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Hierarchical Structure-Within-Structure
Morphologies in A,-star-(B-alt-C) Molecules

Ching-I Huang* and Chih-Ming Chen™

We employ dissipative particle dynamics (DPD) to examine the
self-assembly behavior of A,-star-(B-alt-C) molecules. We success-
fully observe various types of hierarchical structure-within-struc-
tures, such as A-formed spheres in the matrix formed by B and C
alternating layers, hexagonally packed A-formed cylinders in the
matrix with B and C segregated layers, B and C alternating
layers-within-lamellae, coaxial B and C alternating domains
within hexagonally packed BC-formed cylinders in the A-matrix,
and co-centric BC-alternating domains within BC-formed spheres
in the A-matrix, by increasing the A composition. Generally
speaking, the small length-scale B and C segregated domains are
in parallel to the large length-scale structures. This hierarchical

1. Introduction

With the improvement in synthetic techniques, copolymers
with more complex forms of molecular architectures or with
more than two types of monomers have been successfully for-
mulated. These copolymers possess more diverse microstruc-
tures, which impose different influences upon various proper-
ties of polymers. Recently, copolymers with hierarchical struc-
tures have received high degrees of attention due to their po-
tential applications as electrical, optical and other functional
materials.!"™

Generally speaking, when the incompatibility degree be-
tween A and B is significant, traditional AB linear diblock co-
polymers form microphase-separated structures at only one
characteristic length-scale usually within 10-100 nm range. The
morphology type is mainly dominated by the composition. For
instance, a series of microstructures such as A-formed spheres
(Sa), hexagonally-packed A-formed cylinders (C;™), gyroid of
minority A (G,), lamellae (L), gyroid of minority B (Gg), hexago-
nally-packed B-formed cylinders (Ci¥), and B-formed spheres
(Sg), is expected upon increasing the A composition £,.*) When
a third monomer type C is involved, copolymers often exhibit
two length-scale hierarchical structure-within-structure mor-
phologies. Current research has mostly focused on the A-block-
(B-graft-C) coil-comb copolymers.2*¢"3 There, the large
length-scale ordering morphology is mainly driven by the seg-
regation between the A-coil blocks and the BC-comb blocks,
and hence depends on the block composition. Once the inter-
action parameter between B and C becomes significantly large,
small length-scale lamellar ordering of B and C segregation,
which typically ranges between 1-10 nm, frequently occurs
within the original BC-rich domains. For instance, lkkala and
ten Brinke and co-workers synthesized a series of polystyrene-
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periodicity along the same axis as well as the various characteris-
tic structures, that the A,-star-(B-alt-C) copolymers display, are
quite different from those in A-block-(B-graft-C) coil-comb co-
polymers. Moreover, it is interesting to find that when the copoly-
mer chain length increases, though the hierarchical structure
type is maintained, the number of small length-scale lamellae
that can form within the large length-scale structure increases.
These hierarchical structures under various compositions are re-
ported theoretically for the first time in the copolymer systems
consisting of the alternating blocks, and are in good agreement
with the most recent experimental work by Matsushita and co-
workers (Macromolecules 2007, 40, 4023).

block-poly (4-vinylpyridine) (PS-block-P4VP) copolymers with
pentadecylphenol (PDP) as side chains, which are grafted into
the P4VP blocks through hydrogen bonds.>*%'¥ The resulting
coil-comb copolymers, examined by transmission electron mi-
croscopy (TEM) and small angle X-ray scattering (SAXS), display
a variety of hierarchical structures with two different length
scales at room temperature, such as spherical-within-lamellar,
cylindrical-within-lamellar,  gyroid-within-lamellar,  lamellar-
within-lamellar, lamellar-within-cylindrical, and lamellar-within-
spherical. Similarly, Tsao and Chen also observed the formation
of structure-within-structure in poly(1,4-butadiene)-block-poly(-
ethylene oxide) (PB-block-PEO) with dodecylbenzenesulfonic
acid (DBSA) attached to PEO through hydrogen bonds.” In ad-
dition, they reported that a large-scale morphology transition
can be driven by the small length-scale transition concurrently
in this PB-block-(PEO-graft-DBSA) copolymer.

