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ABSTRACT: Linear ABC triblock copolymer with a repulsive ~— N\ ABC
interaction between A and C blocks significantly weaker than those B TucN=80 x,cN=15

between the other two pairs of adjacent blocks can self-assemble “fm - ZagN > 50 \f ]

into various hierarchical structures composed of discrete B- + 8 PN
subdomains sitting on A/C interfaces. However, whether the P X )

L

hierarchical structures still follow the common transition sequence

of sphere — cylinder — gyroid — lamella remains an interesting m]“-”m

question to be answered. In this work, the self-assembly of :

frustrated linear ABC triblock copolymers is investigated using self- c.c

consistent field theory, focusing on the formation of different ?‘7}@ ﬁﬂ
U CE/

XAV =50

hierarchical gyroid structures. Our results show that hierarchical
gyroid structures are not commonly formed between hierarchical
cylindrical and lamellar structures in the case of y,zN = ypcN = 80
> yacN = 18. The stability regions of various gyroid phases appear and expand as y,zN is gradually decreased. We speculate that the
absence of hierarchical gyroid structures is mainly induced by the increased constraint on the configurations due to the highly
nonuniform distribution of discrete B-subdomains on the irregular A/C interface of gyroid. As y,gN decreases, the A/B interface
widens and B-subdomains move into main A-domain, relieving the constraint on the A/B junction point and thus on the
configuration of A-block. In a word, our work shows that the substructure of the hierarchical structures imposes a nontrivial effect on
the relative stability of various hierarchical structures, which may disrupt the common transition sequence in a frustrated linear ABC
triblock copolymer.

Increasing f, €G°

B INTRODUCTION Indeed, the transitions of L - G — C4 — BCC are induced
by the tapering interaction energy and increasing entropic
contribution. On the other hand, the effect of spontaneous
interfacial curvature increases as the composition becomes

Block copolymer has been attracting abiding interest due to its
unique ability of self-assembling into various ordered
nanostructures that exhibit promising applications in a wide

range of fields.'~® AB diblock copolymer, as the simplest block increasingly asymmetric, which can also be utilized to
copolymer, has been intensively studied experimentally and rationalize the common transition sequence. Reasonably, the
theoretically, and thus its self-assembly behavior has been well compositional effect on the phase transitions should be robust
understood.” In particular, self-consistent field theory (SCFT), for many different block copolymers. SCFT results have
which can accurately calculate the free energy of each ordered demonstrated that many chain architectures of AB-type block
phase and has been proven as one of the most powerful copolymers do not change the common phase sequence, but
methods for the study of block copolymers, has verified that shift the phase boundaries.”’ Moreover, the compositional
the AB diblock copolymer exhibits a phase sequence mainly effect can also be used to interpret the phase transitions in

consisting of lamella (L), hexagonally arranged cylinders (Cy), some ABC-type block copolymers.”*~** From the aspect of the
bicontinuous double-gyroid (G) network, and a body-centered

cubic (BCC) lattice of spheres, as its volume fraction of one
block changes from symmetric to asymmetric.'’~"* The
appearance of the G phase has received extensive attention -
because its bicontinuous feature makes it become a promisin Rec?wed: June 26, 2023 \l'll‘l:llﬂl(lll'l‘lllt!s
candidate for the fabrication of many functional materials.'*~” Rev1§ed: September 25, 2023 7)) 2
This transition sequence as well as the self-assembly Published: October 13, 2023
mechanism of the AB diblock has laid the foundation for

understanding the self-assembly behaviors of other block

copolymers with more complex architectures.

compositional effect on the domain geometry, the symmetric
ABC linear triblock copolymer exhibits a similar transition
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sequence from lamella to double-gyroid, cylinder, and sphere.
The difference lies in the alternate arrangement of A and C
domains, e.g., the two separate networks of the double-gyroid
phase are composed of A and C blocks, respectively.
Exceptionally, for the cylindrical phase, the alternate arrange-
ment alters the packing lattice from hexagonal to tetragonal,
leading to the formation of a tetragonal array of alternate A and
C cylinders (C,).”*** Nevertheless, the alternating double-
gyroid phase still commonly appears between the lamella and
cylinder phases.*

