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Self-consistent field theory and coarse-grained
molecular dynamics simulations of pentablock
copolymer melt phase behaviorf
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Block copolymer (BCP) self-assembly leads to nanostructured materials with diverse ordered
morphologies, some of which are attractive for transport applications. Multiblock AB copolymers are of
interest as they offer a larger design parameter space than diblock copolymers allowing researchers to
tailor their self-assembly to achieve target morphologies. In this study, we investigate the phase behavior
of symmetric A,B,A,B,A, and B,A, B,A B, pentablock copolymers (pentaBCPs) where A and B monomers
have the same statistical segment length. We use a combination of self-consistent field theory (SCFT)
calculations and molecular dynamics (MD) simulations to link the polymer design parameters, namely the
fraction of middle block volume to the volume of all blocks of same type, 7z, overall volume fraction of A
block, fa, and segregation strength, yN, to the equilibrium morphologies and the distributions of chain
conformations in these morphologies. In the phase diagrams calculated using SCFT, we observe broader
double gyroid windows and the existence of lamellar morphologies even at small values fa in contrast to
what has been seen for diblock copolymers. We also see a reentrant phase sequence of double gyroid —
cylinder — lamellae — cylinder — double gyroid with increasing 7 at fixed fa. The chain conformations
adopted in these morphologies are sampled in coarse-grained MD simulations and quantified with
distributions of the chain end-to-end distance and fractions of chains whose middle (A or B) and end (A or
B) blocks remain within domains of same chemistry (A or B). These analyses show that the pentaBCP
chains adopt “looping”, “bridging”, and “hybrid” (both looping and bridging) conformations, with a majority
of the chains adopting the hybrid conformation. The spatial distributions for each of the blocks in the
pentaBCPs show that blocks of the same type in a chain locally segregate within the same domains, with
shorter blocks segregating towards the domain boundaries and longer blocks filling the domain interior.
This combined SCFT-MD approach enables us to rapidly screen the extensive pentaBCP design space to
identify design rules for transport-favorable morphologies as well as verify the chain conformations and
spatial arrangements associated with the theory predicted reentrant phase behavior.

Block copolymers (BCPs) self-assemble into a variety of nanostructures, such as lamellae, hexagonal-packed cylinders, and double gyroid, which in turn
enable engineering of materials with desired transport and mechanical properties. The morphology formed by a given BCP is highly dependent on its
design in terms of the monomer chemistry, number of blocks (diblock to multiblock), block lengths, and block sequence. As compared to diblock
copolymers, multiblock copolymers have been studied to a smaller extent due to their larger design parameter space. However, it is noteworthy that a

handful of computational studies of multiBCPs have uncovered novel nanostructures and phase behavior not seen in the well-studied diblock copolymers.
In this study, we focus on linking the design of pentablock copolymers (pentaBCPs) to their morphology in the melt state using self-consistent field theory
(SCFT) and molecular dynamics (MD) simulations. Our goal is to identify design rules for experimentalists looking to broaden phase windows of transport-

friendly morphologies, such as double gyroid. The combination of theory and simulation allows for faster screening of design parameter space using SCFT
as compared to MD simulations and quantification of chain conformations using MD simulations especially when getting distribution of chain
conformations from SCFT is non-trivial.
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l. Introduction

Block copolymers (BCPs) self-assemble into ordered periodic
nanostructures through microphase separation arising from
the chemical incompatibility and connectivity between the
blocks."? The rich phase diagram makes BCPs ideal to use as
materials for applications in next-generation memory devices,
membranes, sensors, photonic crystals, and solar cells.*® For
the simplest case of linear AB diblock copolymer (in short,
diBCP), the equilibrium morphology depends on three
parameters — xN, fa, and & where y is Flory-Huggins
parameter quantifying the segregation strength between A
and B monomers, N is degree of polymerization, f, is A block
composition, and ¢ is the conformational asymmetry between
two blocks."*? According to mean field theory, the order-to-
disorder transition (ODT) for a linear AB diBCP occurs at a
critical value of (yN)opr = 10.5 with the volume fractions of A
and B component equal (fy = 0.5)."° Above the ODT, the
ordered (canonical) morphologies including lamellae (L),
hexagonal-packed cylinders (Cq), double gyroid (DG), and
body-centered cubic (BCC) spheres are accessed in order of
increasing asymmetry in copolymer composition. The chains
self-assemble into these morphologies to minimize free
energy by minimizing entropy loss associated with chain
stretching and maximizing energetically favorable A-A and
B-B contacts (enthalpic gain). The curvature of the A
domain-B domain interface is determined by balance
between stretching energies of two blocks, under the
constraints associated with filling space at uniform density
and minimizing packing frustration.'>"?

While the simplest case of linear diBCP has been studied
extensively with experiments, theory, and simulations, there
is a need to establish the above concepts — ODT, assembled
equilibrium morphologies, order-to-order transition (OOT),
adopted chain conformations within these morphologies -
for other copolymer designs. With significant advances in
polymer synthesis in the past couple of decades, researchers
have been able to go beyond the simple linear diBCPs to
complex multi-block and tapered sequences'®'* as well as
non-linear polymer architectures (e.g., star, cyclic, coil-brush,
bottlebrush).">*° As these new polymers are created, it has
also motivated researchers to understand how changing
sequence and architecture impacts the assembled
morphologies at equilibrium or during processing.
Depending on the number of blocks (e.g., triblock, tetrablock,
pentablock) and the sequence of A and B monomers (e.g.,
BAB vs. ABA for triblock), the phase diagrams for linear
multiblock copolymers (in short multiBCPs) exhibit subtle or
major differences from the linear AB diBCP phase diagram.
For example, for symmetric ABA triBCPs, the overall topology
of phase diagram remains similar to AB diBCP because an
ABA triBCP if snipped in the middle forms two diBCPs.>*?!
There are, however, some clear differences between the ABA
triBCP and AB diBCP: (i) at the same composition, f, the
ODT is shifted to lower temperatures for ABA triBCPs as
compared to AB diBCPs with a higher critical value of
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(xN)opr ~ 18 compared to that of diBCPs, (yN)opr = 10.5,*
and (ii) while the morphologies accessed by ABA triBCPs are
same as those of AB diBCPs, unlike the AB diBCPs, the ABA
triBCPs adopt either looping (both end A blocks in the same
A domains) or bridging (each A block in different A domains)
conformations. Two different shifts of ODT to lower
temperatures were found via predictions from self-consistent
field theory (SCFT)*® and experiments where a relatively
short A end block, when synthetically added to the B block
of the AB diBCP, causes the ODT to be lower than the
parent AB diBCP.>* For asymmetric (A)y,(B)y,(A)y,
copolymers, an interesting phase behavior was predicted
based on the SCFT calculations by Matsen;** he found that
with varying parameter r = N;/(N; + N,), where N; and N, is
degree of polymerization of A; block and A, block, the OOT
phase boundary shifts nonmonotonically. This
nonmonotonic shift of phase boundaries results in reentrant
morphological transitions (e.g., lamella — double gyroid —
cylinder — double gyroid — lamella) with decreasing 7 at
fixed fa. This reentrant morphological change (cylinder —
lamella — cylinder) was also experimentally observed with
asymmetric polystyrene-block-polybutadiene-block-polystyrene
triBCP.*”

In the case of ABAB tetraBCPs, specifically styrene-b-
isoprene-b-styrene-b-isoprene tetraBCPs, experiments showed
that the ODT temperature is considerably lower than that of
comparable AB diBCPs.>® The phase diagrams of ABAB
tetraBCPs constructed by SCFT theory>”*® and molecular
dynamics (MD) simulation® include canonical morphologies
(spheres, cylinders, and lamellae) as observed in simpler AB
diBCPs. However, compared to ABA triBCPs, existence of an
additional tail B block in ABAB tetraBCP leads to the
emergence of morphologies not seen with ABA triBCPs. For
example, a hybrid lamella-sphere structure phase, where
lamellar and spherical domains of the same component are
separated by domains of the other component,®” and Frank-
Kasper (FK) phases, a group of complex spherical packing
phases,®® are predicted by the SCFT. The OOT phase behavior
of ABAB tetraBCPs is also significantly different from that of
ABA triBCPs. The reentrant phase transition (lamellae —
double gyroid — hexagonal-packed cylinders — lamellae) was
predicted by SCFT calculations of ABAB tetraBCPs with
increasing ratio of the end A block length to total length of
both A blocks, at a symmetric A-B volume fraction (fy = fg =
0.5).”” The same reentrant morphological transition was
experimentally observed with polystyrene-b-polyisoprene-b-
polystyrene-b-polyisoprene (SISI) tetraBCPs.*° It is notable
that in these tetraBCPs, the cylinder and double gyroid
phases are stable even at symmetric composition (A volume
fraction = B volume fraction) of the copolymer unlike the
simpler AB linear BCPs which only form lamellar phases at
symmetric A and B volume fraction. In another experiment of
SISI tetraBCPs,” an unusual transition from cylindrical to
lamellar morphology was observed upon increasing
temperature; this is opposite to the OOT from lamella to
cylinder morphology observed in AB diBCPs or ABA triBCPs.

This journal is © The Royal Society of Chemistry and IChemE 2024
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All of the above work demonstrates that presence of an
additional B block in ABAB tetraBCP as compared to the ABA
triBCP produces different phase behavior.