In fact, coil-comb copolymers are not the only ones that can
form hierarchical structures. By substituting the B-graft-C comb
block with BC-alternating (denoted as B-alt-C) block, it is also
possible to generate the small length-scale structures within
the large scale domains. Typical examples are copolymers con-
taining a linear A-homopolymer block and a BC-alternating
block with linear and simple graft (i.e. three-arm star) architec-
tures, which are referred to as A-block-(B-alt-C) and A,-star-(B-
alt-C), respectively. To our knowledge, there exist only a few
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relevant studies, which have addressed the formation of two
length-scale hierarchical structures on the multiblock copoly-
mer with two or three chemically different monomers but dif-
ferent block lengths."*?” Theoretically, Nap and co-workers
employed self-consistent mean-field (SCMF) theory to examine
the phase behavior of A-block-(B-alt-A) copolymers.' They re-
ported that when the A-coil block length is short, the systems
tend to form small length-scale segregation between the alter-
nating A and B blocks, in which the A-coil block resides inside
the A-rich domains formed by the alternating A blocks. In con-
trast, a large length-scale diblock-like separation between the
A-coil blocks and B-alt-A blocks frequently occurs when the A-
coil is long. If both blocks have comparable lengths, coexis-
tence of the two aforementioned length scale ordering mor-
phology is possible."® Experimentally, Matsushita and co-work-
ers were the first to observe the hierarchical lamellar-within-la-
mellar structure formed by styrene (S)-isoprene (I) undecablock
copolymers, in which both S end-blocks are long and the
middle S and | alternating blocks are short.™ Later, they syn-
thesized a new undecablock terpolymer consisting of two long
poly(2-vinylpyridine) (P) end-blocks and short S and | alternat-
ing middle-blocks, and observed the formation of a highly or-
dered hierarchical lamellar structure including a thick P layer
and five thin I-S-I-5-I layers.'® The two-length-scale ordering la-
mellae formed along the same axis are different from those
formed perpendicular to each other in comb-coil copolymers.
This hierarchical periodicity along the same axis is a unique
character for the multiblock copolymers with different block
lengths, and may lead to new potential applications. In addi-
tion to lamellar-within-lamellar structure, other hierarchical
structures, such as spheres-within-lamellae, cylinders-within-la-
mellae, coaxial cylinders, and co-centric spheres, have recently
been observed experimentally by Matsushita and co-work-
ers.” Though a few experimental work has successfully dis-
played various types of unique hierarchical structures when
three chemically different species are present in the copolymer
systems containing the alternating blocks, the resulting phase
behavior, in particular from the composition dependence, re-
mains unexplored from the theoretical point of view.

Herein, we thus employ the dissipative particle dynamics
(DPD) simulation technique to examine the self-assembly be-
havior of A,-star-(B-alt-C) molecules, in which both A arms are
assumed to have equal degrees of polymerization.?"?? Gener-
ally speaking, the DPD method simplifies a long series of mo-
lecular groups into a few bead-and-spring type particles, and
therefore it can simulate the molecular behavior on longer
time-scales and larger length-scales compared with the classi-
cal molecular dynamics and Monte Carlo simulations. The DPD
method has been successfully applied to study the mesophase
behavior for a variety of amphiphilic molecule systems.??3%
Our modeled chain, as displayed in Figure 1, consists of 2n
beads of the B-alt-C block, which is grafted into the middle of
the coil A block with beads equal to 2m+ 1. The total number
of beads for a chain is fixed at N=(2m+ 1) +2n=13, and the
A composition fy,=(2m+ 1)/N is varied. In this case, the integer
m could be 1, 2, 3, 4, and 5, and the corresponding value of f,
is equal to 0.23, 0.38, 0.54, 0.69, and 0.85, respectively. In order
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Figure 1. Schematic of A,-star-(B-alt-C) copolymers.

to simulate the molecules with other f, values, we adopt the
same technique of blending two copolymers as has been used
by Groot and Madden.”™ For example, a copolymer with f,=
0.30 in our case can be obtained by mixing two copolymers
with f,=0.23 and 0.38 at a volume ratio of 1:1. In the simulat-
ed phase behavior of AB linear diblock copolymer, Groot and
Madden have shown that the mixture with a mean composi-
tion <f,> behaves as a monodisperse copolymer (i.e. with
only an identical value of f,).”® Indeed, this is reasonable since
the two blending copolymers are quite similar. Among the in-
teraction parameters (a,) between each pair of components |
and J (where |, J=A, B, C), the interaction parameters between
the A-coil block and the BC-alternating block, that is, a,; and
dxe, play a dominant role in the large length-scale diblock-like
segregation; whereas ag- drives the small length-scale order-
ing, therefore a,;=a,c to reduce one interaction variable. Ac-
cordingly, we aim to illustrate how the resulting morphology
formation associated with two different length scales is affect-
ed by g =0, g, and fy.

