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ABSTRACT: Using real-space self-consistent field theory, we explored hierarchical microstructures self-
assembled from A(BC), multiblock copolymers. The multiblock copolymers were classified into two types in
terms of relative magnitude of A/B and A/C interaction strengths: one is that yogN is less than or equal to
xacN, and the other is that yog/N is greater than y4cN. For both cases, the multiblock copolymers can self-
assemble into hierarchically ordered microstructures with two different length scales. For yagN =<
xacV, various hierarchical microstructures, such as cylinders-in-lamellae”, lamellae-in-lamella”, cylinders-in-
cylinder", and spheres-in-sphere”, were observed. In these microphases, the small-length-scale structures and
the large-length-scale structures are packed in the doubly parallel forms. It was found the number of internal
small-length-scale structures can be tailored by tuning the number of BC block and the interaction strength
between A and BC blocks. For yagN > yacN, in addition to the parallel packed hierarchical structures, the
multiblock copolymers can self-organize into perpendicular packed hierarchical structures, in which the
structures with small periods are arranged perpendicular to structures with large periods. These perpendi-

cular packed hierarchical structures were found to be only stable at higher value of ygcN.

Introduction

Nanostructured materials, created by spontaneous self-assembly
of building molecules, have attracted much attention for their
diversiform nanoscale structure as well as promising potential
properties.' > With the process of macromolecule chemistry, a
variety of building molecules including linear copolymers and
nonlinear copolymers have been prepared for designing functional
materials. Among these building molecules, block copolymers
serve as one promising class for nanotechnology. Usually, simple
(e.g., AB or ABA) block copolymers exhibit a single periodic
nanostructure that depends on the molecular architecture and
characteristic.°"'* However, by designing molecules with more
complicated architectures (e.g., ABC triblock copolymer),*~'¢
block copolymers may generate hierarchical self-assembled micro-
structures, which possess several periodicities like noncentrosym-
metric superlattices.'” The possibility of forming hierarchical
structure from block copolymers could bring a significant advance
in applications requiring materials built with multiple-length-scale
structures, such as photonic crystals."

The hierarchical structures involving multiple length scales
have been found in block copolymers with special building
architectures. For example, ten Brinke and co-workers observed
a series of structure-in-structure morphologies self-assembled
from a supramolecular comb—coil block copolymer which con-
sists of diblock copolymers with low molecular weight compound
linked to the block copolymer chains.'”~?® The hierarchical
structures are reported to possess double periodicities, including
the large period of diblock copolymers and the small period of
comb-shaped blocks. An alternative molecular architecture for
creating hierarchical structures is a linear multiblock copolymer,
which is comprised of one or two tails and many midblocks.?”
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In such a system, the large-length-scale period is related to the
microphase separation between tails and midblocks, while the
small-length-scale period is involved in the segregation within
midblocks. The ability of linear multiblock copolymers to form
hierarchical structures has been demonstrated in recent experi-
mental studies. Matsushita et al. reported various fully parallel
structure-in-structures, such as onionlike sphere and coaxial
cylinder, from the self-assembly of V(IS), IV and V(IS),I multi-
block copolymers, where V, I, and S refer to golg@-vinylpyridine),
polyisoprene, and polystyrene, respectively.”’ ' They found that
the lengths of V blocks and the number of IS midblock can
influence the ordered phases at large length scale and the amount
of substructures, respectively. Further studies by Bates et al.
showed that the arrangement of substructures relative to large
structures can also be tuned by changing the molecular nature.***
They prepared a CECECP hexablock copolymer containing a
long poly(ethylene-a/t-polylene) (P) tail block and five short
polycyclohexylethylene (C) and polyethylene (E) middle blocks.
Because of the exceptional sequence of interaction parameters, the
CECECP hexablock copolymer microphase separated into novel
perpendicular lamellae in parallel lamellae structures that contain
strips of C and E forming layers arranged normal to alternating
lamella formed by P. Inspiringly, the window of hierarchical
structures has been greatly expanded by virtue of updating the
molecular architectures and characteristic. However, because of
the diversity and complexity of the structure-in-structures, the
phase behavior has yet to be further developed.

Apart from the experimental investigations, simulations as
well as theories that can provide molecular level insights for
understanding the hierarchical phase behavior of complex block
copolymers have been applied.>* " For example, the theories
and simulations such as a strong segregation theory and dissi-
pative particle dynamic simulations have accounted for the self-
assembly of A(BA),BA and A(BC),BA multiblock copolymers.** 7
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Figure 1. Schematic representation of A(BC), multiblock copolymer
withn = 3.

