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Abstract. Facile exploration of large design spaces is critical to the development of new functional soft
materials, including self-assembling block polymers, and computational inverse design methodologies are a
promising route to initialize this task. We present here an open-source software package coupling Particle
Swarm Optimization (PSO) with an existing open-source Self-Consistent Field Theory (SCFT) software
for the inverse design of self-assembling block polymers to target bulk morphologies. To lower the barrier
to use of the software, and facilitate exploration of novel design spaces, the underlying SCFT calculations
are seeded with algorithmically generated initial fields for four typical morphologies: lamellae, network
phases, cylindrical phases, and spherical phases. In addition to its utility within PSO, the initial guess
tool also finds generic applicability for stand-alone SCFT calculations. The robustness of the software is
demonstrated with two searches for classical phases in the conformationally symmetric diblock system, as
well as one search for the Frank-Kasper o phase in conformationally asymmetric diblocks. The source code

for both the initial guess generation and the PSO wrapper are publicly available.
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1 Introduction

The ability of block polymers to self-assemble into a range of nanostructured morphologies has been the focus of
substantial theoretical and experimental work, motivated by the potential to leverage this self-assembly to tune the
microstructure of these materials, thereby enabling them to possess unique physical or chemical properties [1]. The
linear AB diblock copolymer melt is the simplest such system, characterized at the mean-field level by a trio of
dimensionless parameters: the volume fraction of block A, f4, defining chain composition; conformational asymmetry,
€ = ba/bp where b; is the statistical segment length of chemistry 4; and the segregation strength, x apN, consisting
of the temperature-dependent Flory-Huggins interaction parameter, x 45, and degree of polymerization, N. Even this
relatively simple molecule produces a wide array of nanostructured morphologies within its three-dimensional design
space. In addition to the classical phases of body-centered cubic spheres, hexagonally-packed cylinders and lamellae [2],
diblock copolymers exhibit two network phases, double-gyroid [3,4] and O™ [5,6], as well as four Frank-Kasper phases,
o [7,8], A15 [9-11] C14 [12,13] and C15 [12], that emerge with increasing conformational asymmetry.

Going beyond the capabilities of the diblock copolymer melt requires adding more blocks, which quickly increases
the complexity of the problem [14]. Simply adding one additional block to a triblock polymer increases the number
of possible morphologies, even for something as simple as the particle-forming phases [15], while also increasing the
dimensionality of the design space. Adding yet another block using the same palette of three monomers produces a
tetrablock terpolymer, a system that has proven to be a particularly fruitful avenue for materials discovery [7,16-22].
Here, each of the nine available block sequences (ABAC, ABCA, ACAB, BABC, etc.) offers an 8-dimensional design
space, with three segregation strengths, three independent block fractions, and two statistical segment length ratios.
Adding more blocks and chemistries leads to factorial growth in the number of block sequences of linear polymers in
addition to new block fractions, segregation strengths, and segment lengths [14]. Still more degrees of freedom become
available when considering branching architectures or multi-component blends [1, 23-27]. Thorough experimental
exploration of such vast design spaces is infeasible.

A more efficient paradigm computationally screens large design spaces to identify regions where a desired mor-
phology is likely to occur, and then uses these promising regions to guide experimental study or a more thorough
computational analysis of the region. Indeed, theory has often played a central role in driving and rationalizing the
discovery of new phases in diblock copolymer melts cited at the outset [2,4,5,9]. The question then becomes: how
should this computational screening be done? The exhaustive grid searches used in the traditional, forward approach
to these design problems become prohibitively expensive for high-dimensionality systems, forcing researchers to con-