Computational Methods

In the DPD simulation, the time evolution of motion for a set of in-
teracting particles is solved by Newton’s equation. For simplicity,
we assume that the masses of all particles are equal to 1. The force
acting on the i-th particle f, contains three parts, a conservative
force I?E, a dissipative force ,Ei'jj, and a random force f_-";.*: [Eq. (1)]

F=> (F+R+F) M

i

where the sum is over all other particles within a certain cut-off
radius r.. As this short-range cut-off counts only local interactions,
r. is usually set to 1 so that all lengths are measured relative to the
particle radius. The conservative force I?U? is a soft repulsive force
and given by Equation (2)

)

= aij(1 f:—') ry <r.
FE = ‘
0 rij Z re
where g; is the repulsive interaction parameter between particles i
and j, =7, -7, r; = |?U- , and 7y = :—: The dissipative force Ff].j is a
hydrodynamic drag force and is defined by Equation (3)
D — -\ =
B _ { —ya® (ry) (A - V)i
ij

0 ry 21

ry <r

3)
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where y is a friction parameter, w® is a r-dependent weight func-
tion vanishing for r>r, and ¥; = V; — V. The random force Fi'jj cor-
responds to the thermal noise and has the form of Equation (4)

o oo®(ry) 0y 1y <r. @
’ 0 ry > re
where o is a parameter, ® is a weight function, and 6y(t) is a ran-

domly fluctuating variable. Note that these two forces f?i? and I?;.‘
also act along the line of centers and conserve linear and angular
momentum. There is an independent random function for each
pair of particles. Also there is a relation between both constants y
and o [Eq. (5)]*

o° = 2yksT (5)

In our simulations, y=4.5 and the temperature k;T=1. As such,
o0=23.0 according to Equation (5).

In order for the steady-state solution to the equation of motion to
be the Gibbs ensemble and for the fluctuation-dissipation theorem
to be satisfied, it has been shown that only one of the two weight
functions wand " can be chosen arbitrarily, Equation (6)""

o®(r) = [ (] (6)
which is usually taken as Equation (7)

(re —ry)*

0 ry 2 re

ry <r

o®(r) = ["(n)]’= { 7)

Finally, the spring force , which acts between the connected
beads in a molecule, has the form of Equation (8)

ff= ZJ: cr, (8)

where C is a harmonic type spring constant for the connecting
pairs of beads in a molecule, and is chosen equal to 4 (in terms of
kBT).m]

Note that a modified version of the velocity-Verlet algorithm is
used here to solve the Newtonian equation of motion, [Eq. (9)]%%

r(t+ At) = r(t) + vi(t) - At+%fi(t) - AP
vi(t+ At) = vi(t) + Afi(t) - At
f(t+4t) = £[r(t + 4t), v;(t + At)]

vi(t +4t) = v(t) + %At [t +£i(t+ At))

The parameter 4 is introduced to account for some additional ef-
fects of the stochastic interactions. A detailed investigation of the
effects of 1 on the steady-state temperature has been reported by
Groot and Warren.”? For the particle density p=3 and the con-
stant =3, they found an optimum value of 1=0.65, in which the
temperature control can be significantly maintained even at a
large time-step of 0.06. Here, we choose 1 =0.65 and the time-step
At=0.05 according to ref. [22].

The DPD simulations are performed in a cubic box of L* grids with
periodic boundary conditions. The particle density p is set equal to
3. Hence, the total simulated DPD beads are 3L°. On the basis of
the algorithm described above, the time evolutions of motion for
these particles are started with an initially disordered configuration
and simulated within the cubic box. Each simulation is performed
until the formed structure remains somewhat unchanged with the
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time-step. In general, the resulting morphology patterns via DPD
are dependent of the finite size of the simulation box, as have
been reported in other theoretical studies.®>>* In order to exclude
the finite size effects, one has to keep enlarging the simulation
box size until the structures are no longer affected by the simula-
tion box. For our current model system with the total number of
beads per chain N=13~25, the box size ranges from 20x20x20
to 30%x30x30. In each simulated morphology pattern, the red,
green, and blue colors are used to represent A, B, and C, respec-
tively.