So far, a widely used theory for predicting equilibrium meso-
phase structures of polymers is the self-consistent field theory
(SCFT).*% ten Brinke et al. first extended the SCFT to
investigate the A(BA), multiblock copolymers consisting of a
long A block connected to a (BA), multiblock.*® Tt is demon-
strated that hierarchical lamellar structure with two different
length scales is formed. The method was also used to conduct a
more comprehensive investigation of the formation of hierarch-
ical lamellae in A(BC),BA multiblock copolymers by Li et al.*
Phase diagrams were constructed to illustrate the relationship
between hierarchical lamellae and molecular characteristics.
However, for the theoretical studies of multiblock copolymers,
recent efforts were only limited to the lamellae-in-lamella struc-
tures with parallel arrangement of two different-length-scale
structures. For further exploring more complicated structures,
one major obstacle is the accurate solution of SCFT diffusion
equation. Recently, Fredrickson proposed a fourth-order back-
ward differentiation formula (BDF4) for solving diffusion equa-
tion, which has hi§her accuracy and stability for strongly
segregated systems.”® By means of this method, more compli-
cated hierarchical structures, which appear at higher interaction
strength, may be observed.” Relying on the superiority of the
BDF4 method, we take advantage of SCFT to undertake a
systematical investigation on the hierarchical phase behavior of
multiblock copolymers owing to the lack of comprehensive
theoretical studies.

In the present work, the real-space SCFT combined with
BDF4 method was applied for the study of multiblock copoly-
mers with the architecture of A(BC), style. In addition to the
parallel packed hierarchical structures, we found theoretically,
for the first time, that A(BC),, multiblock copolymers can self-
assemble into perpendicular packed hierarchical structures.
Novel perpendicular packed hierarchical structures, such as
lamellae-in-cylinder™ and lamellae-in-sphere’, were predicted.
Among them, the structures of perpendicular packed lamellae-
in-lamella are confirmed by latest experimental results.**** For
the parallel packed hierarchical structures, the number of internal
BC substructures can be controlled by change of n value and
2aBN (or yacN). Moreover, the perpendicular packed hierarch-
ical structures only emerge when the ygcN value is higher at
2aBN > xacN. We expect that the present study may provide a
rational understanding of the doubly periodic microstructures
with different arrangements.

Theoretical Method

We consider a system with volume ¥V containing A(BC),
multiblock copolymers. Each copolymer consists of an A end
block connected to a (BC),, multiblock composed of n elementary
diblock repeat units, as schematically illustrated in Figure 1. The
copolymers are assumed to be monodisperse. The volume frac-
tions of A, B, and C blocks are fa, f, and fc, respectively. The
total degree of polymerization of the multiblock copolymer is N,

Macromolecules, Vol. 43, No. 3, 2010 1603

and the total lengths of A, B, and C blocks are fo NV, fgN, and fcN,
respectively. The B blocks and C blocks are assumed to be equal,
and the volume fractions of B block and C block are specified by
Afg = Afc = (1 = fa)/2n.

In the SCFT model, one considers the configurations of a
single copolymer chain in a set of effective chemical potential
field w,(r), where I denotes block species A, B, and C. We
invoke an incompressibility (pa(r) + @p(r) + @c(r) = 1) by
introducing a Lagrange multiplier &(r). The free energy per
chain is given by

ar=()pfol T wNemen
I1,J =A,B,C
147
- Y aWem—Ei- Y ) ()
I=A, B,C 1=A,B,C

where y;; is the Flory—Huggins parameter between different
species [ and J. Q is the partition function of a single chain in
the effective chemical potential field w,r) (I = A, B, C) in
terms of propagators ¢(r,s) and ¢ (r,s). The spatial coordinate
r is rescaled by R,, where Rg2 = a"N/6. The contour length is
parametrized with variable s, which starts from one end (s = 0)
to the other (s = 1). The propagators ¢(r,s) and ¢ (r,s) satisfy
following modified diffusion equations:

w = [RV? —wg(5)(N]q(r, )
_%;’S) = [Rg2V2 _(1)“,)(‘?)(},)]q+(r7 S) (2)

with the initial condition ¢(r,0) = 1 and ¢"(r,0) = 1,
respectively. Here, 6(s) is used to specify the segment type
along the copolymer chain, subject to (0 < i < n)