Compared to the ABA triBCPs and the ABAB tetraBCPs,
experimental and computational studies of A and B
containing pentaBCPs are sparse. For example, Zhao et al.
calculated the SCFT phase diagrams of symmetric BABAB
pentaBCPs, where the lengths of the two end B blocks are the
same and the lengths of two A blocks are the same.** The
phase diagram with respect to yN and f, exhibits (yN)opr >
30, at symmetric composition, f, = 0.5, in contrast to diBCP
which has an (yN)opr = 10.5, and symmetric triBCP, (yN)opr
~ 18. For these BABAB pentaBCPs, the same order of
canonical morphologies (L — DG — C¢ — BCC) was observed
with decreasing fy as in the AB diBCPs and ABA triBCPs.
Interestingly, for these symmetric BABAB pentaBCPs, the
phase diagram with respect to f, and 7 (where 7 is the volume
fraction of two end B blocks among all B blocks) exhibits,
with decreasing 7, a reentrant phase behavior of body-
centered cubic (BCC) and face-centered cubic (FCC) spherical
phases (BCC — FCC — BCC — FCC — BCC).** The reentrant
phase behavior was supported by the SCFT density
distributions of blocks, but the explicit chain conformations
responsible for the reentrant phase behavior have not been
verified yet.

In another recent SCFT study, it was shown that by
optimizing design parameters in pentaBCP, ie. individual
length ratios of constituent blocks, one can achieve
nontraditional phases that are difficult to access through
simpler multiBCPs.**** SCFT calculations from Xie et al.
proposed a strategy to stabilize single gyroid in BABAB penta-
BCPs where the gyroid network structure is formed by the
two A blocks.*® The constituent block lengths in pentaBCP
was precisely tuned in the way that the stability of single
gyroid is induced by the synergetic effect of lowered packing
frustration and stretching energy of the bridging B blocks.
The packing frustration in B domains of single gyroid is
relieved through the local segregation of the two tail B blocks
of asymmetric length, filling near and far space from the A-B
interface. Further, the double gyroid which competes
thermodynamically with single gyroid is destabilized by the
stretched bridging B block connecting the two networks.
Moreover, the equilibrium phase diagram of the BABAB
pentaBCP with respect to the two design parameters — degree
of asymmetry in length of two tail B blocks and length ratio
of bridging B block to total B blocks - shows a stable phase
of a square array of cylinders as compared to the canonical
hexagonal-packed cylinders.****

Morphologies where the domains have a lower
coordination number (e.g., square vs. hexagonal-packed
cylinders or single gyroid vs. double gyroid) have attracted
attention due to potential applications in photonic crystals®
and next-generation integrated circuits,” and have been
attempted to be accessed using more complex branched
BCPs'®*>?® or blending different types of linear BCPs.*” The
prior pentaBCP studies suggest that linear AB-type multiBCP
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designs have the potential of offering noncanonical
structures with fewer molecular design parameters to
consider, ie. block sequence and relative length ratios
between blocks, as compared to the branched BCP or the
multicomponent BCP systems. Moreover, with experimentally
tractable design parameters, systematic analysis of pentaBCP
systems can give us insight into how BCP self-assembly
behavior evolves from AB diBCP, ABA triBCP to AB-type
multiBCP.  Experimentally, symmetric pentaBCPs are
considered easier to synthesize than tetraBCPs because
symmetric pentaBCPs grown via difunctional initiators
require fewer chain extensions than tetraBCPs grown from
monofunctional initiators.*® As a result, study of pentaBCPs
offers a more practical approach to understanding BCP self-
assembly behavior.

In this paper, we investigate the equilibrium phase
behavior of symmetric linear pentaBCPs with alternating
sequences of A and B blocks - A,B/A,B)A, and B,A;B.A,B, -
using a combined approach of SCFT calculation and MD
simulation. We first present the SCFT calculations that lead
to phase diagrams of the A;ByA;B,A, and B,A;B,A;B, penta-
BCPs at different yN and various end vs. middle block volume
fractions. Using a coarse-grained model for the pentaBCPs in
MD simulations with chains of finite lengths and analogous
design parameters as used in SCFT, we quantify distributions
of chain conformations and spatial organization of the blocks
within the A and B domains to explain the observed phase
behavior in the SCFT phase diagram.

Il. Approach

A. Pentablock copolymer (pentaBCP) design

We consider melts of linear A,B/A,B)A, and B,A,B.A B, penta-
BCPs with the design space shown in Fig. 1. For the
remainder of this paper, we will denote these two cases of
pentaBCPs as A;B;jA;B,A; and B;A;B,A,B; pentaBCPs,
identifying the order of the blocks in the subscript rather
than the degree of polymerization of the block.

We only consider the case where the degree of
polymerization of the two end blocks are equal and the degree
of polymerization of the second and forth blocks are equal. In
other words, Ny, = N, and Ny = Ng, for the A;B;A,BA;
pentaBCPs, and N, = Ng, and N, = N,, for the B;A;B,A;B;
pentaBCPs, where N, is defined as degree of polymerization
of y type block in the polymer chain. We also assume that the
A and B monomers have the same statistical segment length,
bs = bg; the analogous cases where b, #+ by will be the focus
of a future publication.

Our chosen designs reduce the number of parameters for
the block compositions to two independent parameters, the
overall volume fraction of A block, f, and the fraction of the
middle A, (or B,) block to the total A (or B) blocks for the A;-
B,A,;B,A; block (for the B;A;B,A,B;3) copolymers, denoted as
75, and 7z, as shown in Fig. 1.

In short, we study the phase behavior of linear A;B;A,B,A;3
and B;A;B,A;B; pentaBCP melts by varying the polymer
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Fig. 1 Schematics of (a) symmetric A;B;A;B>Az pentaBCP and (b) symmetric B;A;B,A>Bs pentaBCP, where N, is degree of polymerization of y type
block in the polymer chain ((@) y = {A1, By, Az, By, Az}, and (b) y = {B1, A1, B2, A, Bs}), and the A and B monomers have the same monomer volume.
The polymer design parameters for each pentaBCP are defined below the schematics. The f, is the overall volume fraction of A blocks in the
polymer chain, and za, is the volume fraction of the middle A block to the total A blocks for the A;B;A;B,As pentaBCP, and g, is the volume
fraction of the middle B, block to the total B blocks for the B;A;B,A;B3s pentaBCP.

design parameters, fa, 7a, 75, and segregation strength
between A and B monomers, yN.

B. SCFT formalism for pentaBCP melt

We use SCFT formalism®® to predict equilibrium phase
behavior of pentaBCP melts in a system volume V. The
polymers are modeled as flexible Gaussian chains with a total
degree of polymerization N and A and B monomers with
equal statistical segment length » and segment volume v.
With this model, the polymer design parameter z,, (or 7)) is
interpreted as the number ratio of statistical segments in the
middle bridging blocks, A, (or B,), to the total A (or B) blocks
for A;B;A,B,A; (or B;A;B,A,B;) pentaBCPs.

As we are considering single-component melts, we use
canonical ensemble SCFT for calculating Helmholtz free
energies of the pentaBCP melts. In the SCFT formalism, the
partial partition function g(r, s) of the chain fragment is
calculated by solving the following modified diffusion
equation (eqn (1)). The parameter s is a continuous
parameter s € [0, N] indicating the specific segment along
the chain contour with the free first segment denoted as s = 0
and the last segment as s at position r in ¢(r, s). The modified
diffusion equation is written as follows:

2 4te.9 = (2900 )t 9 1)
s’ 6 ! ’

with an initial condition ¢(r, 0) = 1. Here, w,(r) is the
chemical potential field acting on a segment of type y =
{A, B} positioned at r, where the type y depends on the
variable s. The SCFT formalism provides self-consistent
mean field equations to determine the mean fields wa(r)
and wg(r), which we explain later. The conjugate partial

1238 | Mol Syst. Des. Eng., 2024, 9, 1235-1253

partition function g¢'(r, s) for the remaining chain
fragment, which has the free end (s = N) and the other
end fixed at position r, is obtained by solving the
following modified equation
20w 9= (2v-0m)d 9 @
aSq ) - 6 Wy q ’
with initial condition ¢(r, N) = 1.
From the computed partial partition functions, the density
of monomers belonging to type y blocks is determined by

¢,(1) dsq(r, 5)q'(r, ) (3)

:NQ.L

where y = {A;, By, Ay, By, A3} for the A;B;A;B,A; pentaBCPs,
and y = {By, Ay, B,, A,, B3} for the B;A;B,A,B; pentaBCPs.
Here, Q is the total partition function of the polymer chain,

1
which  is  expressed as Q= VJ drg(r, N).  The

incompressibility condition requires the total density of
monomers at position r satisfies ) ¢, (r) = 1.
¥

In SCFT, the mean field solutions for the densities and
chemical potential fields satisfy the following equations,

A(r) = x¢s(r) + &(x) (4)

wp(r) = x¢a(r) + (1) (5)

where y is the Flory-Huggins interaction parameter between A
and B type segment and &(r) is a Lagrangian multiplier pressure
field to enforce the incompressibility of the polymer melts
expressed as ¢a(r) + @p(r) = 1, where ¢,(r) and ¢g(r) is the total
density of segment type A and B, respectively. After finding the

This journal is © The Royal Society of Chemistry and IChemE 2024
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mean field solutions, the Helmholtz free energy of the system
per segment is calculated from the following expression,
F v 1 1
oy = In(eQ) = [ drloa, () + on0)gy(o)
X
+7 | g @ ©

where kg is the Boltzmann factor and T is the temperature of
the system. Since the SCFT polymer chain model is invariant to
the absolute values of N and b, we choose N = 1 and b = 1,
which is the standard convention in SCFT formalism.*® With
this choice, the total number of segments in the system, V/v, is
equal to the total number of chains of length N, and therefore,
the Helmholtz free energy per segment is interpreted as
Helmbholtz free energy per chain of length N.