2. Results and Discussion

In simulating the microphase separation behavior of A,-star-(B-
alt-C) molecules, the dimensionless interaction parameter (i.e.
in terms of k;T) between like-particles is taken as a; =25 (parti-
cle density p=3) according to the work of Groot and
Warren.”? The interaction parameter between different com-
ponents i and j can be estimated by the following relationship
between ag; and the Flory-Huggins interaction parameter y;
derived by Groot and Warren for p =3, Equation (10)

ay(T) = a; + 3.497;(T) (10)

Therefore, the value of ;<25 corresponds to y; < 0, which
indicates that components i and j are very miscible. As the in-
compatibility between i and j increases, a; increases from 25.

First, we examine how the interaction parameters affect the
resulting structure patterns of A,-star-(B-alt-C) copolymers.
Figure 2 displays the phase diagram in terms of agc and a,z=
ayc for the systems with f,=0.54. At a fixed value of ag., we
observe that when a,z =a,c is large enough, so that the immis-
cibility degree between the A-coil block and the BC-alternating
block becomes significant, the molecules pack into an ordered
A-rich and BC-rich segregated microstructure. Moreover, vari-
ous diblock-like morphologies are induced by varying the in-
teraction parameter ag.. For instance, Figure 3 illustrates the
morphology variation with agc at a,;=a,-=100. When ag is
set to be 25, both B and C are indeed indistinguishable for A
since ayg=dxc and the A,-star-(B-alt-C) molecules are identical
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Figure 2. Phase diagram of A,-star-(B-alt-C) copolymers in terms of the inter-
action parameter dy; = duc and agc when fy=0.54 and N=13. The phase
boundary lines are drawn as a guide for the eyes.
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Figure 3. Morphology variation of A,-star-(B-alt-C) copolymers with agc when
fa=0.54, N=13, and ans =d,c=100. The red, green, and blue colors repre-
sent A, B, and C, respectively. The red surface corresponds to the isosurface
of component A.

to the so-called A,B miktoarm star copolymers. Accordingly,
the copolymer with f,=0.54 forms a complex gyroid phase
Gge, as have been predicted by self-consistent mean-field
theory®® and simulated by DPD.B” When ay decreases from
25, due to the fact that B and C components become more at-
tractive, the BC-alternating blocks tend to coil and transform
into cylinders—and even spheres in the matrix of A-coil blocks.
This transition behavior by decreasing agc is analogous to de-
creasing the composition of BC-alternating block. On the con-
trary, when agc increases from 25, one may expect that the in-
creasing segregation degree between B and C would cause
the BC-alternating chain to be more extended, and thus a tran-
sition from Gy to lamellae to A-formed cylinders or spheres
would occur. However, a series of the morphology variation
with dg, Spc(dge=—20)—ChE(—10< a5 <0) —Ggc(15<a<25)—
Lagc (30 <apc <90)—Lg-within-L, 5c(100<ay<120), is observed
in Figure 3. That is, as agc increases from 25, though the segre-
gation degree between B and C becomes more obvious, the
systems still retain a stable A-rich and BC-rich lamellar phase in
a wide range of agc between 30 and 90, and no further di-
block-like large length-scale transition as mentioned above
occurs. Indeed, these results are not surprising since when agc
keeps increasing, in order to reduce the contacts between B
and C, the BC-alternating chain would rather fold within the
original BC-rich layers to form small length-scale B-rich and C-
rich lamellae; these are the so-called hierarchical L;c-within-
Lagc. Moreover, the resulting hierarchical periodicity is formed
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in a parallel direction to each other, which is different from
that in comb-coil copolymers. When the value of a,g=a,c is
fixed to a lower value such as 40, similar morphology transi-
tions associated with the large length-scale ordering has also
been observed by varying the interaction parameter agc.
Whereas, even when agc increases to a very large value of 120,
we do not find the formation of the hierarchical structure-
within-structure morphology induced by ag, as in the case of
dps =0, at larger values. Therefore in order to form the small
length-scale lamellar segregation between B and C within the
large-scale BC-rich domains, the interaction parameters be-
tween B and C (ag-) and also between the A-coil block and the
BC-alternating block (a,; and a,) have to be significantly
large. If the value of a,y=a,c continues to decrease, since the
repulsion between A and B(C) becomes weaker, the ordered
copolymers are expected to become disordered. Note that, be-
tween the totally disordered and the well-ordered states, we
observe that the systems form a micelle-like or random net-
work structure (i.e. with chains aggregating but no formation
of well-ordered structure), which we assign as the disordered
phases.