Aif 0<s<fa
0(s) =<{B if fa+i(Afs+Ac) <s<[fa+i(As+Ac)+As
Cif fa+i(Afs+Afc)+AfB <s<fa+(i+1)(Afs+Afc)

3)

The product of ¢(r,s)g"(r,s) provides the partition function
for a molecule with its sth segment constrained to positions r.
The partition function, Q, for an unconstrained chain is
evaluated by summing over all possible position r of the sth
segment, given by O = [dr ¢(r,s)g*(r,s). The integral is
independent of s. Furthermore, the product of ¢(r,s)g*(r,s) is
proportional to the distribution of the sth segment. From the
fact that the volume average of each block must equal to the
volume fraction of corresponding block, the segment densities
@a(r), @p(r), and ¢c(r) follow that

VoA
Par) ==

o), ds g(r,s)g" (r,s) (4)

p izl p/a+ilA+Ac) + A N
pp(r) = dsq(r,s)g"(r,s)  (5)
0 i=0 /A +i(Afs + Afc)

" Vi S+ i+ 1) (Afa+ Ac) e (©
oc(r) =— / ds g(r,s)g" (r,s 6
Q =5 i+ il + M) + A
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Figure 2. Hierarchical microstructures self-assembled from A(BC)3 multiblock copolymer with yagN = 200, yacN = 250, and ygcN = 500:

(a) spheres-in-lamellae’, (b) cylinders-in-lamellae’, (c) lamellae-in-lamella’, (d) cylinders-in-cylinder', and (e) spheres-in-sphere . From (a) to (e), the
volume fractions of A blocks are 0.10, 0.20, 0.50, 0.75, and 0.88, respectlvely The blue, red, and green colors are assigned to A, B, and C blocks,

respectively.

Minimization of free energy F, with respect to @a(r), ¢g(r),
¢c(r), and &(r), can lead to a set of mean-field equations:

®A(r) = xapN@p(r) +xacNoc(r) +&(r) (7
wB(r) = xapN@A(r) +xacNoc(r) +&(r) ®)
wc(r) = 2acNea(r) +xpcNeog(r) +&(r) ©)

PA(r) +¢p(r) + oc(r) =1 (10)

The free energy (in units of kT) can be decomposed into®

F=U-TS (11)

Here, U and S are the internal energy contribution and
conformational entropy contribution to free energy, respec-
tively. These quantities are given by

U :@/dr wA(r)q)B(rH@/dr ¢5(r)oc(r)

A [ dr g (octr) (12)

7S —n ( ) 5 [ @ oa®0,®) + on(r)oy(r)

+aoc(r)ec(r)] (13)

To solve the SCFT equations, we use a variant of the algorithm
developed by Fredrickson and co-workers.**~* The calculations
were started from a random initial state. The diffusion equations
were solved with the fourth-order backward differentiation
formula (BDF4), which has hlgher accuracy and stability for
strongly segregated systems.>®®' For example, the diffusion
equation, eq 2, is discretized according to

.
3qn -2 4qn -3

= AsR? VG 11 —Aswg(s) (440 —6¢n—1 +4¢n—2 —qa—3) (14)

25
E%H—l =44, + 3¢, -1

In this expression, g, ; denotes g(r,(n+i)As), and As is the step size.
The initial values required to apply this formula are obtained by using
backward Euler and Richardson’s extrapolation. The densities ¢,r)
of special I, conjugated the chemical potential fields wf(r), are
evaluated with respective to eqs 4—9. The chemical potential fields
w/(r) can be updated by using a two-step Anderson mixing scheme.**

The simulations in this work were carried out in three-dimensions
with periodic boundary conditions. In the calculations, the spatial
resolutions were taken as Ax < 0.15R,. We tested several contour
step sizes at higher interaction strength. It was found that the free
energy can converge to a stable value when contour step size is
smaller than about 0.0015. Thus, the contour step sizes in the
simulation were set at As = 0.001, which is sufficient to guarantee
the accuracy. The numerical simulations proceeded until the
relative free energy changes at each iteration were smaller than
107® and the incompressibility condition was achieved. We
optimized the free energy with respect to the 51ze of simulation
box, as suggested by Bohbot-Ravivand Wang.®* In the optlmlza-
tion, the free energies were found to have many local minima,
corresponding to hierarchical microstructures with different
number of substructures. The stable microstructure was obtained
until the global minimum of free energy was achieved.

