potential fields w;(r) can be
updated by using a two-step Anderson mixing scheme.>

All of the simulations in this work were carried out in
three dimensions with periodic boundary conditions. Each
calculation utilized a step size of As = 10~ along the chain
contour for both the A blocks and B branches. After testing
several spatial resolutions, we found that the free energy in the
system can converge to a stable value when the spatial
resolution is smaller than 0.28 R.° 4 Thus, in the calculations,
we chose the spatial resolution Ax < 0.28 Rs. In addition,
the adoption of a smaller contour step size can further ensure
the accuracy of the calculations.*® The numerical simulations
proceeded until the relative free-energy changes at each itera-
tion were smaller than 10 and the incompressibility con-
dition was achieved. We minimized the free energy with
respect to the size of the simulation box, as suggested
by Bonbot-Raviv and Wang.>® In the simulations, the poten-
tial hierarchically ordered micostructures were discovered
by the calculations that started from the random initial
field. To compare the free energies of different phases, the
ordered phase discovered by the simulation started from
the random initial field was used as an initial input for the
systems under other conditions.'®*® In these calculations, the
simulation box size was also adjusted to minimize the free
energy.

Results and Discussion

For the comb—coil block copolymers studied in the present
work, the interaction strength y N between A and B blocks
is averaged with respect to the number of branches m, as
described in our previous work.***3¢ Because of the large
parameter space of the studied system, such as volume frac-
tion f of branches, branch number 1, the position of the first
junction point 7;, and the average interaction strength y N/m,
we restrict our attention to the comb—coil block copolymers
with fg = 0.20 and m = 7 for simplicity. The value of m should
be large enough to ensure that hierarchical microphase
separation occurs,>>*® but larger m dramatically increases
the computational cost, thus a moderate value of m = 7 is

(53) Eyert, V. J. Comput. Phys. 1996, 124, 271.
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Figure 2. Segment density configuration (light gray corresponds to
coil blocks) for comb—coil block copolymers with fg = 0.20,m = 7,
and yN/m = 15.0 at different values of 7;: (a) 7, = 0.85and (b) 7; =
0.50. One-dimensional density profiles of coil blocks ¢a coil, the A
backbone of comb blocks ¢a comb, and branches ¢p, in different
structures are given: (c) lamella, 7; = 0.85and (d) cylinder, 7, = 0.50.
The spatial coordinate z is expressed in units of D. D is the layer
spacing for L and the spacing between cylinders for C.

chosen. For the convenience of presentation, we define
the A blocks between 79 and 7; as coil blocks and the
remainder as comb blocks, as shown in Figure 1. Thus,
the value of 7; is equal to the length of the coil blocks,
and the volume fraction of coil blocks can be given by

Jeoit = T1(1 — fB).

We first study the microphase separation behaviors of
comb—coil block copolymers close to the order—disorder
transition. Lamella (L), a cylinder (C), a gyriod (G), and a
sphere (S) are formed. For example, the lamellar structure was
observed for 7; = 0.85 (Figure 2a), and the cylindrical struc-
ture was found for 7; = 0.50 at y N/m = 15.0 (Figure 2b). To
understand the detailed structure further, we plot the 1D
density profiles for the coil blocks, the A blocks of comb
blocks, and the branches. As can be seen from 1D density
profiles for L in Figure 2c and C in Figure 2d, the branches
and A blocks in comb blocks are mixed homogenously,
implying that no phase separation occurs in comb blocks. It
is revealed that the phase separations of L, C, G, and S
structures take place only between the coil blocks and comb
blocks. Inverse structures whose minority domains are occu-
pied by comb blocks, such as S, C, and G, are also found. This
result is consistent with the weak segregation theoretical
predication and experimental observation.”> >’ When the
value is smaller than about 0.35, a normal spherical structure
(S,) appears, which is not shown in Figure 2. In the S, phase,
the phase separation takes place between A blocks and B
blocks. The comb—coil block copolymers behave as graft
copolymers. The phase behaviors of graft coplymers have
already been well studied in our previous work.>’