However, some recent SCFT studies predict the absence of
the G phase in the transition sequence with respect to the
composition for some AB-type as well as ABC-type block
copolymers. These theoretical works further reveal that the
effects causing the disappearance of the G phase in the two
categories of systems are different.’”*' In AB-type block
copolymers, it is well-known that the architectural asymmetry
can deflect phase boundaries. A typical AB-t};pe of asymmetric
architecture is AB, miktoarm star copolymer,”~** in the phase
diagram of which the phase boundaries are deflected to large
volume fraction of A-block (f). In other words, the phase
region of the G phase with A-channels (G,) is expanded, while
that of B-channels (Gg) is narrowed. Though the narrowing
degree of the Gy phase region can be raised by increasing n, it
would not disappear due to the limited effect of the AB,
architecture. Very recently, Li and co-workers have proposed
that the deflection of the phase boundaries can be largely
amplified by tailoring the architecture of A-blocks to form a
radial distribution, leading to the disappearance of the G phase
at the compressed side of the phase diagram.”"** In ABC-type
block copolymers, SCFT reveals that the synergistic effect of
stretched bridging block and released packing frustration can
result in the disappearance of the alternate G phase between
the lamella and cylinder phases.”**® The main reason is that
the two effects favor the stability of the low-coordination-
number (CN) cylinder phase over the alternate G phase. The
two effects can also cause the absence of the G phase between
the lamella and square-cylinder phases in (BAB), star
copolymers.”” Besides the above effects resulting in the
absence of the G phase, are there other effects?

In contrast to nonfrustrated ABC triblock copolymer,
frustrated ABC triblock copolymer can form more complicated
structures, especially hierarchical structures, thus leading to
more complex self-assembly behaviors."”~>® “Frustrated” refers
to the situation of yag ~ ¥pc > xac, which favors the
formation of the A/C interface of low interfacial energy to
replace the portion of A/B and B/C interfaces of high
interfacial energy. The presence of A/C interface is
inconsistent with the A/B/C block sequence in the copolymer
chain. A/C interface is generated by reducing the spread of B-
subdomain sandwiched between A and C domains. In other
words, B-blocks tend to form discrete domains dispersed on
the A/C interface. Accordingly, the self-assembled structures
consist of a main structure of A- or C-domain and substructure
of B-domain. Without loss of generality, we take the A-block as
minority in our discussions. For example, various hierarchical
cylinder structures have been observed by experiment*”**>%>
and predicted by theory,””*" which are composed of
hexagonally arranged A-cylinders decorated by different B-
substructures, including spheres, double/triple helices and
tripe/quadruple straight cylinders. Accordingly, the main
structure should be dictated by the volume fraction of the A-
block (f4), while the substructure is controlled by the volume
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fraction of the B-block (f§). It is expected that the A-domain
might follow the common transition sequence, changing from
sphere to cylinder, double-gyroid, and lamella as f, increases
for a fixed low fp. To the best of our knowledge, whether the
decorating B-subdomain will change the transition sequence of
A-domain has never been explored.

One interesting question is whether the decorating B-
subdomain will impact the relative stability between different
hierarchical structures. Since the B-subdomains are dispersed
on the surface of the A-domain, the arrangement of B-
subdomains should be a nontrivial factor affecting the stability
of the hierarchical structures. Since the discrete B-subdomains
constitute a constraint on the configurations of the ABC chain,
the B-subdomains should prefer to be uniformly distributed on
the surface of the A-domain to maximize the number of chain
configurations. Only when the surface of the A-domain is
regular and infinitely large can a uniform distribution of
discrete B-subdomains be readily formed. For example,
hexagonally arranged B-spheres, parallel B-cylinders, and
hexagonally perforated B-lamella can be formed on the surface
of A-lamella, leading to the formation of hierarchical spheres-
on-lamella, cylinders-on-lamellae, and perforated lamella-on-
lamella structures, respectively. In these hierarchical structures,
the period of the B-substructures can be freely adjusted.
However, for other surfaces whose shape has limited size in
some dimensions (e.g,, cylinder) or is irregular (e.g., gyroid),
the arrangement of B-subdomains is frustrated or constrained.
For the typical hierarchical structure consisting of A-cylinder,
the B-subdomains tend to form a helical arrangement to relieve
the constraint imposed by the finite circumference, which is
commonly seen in the hierarchical spheres/cylinders/perfo-
rated lamella-on-cylinder structures.”>" In contrast, for the
rather irregular surface of the A gyroid, it is infeasible to
generate a uniform arrangement of B-subdomains. Instead,
there should exist different arrangements of B-subdomains,
which depend on the compositional and interaction parame-
ters. In turn, the highly frustrated arrangement of B-
subdomains might lower the relative stability of the
hierarchical gyroid phase over its competing cylindrical and
lamellar phases, even causing it to disappear in the common
transition sequence. In fact, a hierarchical gyroid structure is
rarely observed in frustrated ABC triblock copolymers.