Results and Discussion

In this work, we investigate the case that the volume fractions
of B block and C block are equal (Afg = Afc). Experimental
observations of the self- assembly of this kind of multiblock
copolymers are reported in the literature.”’ > We classify the
multiblock copolymer melts into two categories according to the
relative magnitude of interaction strength yagN compared to
2acN. One is that yAgN < yach, and the other is that yagN >
xacN. These two types are distinguished by the relative cost
between A/B and A/C interfacial contacts. The A/B interfaces are
imposed by the connectivity of molecular architectures, whereas
the A/C interfaces form only when they are energetically favored.

1. A(BC),, Multiblock Copolymers with yog/NV < yac/V. For
this case, the interaction strength y g N was set to be less than
or equal to yacN. Furthermore, the ygcN was chosen to be
strong enough to ensure the appearance of hierarchical
microstructures. Under this circumstance, the interactions
between the A blocks and B blocks are less thermodynami-
cally costly than those of A blocks and C blocks, which is
unfavorable for the A/C interface to be produced. 64

We first consider the model of A(BC),, multiblock copo-
lymers withn = 3 at yagN = 200, yacN = 250, and ygcN =
500. Figure 2 shows the hierarchically ordered structures
observed at various volume fractions f5 of A blocks. As can
be seen from Figure 2a, the A(BC),, multiblock copolymers
form a spheres-in-lamellae” structure (prime symbol |l
denotes the two length-scale-order structures are in parallel)
when A volume fraction is lower (f = 0.10). In the micro-
structure, the spheres formed by A blocks are surrounded by
alternating BC lamellae as a matrix. When f, increases to
0.20, the multiblock copolymers self-assemble into the
cylinders-in-lamellae" structure where the cylinders of A
blocks are hexagonally aligned in the matrix of five-layered
BC lamellae (see Figure 2b). When f, value is 0.50, a
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Figure 3. Hierarchical microstructures of (a) cylinders-in-lamellae" (fa = 0.20), (b) lamellae-in-lamella" (fa = 0.50), and (c) cylinders-in—cylinder‘I (fa
= 0.75) for A(BC),, multiblock copolymer with various number 7 of repeating BC blocks: (1) n = 2, (2) n = 4, and (3) n = 5. The average interaction
parameters are yagN/n = 40, yacN/n = 45, and ygcN/n = 40. The blue, red, and green colors are assigned to A, B, and C blocks, respectively.

lamellae-in-lamella" is observed, which contains one thick A
lamella and five thin BCBCB lamellae. At higher value of A
volume fraction, the A blocks form the matrix while B and C
blocks form the minority domain. As shown in Figure 2d
(fa = 0.75), the B and C blocks are segregated into con-
centric cylinders hexagonally dispersed in the matrix from A
blocks. Figure 2e shows cubic-centered spheres where B and
Cblocks are separated concentrically into BCBCB spheres at
fa = 0.88. We refer to the microstructures shown in parts
d and e of Figure 2 as cylinders-in-cylinder' and spheres-in-
sphere", respectively.

It is apparent from Figure 2 that the hierarchical micro-
structures are composed of multiply internal BC substruc-
tures. Further studies revealed that the number of internal
BC substructures is dependent on the number 7 of repeating
BC blocks. Figure 3 shows the hierarchical microstructures
at various n values. The average interaction strength yN/n is
used to account properly for the effect of changing »n and
exclude the influence of variation of segment—segment
interaction strength. The interaction parameters in Figure 3
are yapN/n = 40, yacN/n = 45, and ygcN/n = 40. Three
kinds of hierarchical structures are shown as examples,
including cylinders-i -In- -lamellae', lamellae-in- lamellaH and
cylinders-in- cyhnder For cylinders-in- -lamellae’ structure
at fa = 0.20 (Figure 3a), as the value of n increases from 2
to 4 and then to 5, the matrix of B and C is split into three
layers five la}/ers and seven layers, respectively. For lamel-
lae-in-lamella’ at fA = (.50 (Figure 3b), the number of
internal BC layers is 5, 7, and 9 for n= 2, 4, and 5,
respectively. For cylmders in- cyhnder at fA = 0.75
(Figure 3c), when the n value is equal to 2, 4, and 5, the
number of concentric subcylindersis 4, 5, and 6, respectively.