C. SCFT calculations

The calculations of the above SCFT formalism for penta-
BCPs are performed using the open-source polymer self-

View Article Online
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consistent field (PSCF) software.* The diffusion equations
(eqn (1) and (2)) are numerically solved using the pseudo-
spectral method*® with periodic boundary conditions. For
the integration, we use the integration step of ds ~ 0.005
and a large number of spatial grid points (Table 1) to
keep accuracy of numerical solutions as high as possible
while keeping computational costs reasonable. To find the
self-consistent mean field solutions, the diffusion
equations are iteratively solved with chemical potential
fields wa(r) and wg(r), which are updated by the self-
consistent mean field equations (eqn (4) and (5)) for the
next iteration cycle. The Anderson mixing iteration scheme
is implemented when updating the fields iteratively to
accelerate the convergence to the self-consistent mean
field solutions.*” The iterative computation stops when the
errors in the self-consistent mean field equations (eqn (4)
and (5)) are less than the specified error tolerance. The
SCFT simulation details implemented in PSCF software
are provided in ref. 39.

Table 1 The candidate phases considered in the SCFT calculations, structure details, and spatial discretization. Body-centered cubic sphere (BCC),
hexagonal-packed cylinders (Cg), double gyroid (DG), Fddd orthorhombic (O7°), and lamellae (L) morphologies are presented in the table

Name Structure Space group Crystal system SCFT grid size
BCC - Im3m Cubic 64 X 64 X 64

vVt

>4

O

Ce pémm 64 x 64
DG Ia3d Cubic 64 x 64 x 64
o’ Fddd Orthorhombic 32 X 64 x 128
L 128

This journal is © The Royal Society of Chemistry and IChemE 2024
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To determine the equilibrium phase at given polymer design
parameters, the Helmholtz free energies for the ordered phases,
lamellae (L), double gyroid (DG), Fddd orthorhombic network
(07), hexagonal-packed cylinders (Cg), and body-centered cubic
spheres (BCC), and homogeneous disordered phase (Dis), are
compared (ESIf Fig. S2). The morphologies of the candidate
phases we consider in SCFT calculations are provided in Table 1.
We did not consider non-classical phases such as single gyroid
and square array of cylinders; those phases have been predicted
by SCFT to be stable in AB-type pentaBCP melts with highly
asymmetric end blocks.**** For the pentablock copolymer
designs we consider in this work, the two end blocks have the
same length where such non-classical phases are not favored.

D. Coarse-grained (CG) model used in molecular dynamics
(MD) simulations

To complement SCFT morphological predictions with
quantitative information of chain conformations in the
observed equilibrium morphologies, we use CG MD
simulations.

We model pentaBCPs as CG bead-spring chains composed
of two types of beads, A and B, where each bead represents a
Kuhn segment of the copolymer.*> Such models have been
used extensively in past studies of MD simulations of
copolymers as well as polymer blends to predict melt
morphology as a function of polymer composition,
architecture, and total chain length.*>>° To match the SCFT
design space, we maintain both bead types to be of the same
statistical segment size 1d; all other simulation lengths are
normalized to this 1d.

Pairs of bonded beads in each chain have a harmonic
bond potential of the form

Ubond = kbond(r - rO]Z (7)

where kyonq is the force constant = 50k7/d” in all cases, r is
the distance between the centers of the two bonded beads,
and ry is the equilibrium length equal to 1d.

Pairs of non-bonded beads interact with each other via the
cut-and-shifted Lennard-Jones (LJ) potential®* which has the
form

(O™ 0 (G2) -G e

0 T'ZTeut

(8)
in which the i and j subscripts refer to the type of non-
bonded beads in the pair, ¢; is the depth of the potential
well, o is the bead diameter taken to be 1d for both bead
types, and rq, is the potential cutoff distance of 2d. The
depths of the self- and cross-interaction potentials between
the monomers (eaa, €, and epg) are related to y via

=7 (5 o] ©
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where z is the average bead coordination number within the
first coordination shell defined as beads' center-to-center
distance of <1.5d. The value of the z parameter is taken to be 6,
guided by reported values in literature.******** To model BCPs
with positive values of y (for mimicking segregation between A
and B monomers), we choose the values of exp < e = €g-

E. MD simulation

System sizes. It is a known challenge that the simulated
morphology of BCPs can be altered by the simulation box
size and its relationship with the expected periodicity in the
ordered morphology.”*® To ensure the morphology we
observe is the true equilibrium morphology and not one
obtained due to our selected system size, we utilize three
system sizes for each pentaBCP design.

In the first system, we simulate 400 chains of each
polymer design at yN = 60 within a cubic simulation box with
side length Ligse calculated as

1
NehainsN <§ n (%) 3) ’

n

MD
Ltarget -

(10)

where 7chains 1S the number of chains in simulation (7chains =
400 for this first simulation set), N is the degree of
polymerization (corresponding to the number of beads per
chain in simulation), and 7 is the desired volume fraction of
beads within the simulation box volume, taken to be 0.45 to
represent melt conditions.*>***%>>

In the second system, the chain end-to-end distance Rhe’
sampled at yN = 60 from the first system is used to specify
the target cube side length Ltire.. We take inspiration from
the SCFT calculations in which the length of the unit cell
L3SFT is expressed as

BT =GR 1)

with RSST = pN*? being the ideal chain end-to-end distance
and C3*T a dimensionless unit cell parameter used in SCFT
calculations. The latter is used as a proportionality constant
to specify the unit cell in MD simulations as Ly =
CISFTRMP in analogy to eqn (11) and using Ry sampled for
each chain design from the first system. The side length
Liarger used in the second system is an integer multiple of
IMP | This Lﬁﬁget is then used to specify nchains according to
eqn (10). We set the integer ratio between Ltame and Ly
such that n¢pains = 400. We simulate each melt at yN from
40 to 120 in increments of 10, with the final simulation
state at each yN used as the initial state of the next value of
xN. We use this simulated annealing procedure to prevent
kinetic trapping of the morphology.

The third system size is a cube of size Ltargec Which is a
multiple of L,« = 27m/g*, corresponding to the position of the
major peak of the A domain structure factor Sya(g*) sampled
at yN = 120 for each chain design in the second system. We
found that the LY" from the second system was often
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mismatched with L+, indicating that the simulation box size
was incommensurate with the morphology periodicity. We
quantify this discrepancy between the unit cell size found in
SCFT and MD by comparing C5¢F" with the MD unit cell
parameter cMP found as the quotient of L+, from the second
system, and Rhe® from the first system. We found that CYo
corresponded to the C5¢F" for chain designs SCFT predicted
would form the lamella (L) morphology, but often disagreed
for those predicted to form Cy and DG (cylinders and double
gyroid) morphologies; this prompted us to use the third
system with Ly’ = V/6*Lg; for chain designs which are
predicted by SCFT calculations to form DG at yN = 60, and
with Lye” = Lg+ if any other morphology is predicted. We set
the integer ratio between Lgryec and Lyc such that nchains =
1000 to reduce the impact of finite-size effects. We simulate
increasing yN from 40 to 120 in increments of 10 to sample
the pentaBCP morphology and chain conformations.

For readers interested in the values of C3S*T used for the
second system size, the Ree” and L« sampled from the first
and second system sizes, and CMP calculated from the results
of the first and second system sizes, we provide this
information in Table S1 in the ESLf

Simulation details. We use the LAMMPS software package®”
to perform these MD simulations of melts of pentaBCPs using
the CG model described earlier in each of the above system
sizes. We use a timestep size of 0.01r (where 7 is the
dimensionless L] unit of time) for all stages of simulation. We
use the MolTemplate software program to initialize the chains
and specify an initial simulation volume;*® we then generate
each initial configuration by first shrinking each dimension of
the simulation box to the Lt under the NVT ensemble at 7%
=1 (where T* is the reduced LJ temperature) using the Nosé-
Hoover thermostat®® over 5 x 10° timesteps. At this stage, we
set the depth of the potential well for each LJ interaction (gya,
€ap, €gp) t0 0.25kzT to permit the chains to mix (as segregation
strength is 0). Once the target density is reached, we simulate
each melt at constant volume in a cubic simulation volume of
side length Ligige for another 5 x 10° timesteps. This is followed
by increasing esa, €ap, and egp to 0.5kgT and continuing the
simulation for another 5 x 10° timesteps. These steps are
simply meant to create a well-mixed melt configuration of the
pentaBCPs.

We then simulate the melts at each segregation strength yN
in the NPT ensemble (with T* = 1, P* = 1) using the Nosé-
Hoover thermostat and barostat. We maintain a cubic
simulation box by coupling all three side lengths. We set &aa
and egp equal to 1kgT and select exp SO as to achieve our target
x using eqn (9). We first equilibrate the melt for 1.5 x 107
timesteps, which we verify to be sufficient by ensuring the
convergence of the profile of mean-squared internal distances:

((xi=%0)")

12
Nponds ( )

where x, and x; are the positions of the first and the i-th bead
of each chain, respectively, and 7npongs is the number of bonds
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separating the first and the i-th bead. The profile of internal
distances averaged across all chains in the melt will fluctuate
around a steady shape once the melt has equilibrated. Once
equilibrated, we sample the configuration of the melt every 5 x
10> timesteps over the next 5 x 10° timesteps.