In this work, we will study the self-assembly of frustrated
ABC linear triblock copolymers using the pseudospectral
method of SCFT,***” focusing on the thermodynamic stability
of the hierarchical gyroid phase. We will use the special
initialization method to obtain the candidate phases.*® One of
the most difficult candidate phases to obtain is the hierarchical
gyroid structure due to the largely variable arrangement of B-
subdomains including perforated lamellae, cylinders (or
helices), and spheres. We attempt to obtain different
hierarchical gyroid structures using SCFT calculations with
initially specialized density fields by superimposing random
fluctuations onto the density fields of the core—shell gyroid
morphology. Although we cannot guarantee that we find all
equilibrium gyroid structures, we will find these structures that
are very close to those missed equilibrium structures (i.e., with
very small free energy differences) as long as we do multiple
calculations. After the library of the candidate phases is
constructed, it is straightforward to construct the phase
diagrams with respect to the controlling parameters. The
phase diagrams provide a useful guide to analyze the relative
stabilities of neighboring phases.

https://doi.org/10.1021/acs.macromol.3c01247
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B THEORY AND METHOD

In this work, we consider an incompressible melt of ABC linear
block terpolymer in a volume of V, consisting of n identical
terpolymer chains. The three different blocks A, B, and C are
linked by covalent bonds sequentially, with volume fractions
denoted as fy, f5, and f, respectively (fy + f5 + fc = 1). The
total number of segments on each terpolymer chain is specified
as N, and the repulsive interactions between the three
immiscible blocks are characterized by the products of N
with three Flory—Huggins interaction parameters, y,pN, ¥scN,
and y,cN. For simplicity, we assume that the three different
blocks have an equal Kuhn length b and segment density p,.
We specifically consider frustrated ABC triblock copolymers
with yscN < yasN = ypcN and concentrate on the formation
of hierarchical structures, in which each hierarchical structure
is composed of main structure A-cylinder/gyroid/lamella
decorated by different geometrical shapes of B-subdomains.
In the standard framework of SCFT of ideal Gaussian chain
model,*” the free energy functional per chain of an ABC
terpolymer melt at temperature T can be expressed as

F 1
—=-hQ+ o [ a4, N, 0, ()

nkg

+ 2 No, (0 (x) + s, Nepy ()b (x)

— wy(r)gh, (r) — wp(r)gy(r)

= we(£) (1) —n(O)[1 = ¢, (r) — ¢y(x)

- ¢.(0)]} (1)

where V = nN/p, and kg is the Boltzmann constant. In the
above equation, ¢(r) (K = A, B, and C) is the spatial
distribution of the volume fraction of K-block, while wy(r) is
its conjugate potential field. 7(r) is a Lagrange multiplier used
to enforce the incompressibility condition, ¢,(r) + ¢p(r) +
¢c(r) = 1. The constant quantity Q is the partition function of
a single chain interacting with the mean fields of w,(r), wg(r),
and w¢(r), which can be expressed as

_1 f
Q= - fdrq(r, s)q'(x, ) (2)

Here, q(r, s) and q'(r, s) are the propagator functions of the
polymer chain, indicating the probability of finding the s-
segment on the chain contour at spatial position r starting from
the free ends of A-block and C-block, respectively. They satisfy
the following modified diffusion equations

% = Viq(x, 5) — w(x, 5)q(r, ) ®)

qu(r, s) )t i
———==Vq'(r,s) — w(x, s)q'(x, s
29 Vi) - w94 (5 9) “

In the above equations, w(r, s) = wg(r) when s belongs to the
K-block, and the initial conditions are g(r, 0) = 1 and qT(r, 1)
=1.

Minimization of the free energy gives rise to standard SCFT
equations as

WA(r) = ){ABN¢B(Y) + ){ACN¢C(1') + 7](1‘) (5)
WB(r) = )(ABN¢A(1‘) + )ﬁchqsc(r) + 7’[(1‘) (6)
WC(r) = ){ACNd)A(r) + ){BCNd)B(r) + }’](l‘) (7)

1L [h
) = o [ dsale 949

(8)
1 Saths
r) = — dsq(r, Tr,
hy(r) foA q(r, s)q'(x, s) o
1 1
= — dsq(r, s f , S
hele) = o [ff a(r, )q'(x, 5) o)

To analyze the relative stability between different phases, it
is often to divide the free energy into different contributions,
such as the entropic contribution (—TS) and total interaction
energy (U,,). For the ABC triblock copolymer systems, the
free energy can be divided into the following four parts,
including A/B interaction energy (U,g), B/C interaction
energy (Ugc), A/C interaction energy (Uyc), and entropic
contribution (—TS).