In addition to n, the interaction strength also has an
effect on the number of internal BC substructures. We
plotted the free energy difference of lamellae-in-lamella’
between nine layers and seven layers for A(BC)s multiblock
copolymer with ygcN = 200 and f5 = 0.5, which is presented
in Figure 4a. In the calculations, the interaction parameter
xasN is set to be equal to yacN and the yap/,cN is used
to represent yapN or yacN. When yap,cN is smaller,
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Figure 4. Free energy difference for different hierarchical structures of
A(BC)s multiblock copolymers: (a) lamellae -in-lamella’ (fa = 0.50 and
2scN = 200) and (b) cylinders-in- cyhnder (fa = 0.75 and ypcN =
400). The insets (1) and (2) show the hierarchical structures with
different number of small-length-scale structures. AF is the difference
of free energy between structures (2) and (1), i.e., AF = Fo) — F).

the lamellae-in-lamella’ with seven layers is stable. As yap,cN
increases, the difference of free energy decreases. When
xas/cN increases to 180, the free energy difference becomes
negative, implying that the lamellae-in-lamella’ with nine
layers becomes stable instead of that with seven layers. In
addition, the yap,cN also plays a role in determining internal
BC substructure number of other structures, such as cylin-
ders-in- cyhnder Figure 4b shows the free energy difference
for A(BC)s multiblock copolymer with ygcN = 400 and
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Figure 5. Density profile of B blocks on a cross section of lamellae-
in-lamella marked by an arrow in the inset at n = 5, f4 = 0.50, and
xscN = 200: (a) lamellac-in-lamella" with seven layers and (b) lamellae-

in-lamella’ with nine layers. The inserts in (a) and (b) show the lamellae-
in-lamella’ structure with different small layers. The (c) shows the

accumulative density of B blocks for the stable lamellae-in-lamella’
structure at yag,cN = 80 and yapcN = 190. The dotted lines were
drawn to indicate the accumulate density of outer layers of hierarchical
lamella.

fa = 0.75. The cylinders—in-cylinderH with five concentric
cylinders appears when yap,cN is less than 182, while the
cylinders-in-cylinder” with six concentric cylinders emerges
when yap/c/N is greater than 182.

To further clarify the dependence of the number of thin
substructures on the yap;cN value, the densit}/ profile of B
blocks was plotted for the lamellae-in-lamella’ structure at
xBcN = 200 and fo = 0.5, as presented in Figure 5. The plots
are shown for those with yag;cN = 80 and yag,cN = 190, at
which the hierarchical lamella with seven layers and nine
layers are stable, respectively (see Figure 5a,b). When the
xascN increases, the density distribution for the outer
layers becomes sharper but that for inner layers remains
unchanged. This implies that the change in yag/,cN value
only leads to the change in the interface between A domain
and B domains. Therefore, if the hierarchical structure keeps
unchanged, the increase in the yap,cN is alleviated by
reducing the interface between A and B blocks. However,
when the yap/,cN becomes higher, the decrease in the A/B
interface can no longer relieve the chain stretching in the
outer layers, resulting in a frustrated structure. In this case,
frustration is relieved by increasing the number of thin

Wang et al.

substructures because the A/B contact in such structures
can be reduced significantly. This behavior can be further
understood by examining the accumulative density. The
results are given in Figure 5c where the integration of density
along the arrow shown in Figure 5a,b is presented. The
schematic lamellae are also provided to correspond to the
accumulative density. The accumulative density in outer
layers is reduced when the small-length-scale lamellae
change from seven layers to nine layers, suggesting that the
magnitude of A/B contact is effectively decreased by increas-
ing the number of substructures. Consequently, the hier-
archical structures have a preference for more substructures
when the value of yap/c/N increases.

Some experimental results of hierarchically ordered struc-
tures are available in the literature for supporting our
theoretical predictions. Matsushita et al. have investigated
the double periodic structures self-assembled from multi-
block terpolymers with the types of V(IS),IV and V(IS),I
(V, I, and S are poly(2-vinyleridine), polyisoprene, and
polystyrene, respectively).”’ ' For these terpolymers, the
lengths of T and S blocks are equal. In the observed double
periodic hierarchical microstructures, the substructures
having small periodicities are packed parallel to the struc-
tures possessing large periodicities. As the V volume fraction
increases, the hierarchically ordered structures change from
spheres-in-lamellae, to cylinders-in-lamellae, to lamellae-in-
lamella, then to coaxial cylinder, and finally to onionlike
sphere. This route of phase transition discovered in the
experiments is in well accordance with the sequence shown
in Figure 2: spheres-in-lamellae” — cylinders-in-lamellae‘I —
lamellae-in-lamella’ — cylinders-in-cylinder‘| — spheres-in-
sphere” transition as the volume fraction of A blocks in-
creases.