Workflow. For every pentaBCP system, we perform three
simulation trials for each of the three system sizes using
different random number seeds for the initial velocities of all
beads. All quantities sampled from each simulation are
averaged across the three trials, including Ry from the first
system size, Lg from the second system size, and the
morphologies and chain conformations from the third
system size. We note that the averaged results from three
separate runs of the third system size are reported in Section
III of this manuscript and the ESL}

Lastly, we also conduct tests of stability of the MD
simulation and SCFT predicted morphologies using a new
computational approach - rapid analysis of polymer structure
and inverse design strategy (RAPSIDY) - that we describe in a
separate publication.®® Briefly, in this new approach we begin
MD simulations using initial configurations where we pre-
place chains directly into a desired morphologies (e.g., lamellae
or double gyroid or others) to rapidly test the stability or
metastability of that morphology for the specific polymer
design. We describe this method in detail in the ESL}

Analysis. The melt morphologies we access in our
simulations include disordered (Dis), disordered microphase-
separated (DM), lamella (L), hexagonal-packed cylinders (Cg),
body-centered cubic spheres (BCC), double gyroid (DG), and
Fddd (O”°). We use the A-B bead pair radial distribution
function gap(r) to determine if a melt is in a disordered
morphology or disordered with microphase-separation. As
the pentaBCP chains de-mix, the height of the contact peak
of gag(r = 1d) decreases. We define a melt to be in a
disordered morphology if gup(r = 1d) = 1.76 + 0.06 (i.e., the
average value +95% confidence interval), which is the height
of the contact peak sampled from a completely mixed penta-
BCP melt with y = 0 (see ESIT Fig. S3). We define a melt to be
in a disordered microphase-separated (DM) morphology if its
contact peak height lies g,p(r = 1d) < 1.76 and outside of the
95% confidence interval of the above value without it
forming an ordered morphology (e.g. L, DG, Cs). The DM
morphology is analogous to the “disordered micelle” state
studied in sphere-forming BCP melts®® in that it features
significant microphase separation without the formation of
an ordered morphology. However, some DM melts contain
continuous and asymmetric (“defective”) structures rather
than a micelle population. We did not evaluate if the DM
morphology shares any of the unique characteristics with the
disordered micelle state (e.g, “memory” of previous
nonequilibrium structures upon crossing (yN)opr and then
returning to order).

We identify ordered microphase-separated morphologies
of pentaBCP melts visually using isosurface snapshots and
via the emergence of the microphase peak (¢* peak) in the A
domain structure factor Saa(q). We employ a procedure
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derived from that described by Brisard and Levitz®® to
efficiently calculate the structure factor while accounting for
finite simulation volume. We treat each bead as a point
scatterer and calculate the scattering amplitude as

1 Npeads

A(q) Pr €xp(—iqxz) (13)

Npeads %

where Npeags is the total number of simulated beads, p; is the
scattering length density of the bead k, and x; is the position
of bead k. To find the structure factor of the A domains, we
take p; = 1 if bead k is of type A and p; = 0 if bead & is of type
B. We account for finite-size effects to find the corrected
scattering amplitude A'(q) by subtracting the form factor of
the simulation volume:
sin <%>

A@=4a- [] —

i=x.y,2 L;

(14)

where g; and L; are the magnitude of the q vector and the
length of the simulation volume along axis i, respectively.
The corrected scattering amplitude A'(q) is calculated for 300
vectors oriented in all directions using the Fibonacci sphere
algorithm.®* Finally, the A domain structure factor profile is
calculated by averaging the square of the corrected scattering
amplitudes across all 300 vectors such that Saa(g) is only a
function of the scattering vector length g:

(15)

The structure factor is particularly important for identifying
triply periodic morphologies, including DG and 07, as they
can be difficult to visually distinguish from the DM
morphology. To test whether or not a specific melt has either
of these morphologies, we quantify the ratio of the
simulation box length to the length corresponding to the g*
peak, Lg«, which should be an integer multiple of v6:1 and
V/3:1 for the DG and O’° morphologies, respectively.®>®”

To analyze the conformations of simulated chains, we
identify the A and B domains of the simulated melts using
isosurfaces drawn with a Gaussian density mesh method®®
implemented in the OVITO software.” We identify A
domains by generating isosurfaces around beads of type A
with a resolution of 30, radius scaling of 100%, and iso value
of 10; this combination of parameters correctly yields the
fraction of the simulation volume occupied by A domains to
be equal to f. We then quantify the fraction of each type of
block (e.g., the end A blocks, B blocks, and middle A block
for the A;B;A,B,A; pentaBCP) in A domains. For comparison,
we also quantify the distribution of each block type in each
domain using a particle mesh Ewald (PME) method
developed by Essmann et al.,”® and we present the results of
both methods in the ESILf This PME calculation is used to
distribute bead charges onto a voxel grid for the efficient
calculation of electrostatic interactions; as in previous
simulation work on BCPs,”! we use this method to distribute
the mass of each bead onto a voxel grid and then assign each

1242 | Mol. Syst. Des. Eng., 2024, 9, 1235-1253

View Article Online

MSDE

voxel to the domain type (A or B) corresponding to the
majority of the bead mass in that voxel. This allows us to
confirm that our conclusions about the chain conformations
are consistent and independent of the type of calculation. We
also use these bead mass grids to create 1D and 2D
distributions of each block type within A and B domains for
comparison with SCFT data.

We further distinguish chain conformations by using the
chain end-to-end distance R.. to estimate the number of
domains accessed by each chain. We analyze the R
distribution of simulated melts to determine the proportion
of each conformation.

F. Simulated pentaBCP designs

The advantage of combining SCFT and MD simulations is
that SCFT accelerates the design parameter sweep as
compared to MD simulations. Thus, running MD simulations
at every point in the design space defeats the purpose of this
accelerated exploration with SCFT. Instead, using the results
from SCFT (discussed in Section III.A), we select a few penta-
BCP designs to simulate and analyze their chain
conformations. The design parameters for the twenty
simulated pentaBCP designs are listed in Table 2. Each
simulated system is comprised of identical chains of
specified N, fraction of A-type beads fi, and the fraction z;
represented by the chain's middle block of the total beads of
its type. The composition of pentaBCPs of sequence A;B;A,-
B,A; and B;A;B,A,B; are specified by the parameters z,, and
7p,, TEspectively.

lll. Results
A. SCFT phase diagrams of ABABA and BABAB pentaBCPs

In Fig. 2 we show the SCFT phase diagrams of the A;B;A;B,A;
pentaBCPs at different yN values with respect to the design
parameters, 7, and f,. We observe disordered phases (Dis)
only in the phase diagrams calculated at yN = 35 and 40.
Between yN = 40 and 60, all design parameters forming the
disordered phases at yN = 40 undergo a transition from
disorder to order and the phase diagram at yN = 60 only
shows ordered morphologies.

Table 2 Design parameters for the pentaBCPs used in CG MD
simulations. N is the degree of polymerization of the simulated chains (i.e.
the number of beads per chain), fa is the fraction of A-type beads in each
chain, and 7, and g, are the fraction of the middle block of beads of A or
B type, respectively

Block sequence N fa 7a, OR 73,
A1B1ABA; 51 1 B A
3 177170177177 17

A B1A;BA; 50 0.4 . 7i i E E E
7507207 207 207 20

B1A;B,A,B; 48 1 L _6 1216 20 26
3 B2 327327327 327 32
B1A;B,A,B; 51 20 L7 13 15 19 25
51 B2 7317317 317 317 31
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Fig. 2 The SCFT phase diagrams with respect to the polymer
design parameters s, and fa (as defined in Fig. 1) for the
A1B1ABAs pentaBCPs at (a) yN = 35, (b) yN = 40, and (c) yN =
60. The legend on top of the figure shows which symbols
represent the different equilibrium phases identified by SCFT free
energy calculations: homogeneous disorder (Dis), body-centered
cubic spheres (BCC), hexagonal-packed cylinders (Cg), double
gyroid (DG), Fddd (O7°), and lamellae (L) phases. The conventional
presentation of SCFT phase diagrams with the continuous phase
boundaries are presented in ESIf Fig. S4.

This journal is © The Royal Society of Chemistry and IChemE 2024

View Article Online

Paper

The values of 74, = 0 and 74, = 1 correspond to the symmetric
ABA and BAB triBCPs, respectively. At these extreme values of
7a,, for all three values of yN, as f, increases, we observe this
sequence of ordered phases: C, — DG — L. At intermediate
values of 7,, and yN values of 35 and 40 (Fig. 2a and b), we
observe the transition from Dis — BCC — Cs — DG or 0’° — L.
This order of sequences is similar to that observed with the AB
diBCP phase diagram because as A/B block composition
becomes more symmetric, the polymers assemble into
morphologies with less curved A-B interfaces. While this order
of sequences C4 — DG — L with increasing f, remains
consistent at all values of 7, , the value of f, where the OOT
occurs depends on the value of 7, . At yN = 60 (Fig. 2c) we
observe no disordered phase, and all the chain designs exhibit
ordered phases (BCC, Cs, DG, and L).