When the interaction strength between the A and B blocks
is increased far above the value of the order—disorder transi-
tion, then a hierarchical structure emerges. Figure 3 shows
the hierarchical structures obtained for the comb—coil block
copolymer system with various values of 7; and yN/m
(the cross sections of the hierarchical structures are also
demonstrated for clarity). The light-gray colors are assigned
to indicate the B blocks. These structures have two different
periods related to the two intrinsic length scales. Taking

(57) Zhang, L.; Lin, J.; Lin, S. J. Phys. Chem. B 2008, 112, 9720.
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Figure 3. Segment density configuration (left) and cross section
(right) (light gray corresponds to B blocks) for comb—coil block
copolymers with fg = 0.20 and m = 7: (a) parallel lamella-within-
lamella, 7; = 0.85and yN/m = 30.0; (b) perpendicular lamella-within-
lamella, 7; = 0.85and yN/m = 50.0; (c) cylinder-within-lamella, 7, =
0.70 and y N/m = 40.0; (d) lamella-within-cylinder, 7; = 0.50 and y N/
m = 25.0; and (e) cylinder-within-cylinder, 7, = 0.50 and yN/m =
40.0. These structures are represented as (small-length-scale struc-
ture)-within-(large-length-scale structure). Blue and red rectangles
(or hexagons) are used to emphasize the underlying order of large-
length-scale and small-length-scale structures, respectively.

Figure 3a as an example, the repeat unit is composed of one
thick A lamella and three thin B—A—B lamellae parallel to
the thick A lamella. The large-length-scale period corresponds
to the thick A lamella and the combined thin lamellae,
whereas the small-length-scale period corresponds to the thin
lamellae (indicated by the blue and red rectangles, respec-
tively). This structure is referred to as the parallel lamellar-
within-lamellar (L-in-L) structure. In addition, we also define
the structures in Figure 3b—e as perpendicular lamella-
within-lamella (L-in-L), cylinder-within-lamella (C-in-L),
lamella-within-cylinder (L-in-C), and cylinder-within-cylin-
der (C-in-C), respectively. These representations are present
in the formula as (small-length-scale structure)-within-(large-
length-scale structure). For the perpendicular L-in-L and
C-in-L structures, the thick lamellae are kept in the
large-length-order structures, whereas the thin co-alternating
lamellae normal to thick lamellae and two-row cylinders are
respectively produced in small-length-order structures. For
the L-in-C and C-in-C structures, the B branches self-assemble
into 6 small-length-scale lamellae and 12 small-length-scale
cylinders around the large-length-scale A cylinders arranged
on a hexagonal lattice, respectively.
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To gain more information about the hierarchical ordered
structures, the 2D density distributions of various blocks
of comb—coil block copolymers are plotted in Figure 4.
Five structures are shown: parallel L-in-L and perpendicular
L-in-L, C-in-L, L-in-C, and C-in-C. Because of the similarity
of phase separation in these structures, only the perpendicular
L-in-L and C-in-C structures are described in detail below.
For perpendicular L-in-L structure in Figure 4b, the coil
blocks self-assemble into the thick A domains, and the A
and B blocks in comb blocks self-assemble into alternating
lamellae that are aligned perpendicular to the thick A do-
mains. For C-in-C, the coil blocks segregate into the large-
length-scale cylinders hexagonally embedded in a matrix
formed by comb blocks, as shown in Figure 4e. In the matrix,
the B branches produce the small-length-scale cylinders dis-
persed in the domains rich in A blocks of comb blocks. On
the basis of the results, the correponding schematic illus-
tration of these hierarchical structures is shown in Figure 4.
The light-red, light-blue, and white regions denote B branch
domains, A coil block domains, and domains rich in A blocks
of comb blocks, respectively. The possible molecular organi-
zations in these structures are also presented. The blue line and
red lines represent A blocks and B blocks, respectively.
Regarding all of these structures, the large-length-scale as-
sembly is attributed to phase separation between the coil
blocks and comb blocks, and the small-length-scale ordering
inside the comb block domains is driven by the segregation
between A and B blocks in comb blocks.