Matsushita et al. also designed an new undecablock
copolymer of S(IS),IS type by replacing the V blocks of
V(S),IV terpolymers with S blocks, where the two end S
blocks are longer than the middle S blocks.”®3!"%> Both
undecablock copolymers and terpolymers can form the
hierarchical lamellar microstuctures. However, the number
of thin lamellae within the large lamella is decreased from
five to three when the molecular architecture is changed from
V(IS)4IV to S(IS)4IS type. It is noted that, for S(IS)4IS
copolymer, the interactions between the end blocks and the
middle blocks (i.e., the middle I or S) are weaker compared
with the V(IS)4IV terpolymers.?®*' In our calculations, we
found the number of thin substructures within large-length-
scale structures is reduced when the interaction strength
between the A end blocks and the repeating BC blocks is
decreased, as shown in Figure 4. Our theoretical results are in
excellent agreement with the experimental observations.

2. A(BC),, Multiblock Copolymers with yAgN > yacN. In
this section, the interaction strength yap/N was set to be
greater than yacN. Under this condition, the A/C contact
becomes more energetically favored relative to the A/B
contact in terms of interaction enthalpy. Therefore, it is
possible for the A/C interface to be formed, although there
is no chain junction between A and C blocks.

When ypcN is smaller, the hierarchical microstructures
exhibit a similar fully parallel version as shown in Figure 2.
Interestingly, as ypcN is large enough, the hierarchical
microstructures present a distinct microdomain organiza-
tion where the two different-length-scale structures are ar-
ranged in perpendicular. Figure 6 shows the obtained
perpendicular packed hierarchical structures of A(BC);
multiblock copolymers with ygcN = 600. As can be seen
from Figure 6a, when the value of fj is 0.20, the multiblock
copolymers self-assemble into hexagonally packed cylinders
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Figure 6. Hierarchical microstructures self-assembled from A(BC); multiblock copolymer with ygcN = 600: (a) cylinders-in-lamellac™, (b) lamellae-
in-lamella®, (c) lamellae-in-cylinder", and (d) lamellae-in-sphere®. From (a) to (d), the volume fractions of A blocks are 0.20, 0.50, 0.75, and 0.85,
respectively. Other parameters for (a, b) are yagN = 100 and yacN = 50and for (c, d) are yagN = 150 and yacN = 100. The blue, red, and green colors

are assigned to A, B, and C blocks, respectively.
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Figure 7. Phase diagram in yagN—ypcN space for the hierarchical
lamellar structures of A(BC); multiblock copolymers with fo = 0.5.
The solid and dashed lines are the phase boundaries for multiblock
copolymers with yagpN = 100 and yagN = 150, respectively.

at large length scale. Within the matrix, the B and C blocks
form a small-length-scale lamellar order of alternating B and
C layers, which is arranged perpendicular to the axes of A
cylinders. At fo = 0.50 (Figure 6b), it can be seen that the B
and C blocks form alternating layers within a large-length-
scale lamella consisting of alternating A and BC layers.
Figures 6¢ (fa = 0.75) and 6d (fo = 0.85) respectively show
large-length-scale cylindrical and spherical morphologies
whose cylinders and spheres are phase separated into
small-length-scale alternating B and C layers. We define
above microstructures respectively as cylinders-in-lamellae®,
lamellae-in-lamella™’, lamellae-in-cylinder™, and lamellae-in-
sphere’™. The prime symbol L refers to the morphologies
where hierarchical two length-scale-order structures are in
perpendicular.