Next, we discuss the phase transition behavior associated
with the two length-scale ordering for A,-star-(B-alt-C) mole-
cules in a wide range of composition f,. Recall that our previ-
ous results have shown that in order for a molecule with a par-
ticular value of composition f, to form an ordered microstruc-
ture, the value of a,;=a, controls the order-disorder transi-
tion; while agc plays a dominant role in determining the mor-
phology geometry at large length-scales as well as the
formation of hierarchical structure-within-structure. Therefore,
we fix the value of a,s=a,c at 100, which is significant enough
to assure the formation of the large length-scale diblock-like
structures, and construct the corresponding phase diagram in
terms of f, and dgc, as shown in Figure 4. When ag- decreases
from 25, it is worth noting that the regime of ordered micro-
structures in which the BC-blocks form the minor domains
such as Gy, PLge, CitX, and S, is enlarged noticeably and even
extended to the systems with f, <0.5. For example, when f,=
0.3-0.5, although the BC-block is longer than the A-block, the
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Figure 4. Phase diagram of A,-star-(B-alt-C) copolymers with N=13 in terms
of the interaction parameter agc and composition f, when aus =d,c=100.
The phase boundary lines are drawn as a guide for the eyes.
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majority BC component still tends to form the minor domains
in the minority A-rich matrix; these are the so-called inverted
microstructures. This is due to the fact that when B and C
become more attractive, the BC-alternating blocks favor to coil
together in order to reduce the contacts with the A-blocks.
Note that these inverted structures have been frequently ob-
served in block copolymer solutions by increasing the solvent
selectivity and/or the solvent amount.*’*® However, this is
possibly the first study to predict their presence in the A,-star-
(B-alt-C) molecules.

Now, let us continue to discuss the phase behavior shown in
Figure 4 for each molecule with a particular value of f, when
agc increases from 25. Similar to the copolymer with f,=0.54, a
significant increase in the interaction parameter ag. also leads
to the formation of small length-scale B and C segregated la-
mellae within the large length-scale BC-rich domains for the
copolymers with other values of f, in the range of 0.2-0.85. In
Figure 5 we display the various types of structure-within-struc-
tures, such as A-formed spheres in the matrix formed by B and
C alternating layers (Sp-within-Lgc) (f,=20.14), hexagonally
packed A-formed cylinders in the matrix with B and C segre-
gated layers (Ci™-within-Lg) (f,220.23), Lgc-within-Lagc (0.3 <
f»<0.6), coaxial B and C alternating domains within hexagonal-
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Figure 5. Morphology variation and corresponding molecular arrangements
of A,-star-(B-alt-C) copolymers (N=13) with f, when a,;=a,-=100 and
dgc = 120. Note that the pattern when f,=0.14 corresponds to N=21. The
red, green, and blue colors represent A, B, and C, respectively. The red sur-
face corresponds to the isosurface of component A.
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ly packed BC-formed cylinders in the A-matrix (Lgc-within-C5E¥)
(0.65<f,<0.7), and co-centric BC-alternating domains within
BC-formed spheres in the A-matrix (Lgc-within-Sgc) (0.75 < f, <
0.85), which are simulated at az.=120. Note that the two
length-scale morphology of S,-within-Lg shown in Figure 5 is
obtained for the case of N increased to 21. This is simply be-
cause of the fact that in the original case of N=13, the lowest
value of f, that the system can reach is 0.23. Accordingly, in
order to observe whether the S,-within-Lg¢ structure is possi-
ble to form at smaller values of f,, we increase N to 21. Gener-
ally speaking, the geometry of large length-scale morphology
is mainly dominated by the composition f,. This series of hier-
archically ordered variation with the composition is in qualita-
tively good agreement with the most recent experimental
work.” If we further examine the small length-scale formation
of B and C alternating layers within the major domains, such
as Ci-within-Lgc and Lgc-within-Lyg, it is clear that these
layers are parallel to the A-formed cylinders or lamellae. More
interestingly, when f, is larger than 0.5 so that B and C segre-
gation occurs within the minor domains such as Cht* and Sg,
these BC-alternating chains fold in a particular way to form
multiple (more than 2) B and C coaxial cylinders or co-centric
spheres. Note that when f, is 0.85 and N=13, since each mole-
cule only contains one B and one C, we only observe C-core/B-
shell spheres as in Figure 5. These multiple coaxial cylinders or
co-centric spheres formed by the BC-alternating blocks in the
A,-star-(B-alt-C) copolymers are reported theoretically for the
first time. Though it has been shown that the ABC linear tri-
block copolymers can form core-shell types of cylinders or
spheres, the number of segregated layers within the domains
is generally two instead of the multiple (more than two) layers
that the A,-star-(B-alt-C) can form.>%