Utot _ Usg + Usc + Upc
nkgT nkgT (11)

=é f dr{y, , N, (1) (¥) +2, N, (£)h(x)

+ Ny (1) (r) } =

_nikB - —hQ+ é [ aet = w0, Dy ()
— () (x)) (13)

UAB — l r r r
il /d (s Ney (1) (1) } (14)
UAC — 1
kT V Jartn Ny @ (1)) (15)
UBC — l
kT V [ U N ()6 (0)) (16)

Moreover, it is also useful to decompose the overall entropic
contribution into different contributions associated with each
block (A, B, and C) or each junction point (A/B and B/C),
including translational entropy of A/B-junction point
(=TSx/s), translational entropy of B/C-junction point
(=TSg/c), configurational entropy of A block (—TS,),
configurational entropy of B block (—TSg), and configurational
entropy of C block (—TS¢), which are given by®

F=Ugy - TS
= Ut = T(Sayp + Sp/c + S + Sy + Sc) (17)
Sa/B 1

_ e = fdrpA/B(r)ln Py (T) (18)
Spic 1

_n—kB = /drpB/C(r)ln Py () (19)
S 1

~ 2 = = [drlp, (I g, £,) + w6, ()
nkg v

(20)
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Figure 1. Considered ordered phases including ABC three-color lamella (L,pc), CAB three-color lamella (L¢yg), perforated lamella-on-lamella
(PLL), cylinders-on-lamella (CL), core—shell gyroid (csG), perforated lamella-on-gyroid (PLG), two cylinders-on-gyroid (CG* and CG®), core—
shell cylinder (csC), perforated lamella-on-cylinder (PLC), three/four/six straight cylinders-on-cylinder (C;C/C,C/C¢C), single/double/triple/
quadruple helices-on-cylinder (H,;C/H,C/H;C/H,C), and knitting pattern (KP), in which red, green, and blue represent A, B, and C domains,

respectively.
22 =L [artpy @ g (6 g, +1,)
+ we(r)d(r)} (21)
S 1
_ n_]fB = — v fdr{pB/C(r)ln q(r,fA +fB)
+ wp ()¢, (r) + wy(r)py(r)}
LR
nkg hkg (22)
1
PA/B(I') = a‘I(IUfA)qT(l‘; fA) (23)
1
Poc() = Zale fy + )4 fy + ) -

In the above expressions, p,(r) and pgc(r) are the
distributions of the A/B- and B/C-junction points, respec-
tively. We choose the radius of gyration of an unperturbed

polymer chain with N segments, R, = N"%p//6, as the unit

of spatial length. In our calculations, the pseudospectral
method***” is used to solve the modified diffusion equations,
and the Anderson-mixing scheme is used to speed up the
converging of the iteration process.””®> The grid spacing is
chosen to be smaller than 0.2R, by using a lattice of 128 X 128
for the 2D phases, 96 for Gyroid phases, and 64> for the other
3D phases. We use the simple trapezoidal integration algorithm
to do the integral over s in eq 8. Usually, we fix the As = 0.01.
When the volume fraction f of one block cannot be exactly
divided into an integer number of pieces, e.g., f = 0.235, we use
24 points to divide it. The first 23 pieces are As = 0.01, while
the last piece is As = 0.00S.
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B RESULTS AND DISCUSSION

Phase diagrams are important for understanding the self-
assembly behavior of block copolymers. Assumption of the
candidate phases is crucial for the construction of the phase
diagram. We generate the candidate phases by assuming that
both the main A-structure and B-substructure follow the
common transition sequence of sphere — cylinder — gyroid
— lamella.”*~°® Note that B-subdomain cannot form the three-
dimensional gyroid structure and only exhibits the transition
sequence of sphere — cylinder — perforated lamella — lamella
as its volume fraction increases due to the constraint of the
surface of A-domain.®” Moreover, it does not have the inverse
transition of lamella — perforated lamella — cylinder —
sphere.