strain the design spaces. Examples of such constrictions can be seen in previous cases where theory played a key role in
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driving experiments [5,16,18,28-30]. A particularly relevant example of such theory-driven collaborations is the work
of Chanpuriya et al. [16]. Leveraging prior experimental findings, they focused on poly(styrene)-b-poly(isoprene)-b-
poly(styrene)’-b-poly(ethylene oxide) (SIS’O) at fixed temperature [16], thus fixing the block sequence, Flory-Huggins
parameters and statistical segment lengths (eliminating six degrees of freedom). They further constrained their search
by fixing the degree of polymerization of the SIS’ parent triblock as well as the ratio of total styrene (in both blocks)
to isoprene in that parent triblock [16]. Ultimately, their search considered only two design parameters from the nine
possible degrees of freedom: distribution of styrene between the S and S’ blocks, and the block fraction of ethylene
oxide, the latter of which was constrained further to low volume fractions to focus on the sphere-forming region. Their
calculations predicted the emergence of the Frank-Kasper ¢ phase; accompanying experiments not only confirmed the
existence of o, but identified even more morphologies including an A15 phase [16]. In another example, Liu et al. [18]
presented a theoretical study of binary blends of AB diblock copolymer, and predicted the formation of Frank-Kasper
phases, including o and A15. A blend of two AB diblock copolymers offers six degrees of freedom, including two block
fractions, segregation strength, conformational asymmetry, a blend fraction, and a length ratio between the two chains.
To make their analysis feasible, they were forced to constrain their system to conformationally symmetric diblocks
with fixed segregation strength and one fixed block fraction. Of the remaining three variables, their grid searches varied
only the blend fraction and block length ratio, while restricting the second block fractions to two cases: equivalent
majority blocks in both chains, or fixed length of the second minority block [18]. Recent experiments, inspired by
these calculations, have confirmed the emergence of o and A15, among other morphologies, in similar binary diblock
blends [31, 32]. These works offer valuable examples of theory guiding experimental discovery, but also highlight the

compromises required to make exhaustive searches computationally feasible.

An alternative to a constrained grid search is inverse design. Here, a guided search of the design space is performed
using optimization algorithms set to target a particular property [33]. Various methods have been proposed for such
inverse design protocols in block polymers [34-37], including Monte-Carlo [38,39] and evolutionary algorithms [40—42].
Most of this work, however, focuses on directed self-assembly in thin films, rather than the less-constrained problem

of bulk morphologies.

The approach we choose to pursue here applies particle swarm optimization (PSO) in conjunction with self-
consistent field theory (SCFT) calculations to the problem of block polymer design. SCFT is one of the most powerful
and widespread theoretical frameworks to study the equilibrium behavior of block copolymers, and has been well-
described in other works [43-45]. SCFT serves as the compute engine to determine the fitness of a given morphology,

and the motion through the design space is controlled by PSO, which emerged from the study of biological swarming
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Fig. 1: Visualization of PSO algorithm, showing the swarm’s agents on a ring communication graph, skewing toward the target

phase, the Frank-Kasper A15 phase, and away from a competitor, hexagonal cylinders.

behavior seen in, e.g., birds, insects, and fish [46,47] and has been applied to a diverse range of problems including
predictions of crystal structures [48], mechanical structure design [49,50], scheduling [51], and robotics [52]. Similar to
the biological case, the PSO algorithm relies on communication among several individuals (“particles” or “agents”) to
direct the movement of the group (“swarm”) as a whole towards a region of high fitness [46,47], which will correspond
in our case to a low free energy for the desired block polymer morphology when compared to all competing candidate
phases. As each agent moves through hyperspace, they gain more knowledge about the likely location of the global
optimum, and communicate this information with the rest of the swarm until the group reaches a consensus [46,47].

This idea is illustrated in fig. 1.

PSO has been used previously in two studies of block polymer phase behavior. Paradiso et al. [53] first demonstrated
the ability of the PSO algorithm to search block polymer parameters for those that favored particular morphologies
in thin films. This work leveraged the reduced dimensionality of thin-film systems to simplify the forward problem
of determining an equilibrium morphology for a given set of polymer parameters. Khadilkar et al. [54] introduced
the additional complexity of metastability in bulk morphologies. In this case, they leveraged free energy differences
among a set of predefined competing morphologies to demonstrate PSO’s capacity to sort among these metastable
competitors to identify regions of stability for bulk morphologies. These works demonstrate the potential for PSO to
be deployed as a materials discovery engine for block polymer design. However, they were developed in the context of

a custom software code that poses an obstacle to more widespread use.

To make PSO more broadly accessible to the block polymer community, the present work adapts the previous
PSO approach for bulk morphologies [54] into an open-source software package for the design of block polymers. The

work described here diverges from that of Khadilkar et al. [54] in two important ways. First, our program, called
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pscflnverse [55], is distributed freely as an open-source wrapper around the open-source Polymer Self-Consistent Field
(PSCF) software [56], with which users may already be familiar. Second, we attempt to lower the barrier to use by
non-computational research groups by seeding SCFT calculations with algorithmically generated fields, rather than
a pre-computed library. By operating in this way, we reduce the set-up work required of the user to prepare for the
calculation. This new tool for algorithmic initial guess generation, which is called pscfFieldGen [55], should also find
utility in stand-alone SCFT calculations where previous solutions are unavailable, e.g., when analyzing a promising
new morphology. The robustness of the PSO tool is demonstrated through the solution of two simple two-dimensional
search problems for conformationally symmetric diblock copolymers, and a more challenging and computationally

intense three-dimensional search for the Frank-Kasper o phase for a conformationally asymmetric diblock polymer.