The phase behavior A;B;A;B,A; pentaBCPs at the three
values of yN varies the most between 0.3 < 7, < 0.5. At yN =
35 (Fig. 2a), a wide window of disordered phase is observed
around 0.3 < 7y, < 0.5. The ordered phases next to the
disordered region of the phase diagram are weakly segregated
with a broader A-B interface compared to the ordered phases
in 7o, = 0 and 74, = 1 at the same f, (ESIt Fig. S6). In this
weakly segregated regime, the DG phase stability is
outcompeted by the O’° phase stability, which is a
characteristic feature of AB diBCP phase behavior near ODTs.
At yN of 60 (Fig. 2c) and 0.3 < 7, < 0.5, all phases are
ordered over the f, range we present, and the L stability
region extends to low f, values (fy ~ 0.38) with well
segregated A and B domains (ESI{ Fig. S7). In contrast, the
width and position of the phase stability windows for the 7,
~ 0 and 7,, = 1 are insensitive to yN, indicating that (yN)opr
from SCFT calculations is well below 35. This suggests that
among A;B;A;B,A; pentaBCP designs with the same amount
A monomers, the pentaBCP designs with relatively evenly
distributed A monomers among the three A blocks (0.3 < 74,
< 0.5) have lower ODT temperatures and higher (yN)opr than
the designs where A monomers are predominantly
distributed to either the end or the middle blocks (z4, = 0
and 75, ~ 1). Considering that z,, = 0 and 7, = 1 correspond
to the ABA and BAB triBCPs, respectively, this finding
indicates that the A;B;A,B,A; pentaBCPs have higher (yN)opr
(or lower ODT temperature) than the triBCPs. The higher
(xN)opr in A;B;A,B,A; pentaBCPs is likely because there are
more available configurations in the pentaBCPs than the
triBCPs when A and B blocks are microphase-separated by
looping or bridging the intermediate blocks, which results in
higher degree of A-B mixing for the pentaBCPs than the
triBCPs at the same yN.

At all three values of yN for a fixed f, value as we increase
75, We observe a reentrant phase sequence; e.g., at fy = 0.45,
going from 7y, = 0 to 1 at yN = 60 (Fig. 2c), the equilibrium
phase goes from L — DG — L — DG — L (see ESIt Fig. S8 for
the f, = 0.45 line overlaid on Fig. 2c; along this line the
reentrant phase sequence is observed). Similar reentrant phase
behavior has been observed in ABA triBCPs,**** and ABAB
tetraBCPs,””**° but not in simple AB diBCPs. In the case of
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ABA triBCPs,* the SCFT phase diagram of the ABA triBCPs is
plotted with respect to 7 and f,, where the asymmetry
parameter 7 is the volume fraction of one A block to all A
blocks; 7 = 0 corresponds to the AB diBCP and 7 = 0.5
corresponds to a symmetric ABA triBCP. For the ABA triBCPs,
the reentrant phase transition (L — DG — C¢ — DG — L) and
phase boundary shape with decreasing 7z from 0.5 to 0 is similar
to the shape of the phase boundaries and the ordered phase
transitions observed in the half portion of our A;B;A;BA;3
pentaBCP phase diagram (0 < 7, < 0.5) in Fig. 2. For the ABA
triBCP, the reentrant phase transition was explained by the
tendency of asymmetric ABA triBCP to form curved A-B
interfaces found in DG and Ce while the AB diBCP (z = 0) and
the symmetric ABA triBCP (r = 0.5) prefer the zero A-B interface
curvature found in the L phase. The authors of that SCFT
study>® suggested that at the intermediate values of 7 between 0
and 0.5, the A blocks of different lengths spatially organize
both near and far from the A-B interfaces, increasing the
tendency to curve the A-B interface toward the inner parts of
the A domains to reduce the overall stretching penalty. This
discussion of the triBCP is relevant because one could consider
the A;B;A;B,A; pentaBCP design as two identical triBCPs
connected in series. We assume that there is higher tendency
to form curved geometry phases for the pentaBCP designs (0 <
75, < 0.5 and 0.5 < 7,4, < 1) equivalent to the two asymmetric
triBCPs connected, caused by spatial organization of A blocks
of different lengths, than for the symmetric ABA triBCP (z,, =
0), symmetric BAB triBCP (7, = 1), and A;B;A;B,A; pentaBCP of
75, = 0.5 which is equivalent to the two symmetric ABA triBCP
connected in serial. For the case of A;B;A,B,A; pentaBCP of 7,
= 0.5, the middle A, block has twice the length of the end A
blocks, but the looped or bridged A, block conformations make
the stretched chain length similar between the middle A, block
and the two end A blocks, making it less efficient to spatially
organize for forming the curved A domains. The nonmonotonic
trend in interfacial curvature due to different spatial
organizations of blocks at different z,, values likely cause the
reentrant phase behavior. We discuss this effect of 75, on the
adopted chain conformations and spatial organization of the A
and B blocks in Section III.B.

Fig. 3 shows the B;A;B,A;B; pentaBCP phase diagrams at
three different yN. Similar to the A;B;A,B,A; phase diagrams
in Fig. 2, B;A;B,A,B; pentaBCPs also exhibit reentrant phase
behavior at fixed f, values, and with decreasing yN, the
ordered phases are destabilized exhibiting disordered phases
at the intermediate zg, values. In fact, if the identities of A
and B blocks are interchanged, the B;A;B,A,B; pentaBCP
phase diagrams correspond to those of the A;B;A,B,A; penta-
BCP phase diagrams over the range 0.55 < f, < 0.85. The
combined phase diagrams of Fig. 2 and 3 are provided in
ESIt Fig. S9. One key difference between Fig. 2 and 3 is that
the ordered phase stability windows for the curved structures
(BCC, Cg, DG, and 070) are mostly located in f, < 0.40 for the
B;A;B,A;B; pentaBCPs while a larger stability window of
those phases is observed in f, > 0.40 for the A;B;A,B,A;
pentaBCPs (Fig. 2). For example, the DG stability windows of
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Fig. 3 Same figure caption as Fig. 2 but for B;A;B,A,B3 pentaBCPs at
(@) yN = 35, (b) yN = 40, and (c) yN = 60.

B,A;B,A,B; pentaBCPs at yN = 60 (Fig. 3c) are located in f <
0.38 while a large portion of DG stability windows of A;B;A,-
B,A; pentaBCPs at the same yN = 60 (Fig. 2c) is located over
Ja = 0.38, especially with DG windows at the highest f, for z,,
=0.2 and 74, = 0.8.

The differences in the position of the phase stability windows
between A;B;A;B,A; and B;A;B,A;B; pentaBCPs implies that
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A;B;A;B,A; pentaBCPs have a higher tendency to form curved
A-B interfaces than B;A;B,A,B; pentaBCPs at the same f, and
xN. For the A;B;A,B,A; pentaBCPs, the A domains are formed by
the two free end blocks (A; and A; blocks) and the one looped or
bridged middle block (A, block), while for the B,A;B,A,B; penta-
BCPs the A domains are formed by looped or bridged A; and A,
blocks of equal length. Local segregation of same component
blocks within same domains has been well known as an
important mechanism for accommodating interfacial curvatures
of complex spherical phases.**”*>”* We use MD simulations to
calculate the spatial distributions of the A and B blocks in both
A and B domains and present those results in Section III.C.

B. Density profiles of A and B blocks for ABABA pentaBCPs

Density profiles and hypothesized chain conformations.
To understand the polymer chain conformations that could
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explain the reentrant phase behavior (Fig. 2c), we plot in
Fig. 4a-e the distribution of block densities along one
direction within the equilibrium phases of the A;B;A;B,A;
pentaBCPs at yN = 60 with varying z,, at fixed f = 0.4 (see
ESIt Fig. S8 for the fy, = 0.4 line overlaid on Fig. 2c¢ along
which the reentrant phase sequence is observed). The density
distributions at 7, = 0.1 (Fig. 4a) show that the A domains in
the DG phase are formed by the end A blocks (A; and A;
blocks) and the shorter middle A, blocks are present in the B
domains. Although the presence of A blocks in the B
domains, which we call “solubilized A blocks” throughout
this paper, results in unfavorable contacts of A and B
monomers; the enthalpic energy penalty from the A and B
mixing is likely compensated for by the configurational
entropy gain from the relaxed B blocks (see hypothesized
chain conformations in Fig. 4f). Contrarily, the
conformations in which the short middle A, blocks reside in

Hypothesized Chain Conformations
Majority

\ % \
9 N\ N h.
1
' ]
J ! \
/
bl o4 X Vi
. |
1. g
|
1

Minority

0.5

Fig. 4 (a-e) The spatial SCFT density distributions for all B blocks (¢g = ¢s, + ¢, blue lines), the middle A blocks (¢a, black short-dashed lines),
and the end A blocks (¢a, + ¢, red long-dashed lines) for the equilibrium phases at fs = 0.4 and (a) 7a, = 0.1 (DG), (b) 7a, = 0.2 (Cg), (c) 7a, = 0.5 (L),
(d) za, = 0.8 (C¢) and (e) za, = 0.9 (DG), identified on the A;B;A;B,As pentaBCP phase diagram at yN = 60 (Fig. 2c). The A domain (¢a > 0.5) and B
domain (¢g > 0.5) are represented with the shaded red and blue regions, respectively. The SCFT equilibrium morphologies (DG - C¢ — L — Cg —
DG) are presented next to the density profiles. The red lines on the DG and Cg¢ morphologies depict the directions along which the densities are
plotted. For the DG phases, the densities are plotted along the [111] direction of the unit cells, which passes though the four three-fold connectors
of DG network domains. For the Cg phases, the densities are plotted along the center-to-center direction of the cylinders. (f-1) Our hypothesized
majority and minority chain conformations forming the A/B domain interfaces, corresponding to from z,, = 0.1 to 0.9. The A/B domain interfaces
in the DG phases are depicted as flat to exaggerate the interfacial curvature change in the reentrant phase behavior.
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the A domains along with the A end blocks would cost higher
configurational entropy of B blocks because the B blocks
have to be looped or bridged (as in the following
hypothesized majority chain conformations in
Fig. 4g, i, and j).