All of the candidate phases we assumed and generated by the
special initialization scheme are listed in Figure 1. There are
four lamella-type structures, including ABC three-color lamella
(Lagc), CAB three-color lamella (L¢,p), perforated lamella-on-
lamella (PLL), and cylinders-on-lamella (CL). Since the
spheres-on-lamella (SL) phase has a very tiny stable region
in our considered system, we just ignore it. According to the
similar transformation sequence of B-subdomain, we consid-
ered core—shell gyroid (csG), perforated lamella-on-gyroid
(PLG), and two cylinders-on-gyroid (CG* and CGP)
morphologies. It is necessary to stress that there may be
more different PLG and CG morphologies. Through multiple
searches for SCFT solutions, we find only one converged PLG
phase. Though we find other CG morphologies, the CG® or
CG" phase always has the lowest free energy among them. The
most diverse class of candidate phases is cylinder-type, of
which the cylinders-on-cylinder structures are very rich
because the number of B-cylinders on each A-cylinder and
their arrangements can be varied. We considered nine cylinder-
type morphologies, including core—shell cylinder (csC),
perforated lamella-on-cylinder (PLC), three/four/six straight
cylinders-on-cylinder (C;C/C,C/C4C), and single/double/

https://doi.org/10.1021/acs.macromol.3c01247
Macromolecules 2023, 56, 8157—8167
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triple/quadruple helices-on-cylinder (H,C/H,C/H;C/H,C).
An exceptional cylinder phase considered is the knitting
pattern (KP), which was discovered by experiment®®®” and
was verified by SCET calculations® in frustrated ABC triblock
copolymers. Since we concentrate on the stability of the
hierarchical gyroid phases, we only consider their possible
competing phases, the lamella- and cylinder-type phases, and
do not consider the sphere-type phases.

In the previous work, Li et al. have studied the emergence
and stability of various hierarchical cylinder structures in
frustrated ABC linear triblock copolymers.”> As they
concentrated on the compositional region of hierarchical
cylinders, they did not consider the hierarchical gyroid
structure. To examine the formation of hierarchical gyroid
structures as well as the relevant transition sequence, we
expand the compositional region of the triangular phase
diagram; that is, the volume fractions of main A-domain and B-
subdomain range from 0.17 to 0.35 (0.17 < f, < 0.35) and
from 0.12 to 0.35 (0.12 < f5 < 0.35), respectively. Notably, in
such a wide range of volume fraction, B-subdomain
experiences the transition from cylinder to perforated lamella
and lamella, enabling one to study the impact of different B-
subdomains on the stability of hierarchical structures.

The triangular phase diagram for y,gN = yzcN = 80 and
XaclN = 15 constructed by SCFT calculations to include all the
candidate phases in Figure 1 is shown in Figure 2. This phase

— T T 7 7 7 *0.10
0.15 0.20 0.25 0.30 0.35 040 045 0.50

Sa

Figure 2. Part of the triangular phase diagram of the frustrated ABC
linear triblock copolymer with y,gN = ygcN = 80 and y,cN = 15,
mainly composed of A-domains decorated by different B-substruc-
tures.

diagram consists of 11 stable morphologies, including csC,
csG, Lyse, PLG, PLC, PLL, C,C, H,C, H,C, C,C, and CL.
One of the most remarkable features is that only one
hierarchical gyroid structure, i.e., perforated gyroid (PLG),
appears and its phase region located between the csC and Lypc
phases is narrow. Specifically, these hierarchical cylindrical
phases, such as PLC, C,C, and H;C, directly transfer to the
corresponding hierarchical lamellar phases (PLL and CL)
without going through any hierarchical gyroid phase. This
observation indicates that the transitions of these hierarchical
phases do not simply follow the common transition sequence
of cylinder — gyroid — lamella. In other words, the decoration
of B-subdomains on the A-domains imposes a nontrivial effect
on the transition of A-domains.
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Besides the absence of the hierarchical gyroid structure in a
large region, the phase diagram consists of many other
interesting transitions. The top area of the phase diagram
shows a transition sequence of ¢sC = ¢sG = Lygc. In this
area, the B-block with f 2> 0.3 forms a complete layer covering
the A-domains, leading to the formation of core—shell
structures in the C-matrix. The addition of the B-shell onto
the A-core does not change the symmetry of these structures
and thus does not affect the common transition sequence. As
fp decreases, the complete layer tends to be perforated. In the
range of 028 < fy < 0.30, the c¢sC morphology with the
increase in f, transfers to PLG and then to Lypc. Surprisingly,
the transition of B-subdomains along this transition sequence
is nonunidirectional, transforming from a complete layer to
perforated layer and back to a complete layer for fixed f3. The
similar nonunidirectional transition of B-subdomains is also
observed in the transition from csC to PLC and to L,pc in the
range of 0.25 < fy < 0.28. This observation suggests that the
change in f, simultaneously causes the transition of B-
subdomains.