Summarizing the simulation results for comb—coil block
copolymers with fg = 0.20 and m = 7 at various values of
average interaction strength and coil block length, we plot the
phase diagram in y N/m—f..; space, where f.,; is the volume
fraction of coil blocks in the copolymer. The phase diagram is
presented in Figure 5. Figure Sa shows the phase diagram at
lower value of the interaction strength, where classic phases
are formed. The phase boundaries are obtained by com-
paring the free energies of different structures. In these
structures, the minority domains are occupied by the coil
block on the left side of the critical point and the comb block
on the right side of the critical point. The order—disorder
transtion shifts toward higher value of y N/m as f.; decreases.
With increasing value of the interaction strength, the S— C —
G — L phase transitions are observed at certain value of f;;.
The gyroid strucutures are found to exist in a narrow range of
the phase diagram and become unstable when the average
interaction strength is larger than about 16.2. The phase
diagram is not symmetrical about f.,; =0.50. Thus, the
comb—coil block copolymers behave rather as the asymmetry
block copolymer at weak segregation.

Figure 5b shows the phase diagram at higher value of
interaction strength, where hierarchical structures emerge.
The phase boundaries are drawn to guide the eye on the basis
of the simulation points. Two different lines are included in
the diagram. The solid lines are denoted as the occurrence
of phase transtions at large length scales. As the f..; value
decreases in the diagram from right to left, the sequence of
large-length-scale ordered phases is as follows: lamella
(including L, L-in-L, and C-in-L) — cylinder (including C,
L-in-C, and C-in-C) — sphere (S,,). The dashed lines indicate
the phase boundaries where phase separation at small length
scales occurs. As the average interaction strength yN/m
increases in the diagram from bottom to top, L. — (parallel
L-in-L) — (perpendicular L-in-L), L. — (parallel L-in-L) —
(C-in-L), and C — (L-in-C) — (C-in-C) phase transtions take
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Figure 4. Two-dimensional density plots of (1) coil blocks, (2) A blocks of comb blocks, and (3) branches for various structures: (a) parallel
lamella-within-lamella, (b) perpendicular lamella-within-lamella, (c) cylinder-within-lamella, (d) lamella-within-cylinder, and (e) cylinder-within-
cylinder. Dark- and light-gray regions indicate high and low local volume fractions of a species, respectively. Image 4 shows corresponding
schematic illustrations, where the light-blue, white, and light-red regions represent coil block domains, domains rich in A blocks of the comb block,
and branch domains, respectively. The blue and red lines denote the A and B blocks, respectively.
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Figure 5. Phase diagram in y N/m—/f.; space for comb—coil block
copolymer with m = 7and fg = 0.20 in different segregation regions:
(a) weak segregation and (b) higher segregation. Dis labels the regions
where the melt is disordered. The ordered regions include L (lamella),
C (cylinder), G (gyroid), S (sphere), parallel L-in-L (parallel lamella-
within-lamella), perpendicular L-in-L (perpendicular lamella-within-
lamella), L-in-C (lamella-within-cylinder), C-in-C (cylinder-within-
cylinder), and S,, (normal sphere). In plot a, the phase boudaries are
determined by comparing the free energies of L, C, G, and S, whose
minority domains are formed by either coil blocks or comb blocks. In
plot b, the phase boudaries are drawn to guide the eye on the basis of
the calculated points.

place at different f.; values, as respectively traced by arrows
1—3. In these transtions, the structures on the large length
scale remain the same while the phase transition on the small
length scale takes place. For example, in the L — (parallel

4740 DOI:10.1021/1a803908e

L-in-L) — (C-in-L) phase transtion, the large-length-scale
structures remain in the lamellar phase, whereas the small-
length-scale structures transform from disordered to lamella
and then to cylinder. Furthermore, when the f..; value
decreases, there is also a phase transtion from lamella to
cylinder on the small length scale, corresponding to the
(perpendicular L-in-L) — (C-in-L) transtion in the phase
diagram, which is traced by arrow 4.