Notwithstanding the visual evidence of perpendicular
packed structure-in-structures, there remains a concern as
to under which condition these structures exist. From the
calculation results, we learned that the perpendicular packed
structure-in-structures are only stable at higher value of
interaction strength ygcN. This can be viewed from a phase
diagram of the hierarchical lamellar structures, as illustrated
in Figure 7. The phase diagram is in the space of yacN vs
xscN. The phase boundaries are determined by comparing
the free energies of lamellae-in-lamella’ with five BCBCB
layers and lamellae-in-lamella®. As can be seen, the lamellae-
in-lamella’ transform to lamellae-in-lamella* when the value
of ypcN becomes greater. It is also noted that the phase
boundary shifts toward higher value of ygcN as yacN in-
creases. Furthermore, the phase boundary shows a shift to
higher ygcN value with increasing y AgN. Such phase behavior
could be generalized to other (parallel packed structure-in-
structures) — (perpendicular packed structure-in-structures)
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Figure 8. Free energy difference, conformational entropy difference,
and enthalpy difference between the perpendicular and parallel packed
lamellae-in-lamella structures as a function of ygcN for A(BC); multi-
block copolymers with fo = 0.5, yagN = 100, and yacN = 50.

phase transitions, although we do not map the other phase
diagrams due to the huge computation cost.

To further understand the behavior that the perpendicular
packed structure-in-structures are more stable than parallel
packed structure-in-structures at higher ygc/N value when
xaBN > xacN, we examined the free energy difference,
enthalpy difference, and conformational entropy loss differ-
ence between perpendicular packed lamellae-in-lamella and
parallel packed lamellae-in-lamella with five BCBCB layers.
The results are presented in Figure 8. When the free energy
difference becomes negative, the lamellae-in-lamella® is
stable instead of lamellae-in-lamella’. Figure 8a shows the
lamellae-in-lamella® is stable when ypcN is greater than 351
for multiblock copolymers with yagN = 100 and yacN =
50. In the calculated ygcN range, the entropy loss difference
is always negative, while the enthalpy difference is positive,
as can be seen from Figure 8b,c. This implies that in the
lamellae-in-lamella”’ the loss of conformational entropy is
smaller than that of lamellae-in-lamella" , but the interaction
enthalpy is larger than that of lamellae-in-lamella’. As xBcN
increases, the entropy loss difference shows a dramatic drop
and the enthalpy difference slightly rises. Thus, at higher
value of ypcN, the lamellae-in-lamella® is energetically
favorable due to dramatic reduce in loss of conformational
entropy, although the enthalpy is unfavorable relative to the
lamellae-in-lamella’. The increase in value of either yAgN or
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Figure 9. Relative lamellar spacing D/D.,, as a function of ygcN for
perpendicular and parallel packed lamellae-in-lamella at f = 0.5. The
D for each structure is schematically presented in the inset. Dy, is the
equilibrium spacing at ygcN = 351 where the phase transition takes
place. Other interaction strengths are yagN = 100 and yacN = 50.

xaclV induces a great increase in interfacial energy of lamel-
lae-in-lamella®, leading to a shift of phase boundaries to
higher ygcN as yagN or yacN increases. We can deduce that
the reason why other perpendicular hierarchical structures
are stable at higher value of ygc N is also the entropy driving.

Entropically the perpendicular packed structure-in-struc-
ture morphologies are optimal compared with the parallel
hierarchical structures, as confirmed by Figure 8. The en-
tropy of the multiblock copolymers includes two parts:
molecular configuration and the chain stretching. Thus,
the explanation that the entropy in perpendicular packed
hierarchical structure is favorable can be due to two reasons.
One reason is that the configuration number in perpendicu-
lar packed hierarchical structure is larger than that in parallel
packed hierarchical structure. Taking the hierarchical lamel-
lar structures of A(BC); multiblock copolymer as an exam-
ple, in the lamellae-in-lamella™, the B and C end blocks adopt
a fixed dangled conformation, while the remainder (BC),
midblocks assume configurations ranging from fully looping
to fully bridging. However, in the lamellae-in-lamella’, the B
and C blocks are confined to five BCBCB layers. As a result,
the possible conformation number of B and C end blocks is
as same as that in lamellae-in-lamella®, but the conformation
number of (BC), midblocks decreases because the conforma-
tions such as full bridging conformation are excluded. The
decrease in conformation number results in a reduction in
conformational entropy.