The transition of B-subdomains from the complete layer to
the perforated layer and even to discrete domains can be seen
as a “wettability” phenomenon, changing from wetting to
dewetting gradually. The nonunidirectional transition of B-
subdomains should result from two different factors. From the
csC — PLC transition, we can speculate that the key factor
causing the transformation of the B-subdomain is the curvature
of A-domain. For a given fp, the smaller the curvature of the A-
domain, the thinner the B-subdomain covering it, and the
easier the B-subdomain is to be perforated like “dewetting”.
The transition from PLG or PLC to L,pc implies that the
abrupt transformation of the A-domain is another important
factor impacting the formation of B-subdomains. Since the
formation of holes within the B-subdomain is to lower the
interaction energy by replacing the A/B and B/C interfaces of
high interfacial tension with the A/C interface of low
interfacial tension, the necessity to form a perforated layer
decreases accordingly as the overall interaction energy
decreases along the transition from PLG or PLC to Lypc.

Though the compositional effect on the interfacial curvature
of the B-block in ABC triblock is not as clear as that in the AB
diblock due to its connection to both A and C blocks, the B-
block should tend to form the B-subdomain with the A/B and
B/C interfaces of increasing curvature as fy decreases. This is
why in the phase diagram, from top to bottom, the B-
subdomain changes from layer to perforated layer and then to
straight/helical cylinders. The “wettability” analogy may
provide a more intuitive scenario for the transition of B-
subdomains induced by the change of fy.”" Nevertheless, the
transition from wetting to dewetting is driven by the enthalpy
contribution, disfavoring the chain configurations. For a longer
B-block, the dewetting is associated with more severe entropy
loss and thus is less likely to occur.

In the range of 02 < fy < 025, the PLC morphology
transfers to the PLL morphology with increasing f,, along
which the A-domain changes from cylinder to lamella, while
the B-subdomain remains the PL structure. When f§ is reduced
to 0.15 S fy S 0.2, the B-block prefers to form cylinders,
leading to the transition sequence of C;C — H;C — C,C —
CL along increasing f,. As fp decreases further, the region of
C,C disappears, giving rise to the direct transition from H;C to
CL. Previous work has elucidated that the relative stability
between these different cylinders-on-cylinder morphologies
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Figure 3. Triangular phase diagrams of the frustrated ABC linear triblock copolymer for y,zN = 70 (a), 60 (b), 50 (c), and 40 (d) with fixed ypcN

= 80 and y,cN = 15.

(C5C, C4C, H,C, and H;C) is mainly controlled by the length
ratio of the B-cylinder to the core A-cylinder.*® Therefore, one
of the unusual phase transition features most urgently in need
of explanation in this phase diagram is the absence of the
hierarchical gyroid phase for fz < 0.28.

In order to understand the absence of the hierarchical gyroid
structure, we vary the interaction parameter y,zN to see
whether the gyroid morphology can appear. We can infer that
as yaplN decreases, the self-assembly behavior of ABC triblock
copolymer would gradually approach the AB diblock. In other
words, the gyroid structure is more likely to form. Accordingly,
we have constructed the triangular phase diagrams for various
values of y,zN = 70, 60, 50, and 40 shown in Figure 3, while
keeping the other parameters the same as in Figure 2.
Comparing the four phase diagrams, we find that the transition
boundaries with respect to fy shift down to small f5 as y,sN
decreases. This is because the tendency to form A/C interface
in replacement of the A/B and B/C interfaces declines as the
A/B interaction energy decreases. Until y,pN is lowered to 50,
the hierarchical gyroid structures appear between the
hierarchical cylindrical and lamellar structures, leaving a
narrow window of fy in which the gyroid structure is missing.
For y,sN = 40, the stable region of the gyroid phases goes
through the entire range of fz. Moreover, the gyroid regions
with respect to f, expand when y,gN = 50 is reduced to 40

(Figure 4).
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In the two phase diagrams of y,3N = 50 and 40, we observed
that the B-subdomain of the gyroid structure transforms from a
perforated layer to a cylinder with reducing f5, leading to the
transition of PLG — CG. Note that two nearly degenerate CG
morphologies are observed in our SCFT calculations.