It can be noted from the phase diagram that the parallel L-in-
L survives over a narrow range of y N/m in the phase transtions
from L to perpendicular L-in-L or C-in-L with increasing y N/m
values (arrows 1 and 2 in Figure 5b), indicating that parallel L-
in-L becomes unstable in the strong segregation regimes. The
reason that the system assumes the perpendicular L-in-L or C-
in-L rather than parallel L-in-L structure at higher values of the
interaction strength arises from the interplay of enthalpic and
entropic effects. To compare the free energies of perpendicular
L-in-L or C-in-L with those of parallel L-in-L, the metastable
parallel L-in-L structure is also calculated, having been ob-
tained by seeding the simulation with the initial field possessing
lamellar symmetry.* The different free-energy contributions to
the perpendicular L-in-L (C-in-L) and parallel L-in-L struc-
tures are displayed in Table 1. The total free energy is decom-
posed into interaction energy E and the contribution of con-
formational entropy —7'S. Table 1 shows that the loss of
conformational entropy is greater but the interaction energy
is lower in the perpendicular L-in-L (C-in-L) relative to the
corresponding values for parallel L-in-L. As a result, perpendi-
cular L-in-L (C-in-L) exhibits a lower total free energy. When
the molecules are organized in the perpendicular
L-in-L (C-in-L) structure, although the entropic loss is much
larger than that in parallel L-in-L, this is more than compen-
sated for by the fact that the interaction enthalpy can be
reduced. Thus, the contribution from the enthalpic intera-
ction plays a dominant role in determining the preferred
perpendicular L-in-L (C-in-L) structure at higher interaction
strength.
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Table 1. Comparison of Total Free Energy F, Interaction Energy E,
and Contribution of Conformational Entropy — 7'S for (a) the Parallel
and Perpendicular Lamellar-within-Lamellar Structures at 7; = 0.85
and yN/m = 50.0 and (b) the Parallel Lamellar-within-Lamellar
and Cylindrical-within-Lamellar Structures at 7; = 0.70 and
ZN[m = 40.0

(a) parallel lamella-
within-lamella

perpendicular lamella-
within-lamella

F 31.753 31.483
E 16.818 14.506
—TS 14.945 16.986
(b) parallel lamella- cylinder-
within-lamella within-lamella
F 33.933 33.227
E 18.126 15.895
-TS 15.817 17.332

Increase (b) Perpendicular L- in- L

—_— 0.77<1,<0.90
Interaction
Strength

(a) Parallel L-in- L
0.53<1,<0.90
(c) C-in-L
0.53<1,<0.77

Figure 6. Schematic illustrations of (a) parallel lamella-within-
lamella, (b) perpendicular lamella-within-lamella, and (c) cylinder-
within-lamella for the comb—coil block copolymer system. The
light-gray, white, and dark-gray regions represent coil block
domains, domains rich in A blocks of the comb block, and branch
domains, respectively. The blue and red lines denote the A and B
blocks, respectively.

The fact that the interaction energy in the parallel L-in-L
structure is higher than that in the perpendicular L-in-L
(C-in-L) structure can be further understood by referring to
the cartoon in Figure 6. As indicated in Figure 6a, to produce
the small-length-scale A layer in the parallel L-in-L, the A
blocks should form “bridges” (indicated by yellow circles)
across the B branch layers as a result of the continuous
character of the A chains. The crossing of A blocks on
dissimilar B domains dramatically increases the interaction
energy between A and B blocks as the interaction strength
increases. However, for the perpendicular L-in-L (C-in-L)
structure, as shown in Figure 6b (Figure 6¢), this unfavorable
interaction can be avoided. Thus, the interaction enthalpy in
parallel L-in-L is higher than that in perpendicular L-in-L
(C-in-L). Consequently, the perpendicular L-in-L (C-in-L)
structure is more energetically favorable at higher y N/m. The
same reason holds for the situation in which the L-in-C
structure becomes unstable at higher yN/m (arrow 3 in
Figure 5b), where the analogous bridges also appear in
L-in-C as illustrated in Figure 4d.