Another reason is that, compared with the parallel packed
hierarchical structures, the B and C chains in perpendicular
packed hierarchical structures suffer from less marked con-
finement imposed by the large A layers because the substruc-
tures orient perpendicularly to the confined layers to retain
bulk period. Direct evidence supporting this explanation was
obtained by examining the period variation of microstructure.
Figure 9 shows the relative period variation of lamellar phase
as a function of ygcN. The period D of each structure is
illustrated in the inner of diagram. D is the lamellar spacing of
substructures for lamellae-in-lamella®™ and the total period of
small-length-scale structures for lamellae-in-lamella’, respec-
tively. The D/D;ay is defined as relative period, where Dy, 18
the equilibrium period of each structures at ygcN = 351
where the phase transition occurs. The D/Dy.,, is used to
reflect the relative B and C chain stretching with respect to
xscN. As shown in Figure 9, the relative period D/Dan
becomes larger as ygcN increases due to the increases in
repulsion between B and C blocks. Compared with lamellae-
in-lamella’ , the D/Dyya, of lamellae-in-lamella® is more sensi-
tive to the change in value of ygcN. The result suggests that the
B and C chains in lamellae-in-lamella™ are easier to be

Wang et al.

stretched relative to lamellac-in-lamella'. This is because, as
the constraint is imposed by the A domains, the B and C
chains in perpendicular packed hierarchical structures can be
relaxed by reorienting the substructure along the unconfined
directions in contrast to the parallel packed hierarchical
structures. These two reasons result in a dramatic reduce in
entropy loss in perpendicular hierarchical structure.

Recently, Bates et al. published an experimental observa-
tion of a lamellar structure containing the small-length-
scale lamellae arranged perpendicular to the larger layered
structures.*>* The hierarchical microstructure is self-
assembled from a hexablock terpolymer consisting of equal
volume fraction of P and compositional symmetric CECEC,
where P, C, and E are poly(ethylene-alt-propylene), poly-
(cyclohexylethylene), and poly(ethylene), respectively. This
complex morphology with two different length scales, which
is related to the local (C—E) and overall (C—E—P) sequence,
was obtained by microphase separation through chemical
incompatibility between P, C, and E. It is established that the
sequence of segment—segment interaction strength that
governs P, C, and E blocks is as follow: ycg > xcp > XEp-
These experimental results are in good agreement with our
theoretical results that the perpendicular packed structure-
in-structure morphologies are formed at higher value of
xscN for yapN > yacN. From our results, we can rationa-
lize the perpendicular arrangement of two-length-scale struc-
tures based on the segment—segment interaction parameter:
xBcN > xaN > yxacN. Here, the A, B, and C blocks of
A(BC),, multiblock copolymer correspond to the P, C, and E
blocks of CECECP terpolymer molecule, respectively. More
interestingly, we also observed other perpendicular packed
microstructures such as lamellae-in-cylinder" and lamellae-
in-sphere®™ when A volume fraction changes. We hope these
novel morphologies could be observed in the future experi-
mental studies.

In the present work, fascinating hierarchically ordered
structures, including the parallel and perpendicular packed
structure-in-structures, were observed for multiblock co-
polymer system with hierarchical competing interactions.
These SCFT results are well consistent with the observations
in experiments.>’*3 The SCFT simulations not only repro-
duce the experimental results but also provide guidance for
further investigations. For instance, the perpendicular
packed structure-in-structure morphologies such as lamel-
lae-in-cylinder™ and lamellae-in-sphere™, which have not
been observed in experiments, were expected in future stu-
dies. It is anticipated that the present work could be valuable
for producing crucially fundamental and practical achieve-
ments, examples of which include design of functional
nanostructured materials such as optical crystals,'®?' devel-
opment of materials with enhanced mechanical response,*
and production of hierarchical organic/inorganic hybrid
nanocomposites.*®

Conclusion

We employed the real-space self-consistent field theory to
explore the hierarchically ordered microstructures of A(BC),
multiblock copolymers. Parallel and perpendicular arranged
hierarchical microstructures were found on the basis of two
different types of relative interaction strength: one is that the
interaction strength yAg/V is less than or equal to yac/V, and the
other is that ygN is greater than yocN. For the first case, only
parallel packed structure-in-structures appear, such as cylinders-
in-lamellae”, lamellae-in-lamella", cylinders-in-cylinder”, and
spheres-in-sphere” . These microstructures have different number
of substructures depending on both the number 1 of repeating BC
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blocks and interaction strength between A blocks and BC blocks.
For the second case, the multiblock copolymers can form parallel
packed structure-in-structure as well as perpendicular packed
structure-in-structure morphologies. It was found that the per-
pendicular packed hierarchical morphologies are only stable at
higher value of ygcN. Our results are helpful for designing various
packed hierarchical microstructures in complex copolymers.
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