To deeply understand the change of the relative stability of
the hierarchical gyroid phase over its competing phases, we
analyze the transition from C,C to CG® along decreasing y,zN
for fy = 0.29, f = 0.18, yscN = 80, and y,cN = 15. We first
compare the free energy (F), entropic contribution (=T9),
total interaction energy (Uyr), A/B interaction energy (Upp),
B/C interaction energy (Upc), and A/C interaction energy
(Uyc) between the two phases. The results show that the CG?
phase has a higher entropic contribution but lower interaction
energy than C,C in the considered range of y,gN, implying
that the gyroid structure may be destabilized by the constraint
of the nonuniformly arranged B-subdomains on the chain
configurations. The continuous decrease of the difference of —
TS and increasing of the difference of U, confirm that the
relative stability of the gyroid structure is improved by the
relieved constraint on the chain configurations as y,pN
decreases.

To reveal which part of the configuration of the triblock
chain is mostly affected by the change of y,pzN, we decompose
the overall entropic contribution into different parts associated
with A-block, B-block, C-block, A/B-junction point, and B/C-
junction point in Figure S. Similarly, we compare these
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Figure 4. Comparisons of free energy as well as its different contributions between the C,C and CG® phases along the path of f, = 0.29, f; = 0.18,
xscN = 80, and y,cN = 15: (a) free energy (F), (b) entropic contribution (—TS), (c) total interaction energy (U,,), (d) A/B interaction energy
(Ups), (e) B/C interaction energy (Ugc), and (f) A/C interaction energy (U,c), where each inset shows the difference of the corresponding

quantity.
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Figure S. Comparisons of the different entropic contributions
between the C,C and CG® phases along the path of f, = 0.29, fy =
0.18, ygcN = 80, and y,cN = 1S5: translational entropy of A/B-
junction point (—TAS, ), translational entropy of B/C-junction
point (—TASg,c), configurational entropy of A block (—TAS,),
configurational entropy of B block (—TASg), and configurational
entropy of C block (—TAS).

different entropic contributions between the CG* and C,C
phases. Remarkably, the relative value of the entropic
contribution of the A-block drops down in a trend similar to
that of the overall entropic contribution as y,gN decreases.
The relative magnitude of the entropic contribution of A/B-
junction point also shows a similar but milder decreasing trend,
while that of B-block shows an opposite variation trend and
that of C-block does not change noticeably. These results
evidence that the configuration of the A-block is mostly
affected by y,gN. When y,pN is reduced, the A/B interface
becomes more diffuse, or the A/B-junction point can access
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more space. As a consequence, the A-block can access more
possible configurations, especially it can extend to fill the far
space at the center of the node of the gyroid structure without
causing extra stretching,

To understand the change in the interaction energy
common to different morphologies, we take the C,C structure
as an example to illustrate the density distributions as well as
the spatial distributions of the A/B-junction points and B/C-
junction points for y,zN = 80, 60, and 40 in Figure 6. As y,sN
decreases, the C,C structure exhibits two remarkable features.
One feature is that the A/B interface becomes wide and diffuse
due to the reduced segregation strength between the A and B
blocks. The other is that the B-subdomain moves gradually
from the A/C interface into the A-domain, lowering the B/C
interaction energy at the cost of the A/B interaction energy.
This is why the A/B interaction energy ascends as y,gN
decreases. It is necessary to mention that the B/C interface
also becomes more diffuse as y,zN decreases though ypcN is
fixed. This is because more and more A-blocks enter the
interstitial space between the B- and C-domains as the B-
domain moves into the A-domain.

Apparently, with the decrease in y,zN, the distributions of
A/B-junction points in the middle row of the panels from right
to left in Figure 6 become less concentrated, indicating that
some portion of A/B-junction points is withdrawn into A-
domain. As a consequence, the A/B interfaces in the top row
of the panels from right to left become more and more diffuse.
In contrast, the distributions of the B/C-junction points do not
change notably with y,sN due to the unchanged ypcN.
Moreover, the density distributions in the top row of Figure 6
suggest that the B-subdomains gradually move into the A-
domain as y,gN decreases. At low y,zN = 40, the B-
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Figure 6. Density distributions plots (top row), spatial distributions of the A/B-junction points (middle row), and B/C-junction points (bottom
row) for ABC linear triblock copolymer at fixed f, = 0.29, f5 = 0.18, ypcN = 80, and y,cN = 15 in the C,C morphology for y,zN = 40 (left

column), 60 (central column), and 80 (right column).

subdomains are nearly embedded in the A-domain, increasing

A/B and A/C interfaces but adding chain configurations.
Based on these results, we can draw schematics in Figure 7

to illustrate the change of the chain configurations with

(a) (b)
T

Q7

XapN=40

XapN=80

Figure 7. Schematics illustrating the change of the chain
configurations of ABC triblock copolymer with changing y,pN in
the four cylinders-on-cylinder morphology.

reducing y,zN. At high y,zN = 80, A/B-junction points are
highly concentrated to form sharp A/B interfaces (right panel),
while at weak y,zN = 40, some A/B-junction points enter the
A-domain to add the chain configurations at the low cost of A/
B interaction energy. In other words, the diffused distribution
of A/B-junction points relieves the constraint of B-subdomains
on the chain configurations, thus improving the stability of the
hierarchical gyroid phases relative to their competing phases.