The phase diagram also demonstrates that the variation
of the f..; value or the 7; value (r; is related to f..; through
feoit = T1(1 — fB)) can induce the (perpendicular L-in-L) —
(C-in-L) phase transition (arrow 4 in Figure 5b). In this phase
transition, the lamella — cylinder transition takes place on a
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Figure 7. Dependence of the total free energy and branch volume
fraction in comb blocks on the position of the first junction for
comb—coil block copolymers with fg = 0.20 and m = 7 at yN/m =
50.0. In the up panel, the total free energies for the cylinder-within-
lamella (solid curve) and perpendicular lamella-within-lamella
(dashed curve) are plotted against the position of the first junction.
In the bottom panel, the branch volume fraction in comb blocks is
plotted against the position of the first junction.
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Figure 8. Domain spacing D/aN¥? as a function of average inter-
action strength yN/m for lamellar structures of comb—coil block
copolymers with fg = 0.20 and m = 7 at7; = 0.70 and 7; = 0.85,
respectively.

small length scale, whereas the large-length-order structures
remain lamellar patterns. The total free energies of C-in-L and
perpendicular L-in-L plotted against 7, is shown in Figure 7.
Figure 7 reveals that the perpendicular L-in-L structure has
the lowest free energy when the 7 value is larger than 0.77,
implying that the (perpendicular L-in-L) — (C-in-L) phase
transition occurs at 7, = 0.77. This phase transition can be
ascribed to the symmetry changes of comb blocks. The
composition of branches in comb blocks is calculated
as a function of 7y, and it is shown in the bottom panel.
Att; = 0.77 where the transition takes place, the composition
of branches in comb blocks is about 0.52. Our previous
calculations of symmetric graft copolymers indicate that a
phase transition from lamella to cylinder occurs when the
composition of branches is about 0.52 when interaction
strength is strong.’®>’ Thus, we can conclude that the
comb—coil block copolymers undergo conventional phase
transitions at small length scales, such as those observed
in diblock and graft copolymers,*>*>7 and the phase bound-
aries of small-length-scale structural transition are mainly
determined by the properties of comb blocks.

The domain size is an important characteristic of ordered
structures. For a hierarchically ordered structure, the change
in structure at small length scales has a significant effect on the
domain period at large length scales. Figure 8 presents
the lamellar period as a function of average interaction
strength ¥ N/m. The lamellar period is the period of lamellar
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structures at large length scales. The period was plotted for
both 7; = 0.70 and r; = 0.85. Concomitantly with increasing
the interaction strength, the structures develop as follows:
L — (parallel L-in-L) — (perpendicular L-in-L) at 7; = 0.85
and L — (parallel L-in-L) — (C-in-L) at 7; = 0.70. For both
cases, upon increasing the value of y N/m, the lamellar period
increases monotonically to a local maximum, followed by
a decrease to a local minimum, and then increases slowly.
When y N/m is lower, the comb—coil block copolymers under-
go phase separation only between the coil blocks and comb
blocks, and the period variation is similar to the situation
observed for diblock copolymers.*® The lamellar period in-
creases as yN/m increases. When the secondary domain
appears as y N/m increases, a reduction in the lamellar period
takes place. With further increasing y N/m, the A and B blocks
in the secondary domain become relatively well separated and
the lamellar period has a local minimum. Keeping increasing
% N/m, the lamellar period increases as a result of the increasing
repulsion between the A and B blocks.*