In Figure 5, we also plot the schematic molecular alignment
in detail for each structure-within-structure. Compared with
the A-block-(B-graft-C) coil-comb copolymers as presented in
Figure 6, we observe a completely different packing behavior
of molecules due to the difference of molecular architecture.
Hence, the hierarchical structure-within-structures that these
two copolymers can form are significantly different. In particu-
lar, the smalllength-scale lamellae formed by the B-alt-C and B-
graft-C chains display a parallel and perpendicular direction, re-
spectively, with respect to the large length-scale structure. We
believe this characteristic difference imposes different influen-
ces upon various properties of polymers, such as photoelec-
tronic properties, and leads to different potential applications.

Finally, we address whether these characteristic structure-
within-structures simulated at N=13 can also be preserved
when N increases. Here, we double each arm length and thus
the total number of beads per chain N increases to 25.
Figure 7 displays the resulting structure patterns for N=25,
f,=20.54 and 0.69, at the same interaction parameters (as=
ayc=100 and ag=120) as in Figure 5. Note that when N in-
creases from 13 to 25, the value of f, should be slightly
changed from 0.54 to 0.52 and 0.69 to 0.68, respectively. How-
ever, in the following comparison between both results with
different N, we only denote the value of f, for N=13. When
fa=20.54, we find that the copolymer still forms Lgc-within-L,gc
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Figure 6. Schematic plot of molecular arrangements for A-block-(B-graft-C)
comb-coil copolymers in various types of structure-within-structures.
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Figure 7. Structure patterns of A,-star-(B-alt-C) copolymers with N=25,
Apg = dac =100, agc =120, and f, equal to 0.54 and 0.69, respectively. The red,
green, and blue colors represent A, B, and C, respectively. The red surface
corresponds to the isosurface of component A.

with increasing N from 13 (in this case, the number of BC-
blocks per chain, n, is 3) to 25 (n=6), but the formed B and C
alternating layers within the BC-rich lamellae vary from B-C-B
(three) to B-C-B-C-B (five) thin layers. This is not surprising
since when N increases, more B and C segments (beads) per
chain can distribute freely, and hence more sublayers within
the large length-scale lamellae are possible. Recall that in the
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A-block-(B-alt-C)-B-block-A copolymers, Matsushita and co-
workers predicted that the number of thin layers within the
large length-scale lamellae increases from three when the
number of (B-alt-C) per chain n equals two, to five when 3 <
n <6, by simply comparing the numbers of possible conforma-
tions for each layered structure.'® In addition, ten Brinke and
co-workers claimed that the number of internal layers within
the lamellar-in-lamellar structure formed by the same types of
copolymers in the strong segregation limit is mainly dominat-
ed by the balance between the stretching of the individual
blocks and the interfacial area." In our DPD simulations, since
we only use one bead to resemble each alternating block, the
stretching effects associated with the entropy and flexibility of
chains cannot be treated properly. Still, the fact that each
bond between two connected beads in our model is flexible
enables the chains with more B and C alternating segments to
create more possible distribution ways and hence to form
more internal-layered structures. To examine the number of
small length-scale B and C segregated domains formed within
the structure other than lamellae, we chose f,220.69 and in-
creased N=13 (n=2) to 25 (n=4). As can be seen clearly in
Figures 5 and 7, three B-C-B coaxial cylinders within Ci&* are
formed for both cases, although the formed cylinders for N=
25 are slightly elliptic. The reason that the number of B and C
segregated domains in the Lgc-within-Cie* remains constant at
three when N increases from 13 to 25 may be given as follows:
1) the number of minority B and C segments per chain increas-
es slightly (n=2-4) so that the greatest number of possible
chain conformations still remains and forms three-layer segre-
gation; 2) the number of thin coaxial layers allowed to form
within the cylinders is three. In order to systematically investi-
gate this matter, a further simulation for larger N values needs
to be performed in a larger simulation box, which is too time
consuming and not our concern here. As far as we know, the
issue that the number of allowed thin layers formed within
each hierarchical structure when N becomes significantly large
has not been concluded yet. However, due to the relationship
between the chain-stretching energy and the interfacial
energy, as proposed by ten Brinke and co-workers, it is reason-
able to infer that the number of small length-scale segregated
domains formed within the large length-scale structures has to
reach a maximum when N keeps increasing."”