2 Algorithm and Implementation

Particle Swarm Optimization (PSO) is a heuristic algorithm which leverages communication among a network of
semi-independent particles or agents to solve a global optimization problem [46,47]. By communicating relevant data
about the individual experiences in the search space, the swarm builds a consensus among agents about the locations
of the best positions in the search space [46,47,57]. Best positions, in this case, are those with the highest value for
the objective function, {2, which we define below. For a D-dimensional search space, each agent tracks its position
x; = (zi1,Ti2, ..., Tip), its velocity v; = (vi1,v4i2,...,v;p), and the “personal” best position visited in its individual
history p; = (ps1,pi2, ..., pin). Each agent is also able to communicate with a fixed set of neighbors, as determined by
the swarm’s communication graph.

At the start of the search, each agent is spawned at a random position within the search space, is assigned a random
velocity, and calculates its initial fitness. At each step, the agent first determines the “global” best position visited by

any of its neighbors g; = (gi1, gi2, ---, 9ip) and then updates its position and velocity according to [57]
it =4 (vif +cre1 O (pi — :Bf) + c262 ® (g; — wf)) (1)

21 = 2k ol 2)

where ® indicates the Hadamard product of two vectors; superscripts have been used to indicate the old (k) and new
(k+1) values; €1 and ey are random vectors generated uniquely for each agent at each step with components on (0, 1];
~ is a constriction factor in the range (0, 1]; ¢; and ¢y are weighting factors. The standard construction of PSO [57]
uses a ring communication graph with v = 0.72984 and c¢; = co = 2.05 based on results of a stability analysis of the

algorithm [58].
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At each point in the search space, SCF'T is used to obtain the intensive free energy, F', of the target phase, T', and

each phase in the set of competitors, C. The objective function is defined as [54]

2 = min (Fy) — Fr (3)

which acts as a measure of the stability of the target phase by comparing target phase free energy, Frr, to the most
stable competitor’s free energy, Fi,cc. Using this sign convention, the target phase is thermodynamically stable when
{2 is positive and becomes more stable with increasing (2; thus, PSO seeks to maximize f2.

Any optimization over polymer system parameters requires some mapping between the polymer parameters required
for a SCFT calculation and the variables that define the PSO search space. The most obvious such mapping is a direct
1:1 map from the polymer parameters to the search variables. While simple, this mapping constrains the user’s control
over the search space by providing no expression of relationships between parameters. For example, had Chanpuriya et
al. [16] used an inverse design approach in their study of SIS’O, a direct map alone would have provided no mechanism
to vary the distribution of styrene between the S and S’ blocks in this tetrablock terpolymer. Instead, pscflnverse
allows users to define this variable-to-parameter mapping with a set of linearizable “parameter relationships” which
can be used either as PSO search variables or as fixed constraints to fully define the system. When PSO variables are
updated, their new values are used to construct linear equations of polymer parameters defining each relationship.
These are collected from each variable, along with similar equations from each constraint, and the resulting system of
linear equations is solved to obtain the new polymer system parameters.

Five parameter relationships are available in pscflnverse and used in the case studies described in the present
contribution. Polymer chain composition is controlled through two parameter relationships. The first is the total block
length, Ly, which defines the sum of the degree of polymerization, or length, of a set of blocks ¢ such that Ly = > L;.
The second is the log of a ratio of sums of block lengths, Lr =1In (> L,,/ > Lg), for blocks n and blocks d, specified by
the user to be accounted, respectively, in the numerator or denominator of the ratio. For example, in the calculations
of Chanpuriya et al. [16], the distribution of styrene was captured in their 7 parameter. In our PSO code, this would
require that the length of the S block be accounted in both the numerator and denominator, while accounting the S’
block only in the denominator. Here, logarithmic scaling was chosen to offer balanced numerical representation in the
PSO search range for ratios and their reciprocal. This representation requires no knowledge of polymer architecture
at the program level, and thus enforces no restrictions about such onto the user, making for a simple but flexible
interface. Block fractions, rather than block lengths, can be considered by simply constraining the total length of a
polymer to unity. Statistical segment length is also described by two relationships: first as a logarithmic ratio between

single values, In (b1 /b3), where logarithmic scaling was again chosen to balance numerical representation of a ratio and
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its reciprocal; second, as a direct value map. Flory-Huggins parameters are presently treated only with direct value

maps.