The present comb—coil block copolymer systems, investi-
gated for fg = 0.20 and m = 7, exhibit very rich phase
behaviors. Various hierarchical structure-within-structure
morphologies are observed. Because no experimental studies
on hierarchical structures of such comb—coil block copolymer
systems are available, it is difficult to make a direct com-
parison between theoretical predictions and experimental
observations. However, there are still some existing experi-
mental phenomena regarding the hierarchical structures in
the literature, supporting our theoretical predictions. For
example, many two-length-scale hierarchical morphologies
were observed in the comb-shaped supramolecular system,
such as PS-b-P4VP(PDP),,, where 3-pentadecylphenol
(PDP) is hydrogen bonded to pyridine.?*~2%°® In this system,
the large-length-scale structures are formed by the phase
separation of the coil block (PS) and comb block (P4VP
(PDP), ), whereas the small-length-scale-structures are
formed as a result of the self-assembly of the comb block
(P4VP(PDP); o). Upon increasing the volume fraction of coil
block (PS) chains, at large length scales the coil block (PS)
domains are transformed from spheres to cylinders to lamellae
and then eventually become a matrix. However, at small
length scales, the structures remain as lamellar patterns.
In our calculations, we found a transition from cylinder-
within-cylinder to cylinder-within-lamella with increasing coil
block length, as shown in Figure 5b. In this transition, the
branch blocks form small-length-scale cylinders and remain
unchanged, and coil blocks are transformed from cylinder to
lamella at large length scales. Such phase behavior (i.e., large-
length-scale structures change whereas small-length-scale
structures remain unchanged as the coil block length varies)
is well in line with experimental observations, although the
studied systems are different.

In the present calculations, we found a transition from
parallel L-in-L to perpendicular L-in-L as the interaction
strength increases (indicated by arrow 1 in Figure 5b). In this
transition, the thin lamellae parallel to thick lamellae trans-
form to the thin lamellae perpendicular to thick lamellae.

(58) Tung, S.-H.; Kalarickal, N. C.; Mays, J. W.; Xu, T. Macromolecules
2008, 41, 6453.
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Similar transitions from parallel lamellae to perpendicular
lamellae were also observed in confined block copolymer
thin films.>* The reasons for the phase transitions of both
systems come from the balance between enthalpic and en-
tropic effects. In the thin film, although the perpendicular
phase has a less favorable surface energy, the entropy can be
reduced because its period is free to relax to the bulk spacing.>
However, in the present system, there is an inverse interplay of
enthalpic and entropic effects. When the comb—coil block
copolymers transform from parallel L-in-L to perpendicular
L-in-L structures, although the entropy is increased, the
interaction energy is decreased through avoiding the unfavor-
able bridge across dissimilar domains.

Hierarchical self-assembly is an interesting phenomenon
that is widely observed in nature.'”® The exploitation of
comb—coil block copolymers greatly expands the morpholo-
gical window of block copolymers. In this work, we presented
the first example, to the best of our knowledge, of hierarchi-
cally ordered microstructures self-assembled from binary
comb—coil block copolymers. Various novel hierarchical
microstructures are found. These results gained through
SCFT calculations may provide a useful guide for manufac-
turing highly functional materials with new hierarchical order,
which can lead to various applications such as optical devices.
The approaches are also helpful for understanding other
hierarchical structures, such as sphere-within-lamella, that
may exist in block copolymer systems with complicated
architectures.

Conclusions

In summary, we applied the SCFT implemented in real
space to investigate the hierarchically ordered structures self-
assembled from comb—coil block copolymers. The comb—
coil block copolymers exhibit hierarchically ordered micro-
structures, including parallel and perpendicular lamella-with-
in-lamella, cylinder-within-lamella, lamella-within-cylinder,
and cylinder-within-cylinder. In these microstructures, the
large-length-scale structures are formed by phase separation
between the coil blocks and comb blocks, whereas the small-
length-scale structures are produced by phase separation
between the B branches and A blocks in comb blocks. Both
the interaction strength and the first junction position para-
meters significantly influence the hierarchical self-assembly
behaviors. The phase diagram was mapped out to show the
relationship between microstructures and these parameters.
The large-length-scale lamellar periods as a function of inter-
action strength at different coil block lengths were also
studied. The interaction strength exerts a marked effect on
the period of structures.
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