It should be mentioned again that since our modeled chains
are indeed very short, the associated entropic effects on the
resulting phase behavior of A-block-(B-graft-C) coil-comb co-
polymers (i.e. long chains) may not be reflected appropriately.
Hence, the morphological behavior, in particular in the weak
segregation regime, may differ when the chain length N in-
creases. However, when the segregation degree becomes sig-
nificantly large, so that the formation of well-ordered struc-
tures is mainly dominated by the enthalpic effects, the self-as-
sembly behavior simulated for small values of N=13 in this
study should also hold true qualitatively for A,-star-(B-alt-C) co-
polymers with large degrees of copolymerization N. According-
ly, our results via DPD have captured most of the important
and interesting hierarchical structure-within-structures ob-
served in the experimental work.
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3. Conclusions

We employ dissipative particle dynamics to examine the phase
behavior associated with two length-scale ordering of A,-star-
(B-alt-C) molecules. In particular, we assume that the interac-
tion parameters between the coil A and the alternating B and
C (axs and ayc) are the same, and focus on the effects of com-
position f,, and the interaction parameters dgc and dyg=apc.
We successfully observe the formation of hierarchical struc-
tures with two characteristic length scales, these are the so-
called structure-within-structures. In order to form the small
length-scale B and C lamellar segregation within the large-
scale BC-rich domains, not only ag but also a,z and a,c have
to be significantly large. In general, the significant immiscibility
between A-coil block and BC-alternating block leads to the for-
mation of large length-scale A-rich and BC-rich morphology. In
addition to the composition f,, the interaction parameter agc
has a great influence on the morphology geometry.

As agc decreases (i.e. B and C become more attractive), due
to the fact that the BC-alternating blocks favor to coil together,
a series of diblock-like morphology transition can be induced,
which is analogous to decreasing the composition of BC-alter-
nating block. To clarify, even when f,<0.5, a decrease in dgc
can lead to the formation of the inverted structures, in which
the major BC component forms the minor domains in the mi-
nority A-rich matrix. This is possibly the first study to predict
the formation of inverted structures in the copolymer melts.

On the contrary, when agc increases so that in order to
reduce the contacts between B and C, the BC-alternating chain
would rather fold within the original BC-rich domains to form
small length-scale B-rich and C-rich phase. Various hierarchical
structures, Sy-within-Lge, Ci™-within-Lge, Lgc-within-Lyge, Lgc-
within-Ci*, and Lgc-within-Sg, are formed with an increase in
fa. It is worth noting that when B and C segregation occurs
within the minor domains such as Cf&* and Sg, these BC-alter-
nating chains fold in a particular way to form multiple B and C
coaxial cylinders or co-centric spheres. Moreover, though the
hierarchical structure type is maintained when the copolymer
chain length increases, the number of small length-scale lamel-
lae that can form within the large length-scale structure in-
creases. Generally speaking, the small length-scale segregated
domains formed by the B-alt-C chains are in parallel to the
large length-scale structure. This hierarchical periodicity along
the same axis as well as the various characteristic structures
that the A,-star-(B-alt-C) copolymers display are quite different
from those in A-block-(B-graft-C) coil-comb copolymers.
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