In particular, the entrance of some A/B-junction points is
favorable to release the high stretching of A-blocks that fill the
central area of the large node of the gyroid structure. As long as
the gain in the entropic contribution from the released
constraint on the chain configurations can compensate the
penalty of A/B and A/C interaction energy by lowering y,gN,
the hierarchical gyroid structure becomes stable in the phase
region between the hierarchical cylindrical and lamellar
structures.

To further demonstrate the effect of y,zN on the stability of
the hierarchical gyroid structures, we construct the phase
diagram with respect to f, and y,pN for fixed f5 = 0.18, ypcN =
80 and yscN = 1S5. In Figure 8, the transitions with the
decrease in y,3N are mainly induced by the transformation of
the B-subdomain within the phase diagram regions where f, <

0.35

Figure 8. Phase diagram in the y,z3N — f, plane for the ABC linear
triblock copolymer with y,pN decreasing from 80 to 40 for fixed fp =
0.18, 73cN = 80, and yacN = 1.
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0.285 and f, 2 0.318. That is, C;C/H;C/C,C transfer to PLC
and then to ¢sC in the left part of f, < 0.285, and CL transfers
to PLL in the region of fy, 2 0.315. In contrast, along the
transitions from C,C/CL to CG" occurred in the middle part
of 0.285 < fy < 0.315, the A-domain changes from cylinder/
lamella to gyroid, while the B-subdomain is unchanged. This
observation confirms that the hierarchical gyroid structure
appears between the hierarchical cylindrical and lamellar
structures with respect to f, only when the constraint of the
discrete B-subdomains on the chain configurations is relieved
by lowering ysN.

B CONCLUSIONS

In summary, we have investigated the self-assembly of
frustrated ABC triblock copolymers using SCFT, focusing on
the stability of hierarchical gyroid structures. Since these
hierarchical gyroid nanostructures may be used to fabricate
functional materials with high performance, it is critical to
choose the A, B, and C monomers for obtaining three proper
Flory—Huggins parameters based on the phase diagram.
Specifically, we consider that short middle B-blocks form
discrete subdomains decorated on the surface of A-domain.
We first construct the corresponding part of the triangular
phase diagram with respect to three compositions (f,, f5, and
fc) for fixed yagN = ypcN = 80 > yocN = 15. The phase
transitions in the phase diagram can be induced by the
transformation of either the B-subdomain or A-domain.
Surprisingly, the hierarchical gyroid structure is not commonly
formed between the hierarchical cylindrical and lamellar
structures in the transition sequence with changing f,. For
these hierarchical structures, the formation of B-subdomains
on the surfaces of A-domains presents a constraint on the chain
configurations, leading to entropy loss. Accordingly, we
speculate that the absence of the gyroid structure is mainly
caused by its irregular surface of the A-domain that does not
allow the B-subdomain to form a uniform arrangement and
thus produces more severe constraint on the chain
configurations than the cylindrical and lamellar structures
with regular surfaces of A-domains.

In order to further understand the stability of the
hierarchical gyroid structure, we reduce y,zN to 70, 60, S0,
and 40, and construct the corresponding phase diagrams. At
XaslN = 50, the hierarchical gyroid structure starts to form
between the hierarchical cylindrical and lamellar structures
along increasing f,, giving rise to the common transformation
from cylinder to gyroid and then to lamella for A-domain.
When y,N decreases to 40, the stable window of the gyroid
structures widens. By comparing the different parts of the free
energy as well as the different parts of the entropic
contribution associated with each block and each junction
point, we find that the change of the relative stability of the
gyroid structure is mainly contributed by the entropic
contribution, especially the part contributed by the A-block.
This work demonstrates that the transition sequence from the
cylinder to the gyroid and lamella, which is commonly
observed in many simple block copolymers, may be disrupted
by the formation of substructures for hierarchical structures.
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