The density distributions at z,, = 0.2 (Fig. 4b) show the
spatial segregation of A blocks within the A domains of the
Ce morphology. The long A end blocks form the core of the
cylinder domains and the short middle A, blocks form the
shell of the cylinder domains with their highest
concentration being near the A-B interface. Some amount of
middle A, block density (¢, = 0.048) remains at the center of
the B domains; this suggests that while majority of the
chains prefer A and B blocks to be segregated in their
respective domains by looping or bridging the B blocks (see
hypothesized chain conformations in Fig. 4g), a small
fraction of chains adopt configurations where middle A,
blocks is solubilized within the B domains (see hypothesized
chain conformations in Fig. 4h).

The density distributions at 7,, = 0.5 (Fig. 4c) show all end
and middle A blocks exhibit similar spatial density
distributions in the A lamellar domains; this is because the
volume of two end A blocks is equal to that of the one middle
A, block. We assume that at 74, = 0.5, the degree of stretching
in the end A blocks and middle A block are relatively
comparable than the case where the length ratio between the
two types of A blocks is highly asymmetric (e.g. 75, = 0.1 or 0.2),
as indicated in the similar spatial density distributions within
the A domains. The spatial segregation of A blocks within the A
domains of the C; morphology becomes stable again at 7, =
0.8, where the long middle A, block and short end A blocks are
preferentially localized into core and shell regions within the A
cylindrical domains (Fig. 4d). We hypothesize that in a majority
of cases, the A and B blocks segregate in the different domains
(as shown in our schematic in Fig. 4j), and for a small fraction
of chain conformations the short end A blocks are solubilized
in the B domains (schematic in Fig. 4k). We also hypothesize
that at extremely strong segregation regime (yN — o), the
minority chain conformations (Fig. 4h and k) would disappear
for both 7,, = 0.2 and 7, = 0.8 due to significant enthalpic A-B
contact penalty.

The density distributions at z,, = 0.9 (Fig. 4e) show that
the A domains in the DG phase are mostly formed by the
middle A, blocks and the short end A blocks are solubilized
in the B domains. As in the 75, = 0.1 case, the enthalpic loss
from the unfavorable A-B mixing is compensated by the
configurational entropy gain from the relaxed B blocks (see
our hypothesized conformation in Fig. 4l).

A-B  interfacial curvature promoted by chain
conformations. In the reentrant phase sequence presented in
Fig. 4, the Cs morphology have the highest interfacial
curvature and becomes stable when the spatial segregation of
A blocks within the A domains occurs. Both majority chain
conformations (Fig. 4g and j) inducing the spatial
segregations favor the curved A-B interfaces as indicated by
higher interfacial curvatures in the Cq phases (z4, = 0.2 and
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0.8) than in the DG phases (75, = 0.1 and 0.9) and in the L
phase (5, = 0.5). It has been shown in prior literature®***7*
that spatial segregations of blocks of different length within
the same domain reduces the overall stretching energy of the
blocks and relieves the packing frustration in the domain,
and in turn, induces a tendency towards higher A-B
interfacial curvature than in domains formed by blocks with
monodisperse length. We hypothesize that in the Cq
morphology the majority of the polymer chains adopt the
chain conformations with the spatially segregated A blocks
within the A domains (as in Fig. 4g and j) than with the
solubilized A blocks (Fig. 4h and k) in order to minimize the
A-B contact energetic penalty. The configurational entropy
loss from looping or bridging B blocks is minimized by
curving the A-B interface and favoring the C¢ phase with
core-shell distribution of A blocks. The L phase becomes
stable at 74, = 0.5 (Fig. 4c) when the density distributions of
the A blocks exhibit similar spatial density distributions. The
spatial segregation of A blocks is suppressed by the
comparable degree of stretching in the end A blocks and
middle A block (shown schematically in Fig. 4i) and such
similar spatial distributions of all three A blocks is likely to
stabilize the L phase over the C¢ phase.

Motivation for MD simulation analysis. In the
hypothesized majority chain conformation schematics in
Fig. 4g, i, and j, we skip the possibility of the chains adopting
a bridging configuration in more than one B block. When we
analyze the density distributions in Fig. 4a-e, we assume that
the population of chains adopting such a “bridging”
conformation is small (negligible). In SCFT, it is possible to
calculate bridging/looping fractions of block by solving
partial partition functions with modified initial conditions
which are defined by Voronoi unit cells.>>”>”® However, the
calculation is not straightforward for determining the
fractions of multiple different chain conformations if the
conformations are defined with more than one block
adopting bridged or looped configurations, because it
requires multiple evaluations of partial partition functions
with a series of dependent initial conditions. Moreover, as
the dimensionality of morphology increases, the number of
different possible conformations defined by different Voronoi
unit cells increases rapidly, and even determining the
Voronoi unit cell is not trivial for the complex morphologies
such as DG and O’° with SCFT density solutions. The
complexity in calculation of pentaBCP chain conformations
by SCFT is discussed in ESIf Fig. S10-S13, where we
presented the fractions of A;B;A;B,A;  pentaBCP
conformations calculated by SCFT in the L morphology. Even
in the simplest case of one-dimensional L morphology, there
are six possible chain conformations (ESIf Fig. S10), and for
the C¢ morphology, evaluating the fraction of each chain
conformation requires enumerating all possible initial
conditions belonging to different Voronoi unit cells (ESIf Fig.
S13). On the other hand, MD simulations is a straightforward
approach for determining the population of different chain
conformations, which will be presented in the following
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Section IIL.D. Therefore, to quantify the chain conformations
and spatial distribution of the A and B blocks, we use CG MD
simulations. Specifically, we use CG MD simulations to test
our hypothesized conformations that explain the observed
reentrant phase transition (DG — C, — L — C4 — DG) for
A;B;1A,B,A; pentaBCPs with increasing z,, from 0.1 to 0.9.

C. Chain conformations adopted by pentaBCPs in various
morphologies

Ordered morphologies in simulation. Before analyzing
chain conformations in MD simulation, we compare the
morphologies predicted by SCFT calculations and MD
simulations in ESIf Fig. S14. We present the morphologies
from SCFT for each segregation strength studied and from
MD starting at yN = 90, as this is the lowest yN at which an
ordered morphology appeared in simulation. As seen in Fig. 2
and 3, the SCFT calculations predict that melts of each chain
design will be ordered at yN = 60, whereas MD simulations
suggest that each will remain in the disordered microphase
separated (DM) morphology at this yN; this discrepancy in the
disorder to order transition from SCFT and MD simulation
has been seen in multiple previous studies.”” ' We observe
that each simulated melt adopts a DM morphology at 40 < yN
< 80. Overall, we find good agreement in the morphologies
predicted by SCFT and MD at the highest yN examined with
either method (YN = 60 for SCFT and 120 for MD) for
equivalent chain designs. In cases where there is
disagreement and where a DM morphology was observed with
MD at yN < 90, we use RAPSIDY testing as described in the
ESIt to verify the stability of a specific morphology for a
particular chain design (see ESI{ Fig. S15 and S16). Next, we
use the chain-level detail available in MD simulations to
estimate the proportions of the majority/minority chain
conformations in Fig. 4 for select chain designs.
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Fig. 5 The fractions of the end A blocks A; and Az (open red circle),
the B blocks B; and B, (filled blue squares), and the middle A, block
(filled black circles) within A domains, for A;B1A;B,Asz pentaBCP
copolymers with fy = 0.4 at several 7y, at yN = 120 from MD
simulation. The plotted fraction and error bars represent the average
and standard deviation of the computed fractions from each sampled
frame from all three trials using third system size (as described in
Section IL.E).
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PentaBCP block distributions from MD simulation and
SCFT. We plot the fractions of the end blocks (A; and A3) and
middle A, blocks and the B blocks (B; and B,) in A domains
of the A;B;A;B,A; pentaBCPs with f, = 0.4 and several ,,
from MD simulation in Fig. 5. We provide the fraction of
each type of block in A domains for every simulated penta-
BCP design in ESIf Fig. S17. Additionally, to demonstrate
that our results are consistent and independent of our
chosen analysis method, we compare in ESI{ Fig. S18 the A
domain fractions from the isosurface and PME methods
(described in Section ILE).

We find that smaller blocks are more likely to solubilize,
leading to the lowest average A block solubilization when the
end and middle A block sizes are balanced at z,, = 0.5, as
predicted in Fig. 4i. The end A blocks (A; and A;) are
increasingly solubilized in B domains as 7, increases and,
therefore, the end block size relative to the middle A, block
shrinks. In contrast, middle A, blocks are less likely to reside
in B domains as 7, increases. The fraction of B blocks (B; and
B,) found in A domains is greatest when z,, ~ 0.5 and
decreases at extreme values of 7, . We speculate that this is
because the greater solubilization of the small A blocks at
either extreme (i.e., 7o, = 0.2 and 7,, = 0.8) permits the B blocks
to reside further away from the A-B interface on average and
therefore decreases their solubilization in A domains.
Conversely, the B blocks become more solubilized in A
domains on average when the end and middle A blocks are
both sufficiently large to remain in the A domains (at 74, ~ 0.5).

Using the preferred domain location of each block type, we
can now evaluate the hypothesized proportions of each A;B;A,-
B,A; pentaBCP chain conformation in Fig. 4. For all 7, , the B
blocks of the A;B;A;B,A; pentaBCPs mostly remain in B
domains (see blue symbols in Fig. 5) which supports the
hypothesized B block arrangement in chain conformations in
Fig. 4. For all 7, besides 0.2 and 0.8, more than 90% of the end
and middle A blocks in A domains, which is also in accordance
with the hypothesized chain conformations for z,, = 0.5
(Fig. 4i). For 7, of 0.2, the middle A, block for ~30% of the
chains (i.e., minority) resides in the B domain; this also
supports the hypothesized “majority” and “minority”
conformations in Fig. 4g and h. For z,, of 0.8, the majority of
end A blocks reside in A domains but chains have at least one
“solubilized” end block; as each pentaBCP has two end blocks,
it has a ~ (70%)* = 49% chance of having at least one end A
block in an A domain. This means that the most frequent
conformation for chains with 7, of 0.8 would be a combination
of the hypothesized conformations in Fig. 4j and k, with one
end A block in a B domain.

To further compare the distribution of each block type
between SCFT and MD, we present one- and two-dimensional
volume fraction distributions of the end A blocks, B blocks,
and middle A, blocks of the A;B;A,B,A; pentaBCP with f, =
0.4 and 7, = 0.8 in Fig. 6; this polymer design assembles into
the C¢ morphology at yN = 120 (Fig. 6a). We calculate one-
dimensional distributions of each block, analogous to those
derived from the SCFT calculations in Fig. 4, by sampling the
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(a) Snapshot of 3D isosurface, (b and c) one-dimensional volume fraction profiles of end A blocks, B blocks, and middle A blocks from (b)

SCFT and (c) MD, and (d-f) two-dimensional volume fraction distributions of (d) end A blocks, (e) B blocks, and (f) middle A blocks from MD for the
A1B1A-B2A3 pentaBCP melt with fy = 0.4 and 75, = 0.8 at YN = 120. The one-dimensional distributions are sampled within a center-to-center
interval (solid line segment with end marks in Fig. 6a) of a diagonal plane parallel to the cylinder axes (dashed line) and spatially averaged across
the plane in the direction of the solid arrow. They are plotted against the distance r from the origin along the dashed arrow. The two-dimensional
distributions are averaged along the solid arrow; note the different scalebar ranges. All volume fraction distributions are averaged between all

sampled frames across three trials.

volume fractions in a plane parallel to (one of) the periodic
axis of the morphology; this periodic axis is indicated with a
dashed line in Fig. 6a. We present the distributions derived
from the SCFT calculations for the same chain designs,
originally given in Fig. 4d, in Fig. 6b for comparison. We
present the same data in ESIf Fig. S19 for a simulated melt
of the A;B;A;B,A; pentaBCP with f, = 0.4 and 7, = 0.5, which
forms the L phase.

We observe that the one-dimensional MD volume fraction
distributions exhibit many of the same characteristics as the
SCFT-derived distributions, including those which we took
as evidence of the chain conformations hypothesized in
Fig. 4. For the SCFT and MD distributions for the cylinder-
forming melt (Fig. 6b and c respectively), the volume
fraction of the end A blocks (¢, + ¢s,) is highest near the
A-B interface (¢s, + #a, ~ 0.16), declines towards the center
of the B domains, and becomes nearly zero at the middle of
the A domains. This suggests that the end A blocks
segregate towards the outside of the A domains and can
also be present in B domains in simulated melts of this
chain design, as predicted by SCFT -calculations and
reflected in the chain conformations in Fig. 4j and k. The
volume fraction of B blocks ¢3 reaches a maximum in the
middle of the B domains and a minimum in the A domains.
Conversely, ¢4, is highest at the middle of each A domain
and lowest, but not zero, at the middle of the B domains.
We note that ¢4, ~0.05 in the MD data and ~0.01 in the
SCFT data in the B domains.
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The two-dimensional spatial distributions of the blocks
provide further evidence that the spatial segregation of A
blocks in A domains in simulation agrees with SCFT
predictions. The two-dimensional distributions of end A
blocks (¢, + ¢a,) in Fig. 6d show that end A blocks (A; and
A;) preferentially segregate towards the outside of each
cylindrical A domain near the A-B interface and have a
sparse presence towards the center of each A domain and
in the B domain between them. Fig. 6e and f show that the
B blocks (B; and B,) and middle A blocks (A,) reside
primarily in the B domains and the interior of A domains,
respectively.

We find that the one-dimensional block volume fraction
distributions for the L-forming melt in ESI} Fig. S19c are also
consistent with SCFT results. The volume fractions of the end
A blocks (¢a, + #5) and middle A blocks (¢, both reach a
maximum of ~0.45 at the middle of A domains and decline to
nearly zero towards the center of B domains. These volume
fraction distributions suggest that both end and middle A
blocks distribute relatively evenly throughout A domains as
reflected in the hypothesized conformations in Fig. 4i and do
not exhibit the segregated distribution as observed in Fig. 6.
Conversely, the volume fraction of B blocks (¢) is highest at
the middle of B domains and declines to ~0.08 at the middle
of A domains. These distributions demonstrate that each block
type mostly resides in domains of the same type in simulation,
as reflected in Fig. 5, which also supports the conformations in
Fig. 4i. The two-dimensional block distributions for the end
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and middle A blocks (ESIT Fig. S19d and f) further suggest that
both block types distribute evenly throughout A domains.
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Fig. 4 are further distinguished by whether or not the end
blocks of a pentaBCP are in the same domain.

The correspondence between the 1D block distributions
from SCFT and MD and the local segregation present in the
2D distributions from MD both support the hypothesized
chain conformations in Fig. 4. However, these data are
insufficient to determine which A domains each A block
resides in; the majority and minority chain conformations in

D. Determining the population of each chain conformation
in MD simulations

We use the chain end-to-end distance R.. to understand if
both end blocks are located in the same domain or not. We
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Fig. 7 (a) Representative snapshot of A;B1A;B,Az chains adopting looping, hybrid, and bridging conformations in a lamellar melt. (b) Example
probability density histogram of chain end-to-end distance Re. for the A;B1A;B,As pentaBCP at yN = 120 with fo = 0.4 and 75, = 0.5, which is also
represented in Fig. 7e. Black vertical lines mark the boundaries at Re. = 7d and 16d between the low, medium, and high Re. chain populations, and
the gold vertical line marks the real-space distance Lq+ sampled from Saa(q). The R distributions for each design are presented in ESI+ Fig. S20.
(c—-g) The percentages of chains within a specific range of R is denoted as [Ree] fOor Ree < 7d, 7d < Ree < 16d, and 16d < R.. for A;B1A;B,Az penta-
BCP at yN = 120 with fo = 0.4 and (c) za, = 0.2, (d) 7a, = 0.4, (€) 7, = 0.5, (f) 7a, = 0.6, and (g) 7a, = 0.8. Representative chains are presented along
with their Re. for each population; the end A blocks of the chains (light red) are highlighted against the middle A blocks (dark red). The
morphologies observed with MD simulation for these values of 7, (0.2 to 0.8) are DG, L, L, L, and Cg, respectively (ESIt Fig. S14).
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define “looping” chains as chains where both second and
fourth “connecting” blocks (e.g., B; and B, for A;B;A;B,A;
and A; and A, for B;A;B,A,B;3) adopt looping configurations
in domains of the same type, such that the end and middle A
blocks all reside in A domains. Chains with the looping
conformation often have a “bundled” appearance and,
therefore, low R... We define “bridging” chains as chains
where both connecting blocks (e.g., B; and B, for A;B;A,B,A;)
adopt bridging configurations to stretch across distinct
domains and therefore allow each of the chain's end and
middle blocks to occupy separate domains as well (i.e., all
five blocks located in their own domains), leading to
relatively high R... In contrast, the connecting blocks of
chains with the “hairpin” conformation (described in the
ESIT) occupy the same domain, leading to a much lower Re;
we found this conformation was rare for all chain designs and
we therefore do not systematically distinguish it. PentaBCPs
may also have a connecting block in either configuration,
which leads to a “hybrid” conformation with one looping and
one bridging block and an intermediate chain Re..

In Fig. 7a, we present a snapshot of a L morphology
formed by a melt of A;B;A,B,A; pentaBCP chains with f, = 0.4
and 75, = 0.5 with several example chains adopting looping,
hybrid, and bridging conformations within the A and B
domains of the L phase. We include the distribution of end-
to-end distance R, in Fig. 7b for the same pentaBCP design
(also examined in Fig. 7e) to show the low, medium, and high
R.. modes, separated at R.. = 7d and 16d. The proportion of
chains with R.. < 7d, 7d < Ree < 16d, and 16d < R.. at several
75, are shown in Fig. 7c-g, along with snapshots of
representative chains and their R.. in parenthesis from each
population.

We use a gold line to mark the characteristic domain size
of each melt on the distributions in Fig. 7b and S20,f which
we identify as the real-space length corresponding to the
major peak in the melt structure factor (L,+). We observe that
the low, medium, and high R.. populations have peaks at
~0.5, 1, and 2 times Ly, which corresponds to the expected
relationship between Ly« and R.. for looping, hybrid, and
bridging chains. Looping chains have small R.. as their end
blocks occupy the same domain, although it is possible for
their Ree ~ Lg». The ends of hybrid and bridging chains are
separated by one and two morphology periods, respectively,
which suggests that chains of these conformations form the
medium and high R.. populations. Inspection of the example
chains also suggests that these low, medium, and high R,
populations mostly consist of chains with the looping,
hybrid, and bridging conformations, respectively.

The proportion of each population is broadly consistent for
each given chain design: high R.. chains are always the smallest
fraction, ranging from ~3-10% of all chains; small R.. chains
are the next largest population at ~27-30%; and medium Re.
chains constitute ~63-68% of all chains. The small proportion
of high R.. chains for each chain design support the
assumption that the conformations with two B blocks bridging
are rare and can be neglected in the hypothesized
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conformations in Fig. 4f-1. Further, the relative proportions of
low and medium R.. chains suggest that the hybrid
conformation, the right-side conformation in Fig. 4g, i, and j, is
most prevalent in melts of each chain design.

Although the size of each population is insensitive to
Ta, We observe some trends that relate the domain
fraction results presented in Fig. 5 to the prevalence of
looping, hybrid, and bridging conformations. The bridging
conformation, which has the highest average R.., relies on
both end blocks remaining in separate domains and the
middle block bridging to opposite sides of its domain.
Accordingly, this conformation is suppressed in the melt
of pentaBCP chains with 7, = 0.2, for which the middle A
block is the smallest among the simulated chain designs
and therefore has a high stretching energy penalty in the
bridging configuration; the high R, peak for the
corresponding distribution in ESIf Fig. S20a is subtle. The
distributions for the L-forming melts with 7, = 0.4, 0.5,
and 0.6 (Fig. S20b-df) appear relatively similar; for all
three systems, the low R.. population decreases and the
high R.. population increases as 7, increases, in tandem
with the increase and decrease in solubilization of the
end and middle A blocks, respectively. These data
demonstrate that the bridging conformation is promoted
as the size of the middle block increases and the looping
conformation is suppressed as the size of the end blocks
decreases, even within the same morphology. The
proportions of each R.. population do not continue these
trends monotonically for the pentaBCP melt with z,, =
0.8, as the low and high R.. populations are instead
larger and smaller, respectively, as compared to the 7z, =
0.6 melt.

IV. Discussions

A. Design rules for stabilizing DG and observing L
morphologies

If one is targeting transport-favorable morphologies such as
DG or L, the phase diagrams on Fig. 2 and 3 give valuable
insights to experimentalists for the choice of polymer designs
that gives high propensity for forming DG and L phases.
Here, we discuss the design parameters that give the widest
DG window and the stable L phase formation at the low f,
based on the phase diagrams (Fig. 2 and 3).

The maximum DG window width (Afy = 0.06) is found
around 7, = 0.8 for the A;B;A,B,A; pentaBCPs for all three
xN, which is slightly wider than that of diblock copolymers
(Afa = 0.03-0.04). The higher stability of DG in the A;B;A,B,-
A; pentaBCPs can be explained as follows. In AB diBCPs,
only one block per polymer chain forms the gyroid structure
(e.g., A block if A is the minority composition block) while
in the A;B;A;B,A; pentaBCP, the three A blocks form the
gyroid structure. In the case of z,, = 0.8, where the DG
window width is the widest, the middle A block is eight
times longer than the end A block. It has been shown in
prior literature that dispersity in block lengths relieves the

This journal is © The Royal Society of Chemistry and IChemE 2024
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packing frustration in the complex network phases.'>®
Packing frustration is high in the three-fold connectors of
DG which have high variations in domain thickness and
curvature compared to the classical L, Cs, and BCC phases.
We speculate that the differences in the block length of the
end and middle A blocks helps to efficiently organize the A
blocks within A domains to relieve packing frustration and
widen the DG stability window.

Moreover, compared to the AB diBCP design, the A;B;A,-
B,A; pentaBCP design introduces one additional free end of
A blocks at the expense of one free end loss of B blocks. Due
to the two free A ends in A;B;A;B,A; pentaBCP design, A
blocks are more flexible in adopting various configurations
than the B blocks tethered to the A blocks. The
configurational entropy of A blocks helps to enhance the
stability of curved phases (BCC, Cs, and DG) versus L phase
because the total stretching energy of pentaBCPs is
minimized by curving the A-B interface toward A domains at
expense of stretching A blocks in order to relax the B blocks.
The stability of curved phases over L phase is supported by
our observation that in the A;B;A;B,A; pentaBCP phase
diagram (Fig. 2), the DG windows are located around 0.45 <
fa < 0.5, which are relatively high values compared to those
of the diBCPs and symmetric triBCPs (0.3 < fy < 0.35).%%*!
We speculate that the along with the dispersity in the A
blocks, the enhanced tendency to curve the A-B interface
contributes to the stabilization of DG phase, and thus
widening DG stability windows.

In contrast, among the polymer designs in the B;A;B,A,B;
pentaBCPs, a comparably wide DG window width (Afy = 0.04)
is only found for yN = 60 around z,, = 0.5 at low f, values
(0.34 < fy < 0.38). The results suggest that for stabilizing DG
phases in pentaBCPs, A;B;A,B,A; pentaBCPs around z,, = 0.8
is the best design choice, but the B;A;B,A,B; pentaBCP with
7, = 0.5 at higher yN is better if lower volume fraction DG
structures are preferred.

In diBCP melt systems, the L phase has wide stability
spanning over symmetric A/B compositional
fractions (e.g., fa ~ 0.5). Generally, using a symmetric
composition of A and B monomers is a reliable strategy for
achieving L phase in AB-type BCP melts. However, in case one
of the A and B type monomers have higher costs or are
environmentally less favorable, it may be desired to find
polymer design rules which provides stable L phases at highly
asymmetric compositional fractions, where BCC or Cg¢ phases
are usually preferred. The phase diagrams in Fig. 3 show that
the L phase windows for the B;A;B,A;B; pentaBCPs at 7, =
0.1 and 0.9 extends to the lowest f, values among all the
pentaBCP and triBCP designs we investigated. We note that
the L phase is stable in B;A;B,A,B; pentaBCPs with highly
asymmetric compositional fraction (fy = 0.25) at 7z, = 0.1 and
xN = 60 (Fig. 3c). Therefore, among all the pentaBCP designs
we investigated, including the ABA/BAB triblocks, A;B;A;B,A;
pentaBCPs, and B;A;B,A;B; pentaBCPs, the B;A;B,A;B;
pentaBCPs at 7z, = 0.1 and 0.9 are the best design choice to
stabilize L with the lowest content of the A monomer.

windows
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B. Underlying mechanism for the reentrant phase behavior

In Section III, we hypothesize that the spatial segregation of A
blocks in A domains promotes the A-B interfacial curvature at
intermediate 74, values (0 < 74, < 0.5 and 0.5 < 74, < 1), which
leads to the reentrant phase behavior. The MD simulation
results for the spatial distributions of each block in Fig. 6¢c and
S19ct confirm that the partitioning of A blocks within A
domains is governed by their relative size and qualitatively
consistent with SCFT density profiles in Fig. 4. It is notable that
even with the different chain models (Gaussian thread model
in SCFT and bead-spring model in MD simulation) and the
field-based versus particle-based approach, we observe the
similar reentrant phase behavior and the consistent spatial
distributions of blocks within the various domains in both
SCFT calculations and MD simulations.

The consistent distribution of R.. across z,, in ESIT Fig.
S20 and the corresponding chain conformations in Fig. 7
suggest that R, is mainly determined by the configuration of
B blocks (bridge, loop, or hybrid) but less correlated with z, ,
which quantifies the relative size of the end and middle A
blocks. The similar shape of probability density histograms
of Ree across 7, in ESIf Fig. S20 indicates that the population
of chain conformations is robust to the change of 7, and
morphology. Thus, it is likely that the spatial segregations of
end A block and middle A blocks within A domains is mostly
responsible for the reentrant phase behavior. Assuming that
the configurations of B blocks are insensitive to the change
of 7, the overall stretching energy of polymer chains are
affected by spatial organization of A blocks. At intermediate
s, values (0 < 75, < 0.5 and 0.5 < 74, < 1), the spatial
segregation of end and middle A blocks of different length
within the same domains makes it easier to reduce the
overall stretching energy of the blocks and relieves the
packing frustration in the curved domains than the similar
spatial distributions of A blocks at z,, = 0.5, which we think
is the driving factor for the reentrant phase behavior.

V. Conclusions

We employed a combined approach of SCFT calculations and
MD simulations to study the equilibrium phase behavior of
symmetric pentablock copolymer (pentaBCP) melts, with A;-
B1A,B,A; and B;A;B,A,B; sequence, where the first and last
block have same volume fraction and second and fourth
block have same volume fraction. We construct the SCFT
phase diagrams for the self-assembled morphologies to
identify the ideal pentaBCP designs for targeting the widest
DG windows and the L phase stabilization at the lowest fa.
We also performed CG MD simulations with a set of penta-
BCP designs selected from the SCFT phase diagrams and
analyzed the SCFT and MD chain conformations in several
morphologies. Our work leverages the chain-level detail
provided by MD simulations to evaluate the underlying
mechanisms of complex reentrant phase behavior observed
in pentaBCP morphology predictions made with SCFT. This
study establishes design that may aid

several rules
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researchers in synthesizing pentaBCPs with transport-
favorable morphologies and demonstrates the utility of
complementary computational methods in the study of
multiBCPs.

Data availability

The input and output files of the PSCF program for the SCFT
calculations and the final configurations of one trial of
unbiased MD simulation for each pentablock copolymer
design are available in a Zenodo repository at https://doi.org/
10.5281/zenodo.13307547.
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