2.1 SCFT Details

SCFT calculations required for fitness updates use the Fortran version of the Polymer Self-Consistent Field (PSCF)
software [56]. PSCF implements SCFT unit-cell calculations for linear block copolymers and small-molecule solvents
using the incompressible Gaussian chain polymer model [56]. The implementation uses either a quasi-Newton method
[56] or Anderson mixing algorithm [59-63] to optimize the field while searching for the optimal unit cell dimensions [64].
PSCF also enforces symmetry constraints by using a symmetry-adapted Fourier expansion consistent with the desired
space group to represent the field during the calculation. All calculations shown here make use of symmetry constraints
in the SCFT calculations and employ the simultaneous unit cell optimization capability [56] to ensure accurate free

energies for each phase. All calculations are converged to an error less than 107> as defined in Ref. [63].

2.2 Initial Field Generation

Starting an SCFT calculation requires an initial guess for the chemical exchange field and the pressure field [44]. These
initial guesses are then evolved as part of the calculation to achieve self-consistency and, following convergence, used
to compute the intensive free energy and thus establish the fitness in the PSO calculation. As a result, it is essential
that the initial guesses be within the basin of attraction for the fields governing a candidate phase to ensure consistent
and repeatable fitness values at each point in the search space. To accomplish this goal, prior PSO work initialized
SCFT calculations from a curated library of defect-free fields obtained from test calculations in the phase’s known
stability window [54]. In many cases, a SCFT solution at a new point in phase space can be efficiently obtained from
an existing solution at an old point by incrementally updating the polymer parameters in a parameter sweep between
the points [56]. Thus, the library approach should be efficient if the library is reasonably representative of the search
space.

For well-explored systems with known phase diagrams over part of the parameter space, generating fields to place
in this library is time-intensive, but straightforward. However, the power of an inverse design software is its ability
to automate the exploration of large, complex, and novel design spaces. Building a library for a novel design space
would first require manual exploratory calculations to find appropriate regions from which to collect the seed fields.

Depending on the complexity of the space, the reliability of the user’s intuition guiding the search, and the size of the
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regions in which each competitor will converge, this step could demand a substantial search on its own; in the extreme
case, this setup itself becomes an exhaustive grid search and obviates the need for design software altogether. After
the seed fields have been converged, the need to organize and index the fields for a database, and define querying
protocols to look up the ‘best’ seed field to use at a given point in phase space creates another barrier to use of
the method outside dedicated computational groups. Automation of the indexing and query definition could lower
this barrier, but implementing an automation prescriptive enough to be accessible to a user unfamiliar with database
systems yet flexible enough to handle the nearly limitless variety of polymer architectures is a nontrivial problem.
Finally, even when the library is built, complex design spaces could contain multiple stability windows for a given
morphology [54]. If one stability window were separated from the library entries by a region where the morphology is

difficult to converge, it could be obscured by failed parameter sweeps.

Our approach instead relies on algorithmic generation of seed fields to provide initial guesses. The generation
algorithms, which are also available as a stand-alone field generation tool called pscfFieldGen [55], support lamellae,
network phases (such as double gyroid or O7), and particle phases (cylinders or spheres). In each case, the field
generator determines the overall volume fraction of each monomer type, ¢; for monomer i, from the PSCF parameter
file. For simple systems, such as a neat diblock copolymer melt, ¢; is the volume fraction f; of the block. However, in
some multiblock systems (e.g., tetrablock terpolymers) and blends, where the same chemistry may appear in multiple
blocks or in different molecules, ¢; accounts for all instances of a particular monomer type. A core or reference
monomer is used to properly size the defining structures of each phase, and is chosen from among all monomers, or
from a user-definable subset of monomer options, to be the monomer with the lowest ¢;. This selection criteria for
core monomer offers some capacity to accommodate structural inversions that occur, for example, between low and
high block fractions in diblock polymers. When such an approximation is deemed insufficiently accurate, separate
candidates or targets can be assigned to the same morphology, each with a different core monomer. Presently, initial
guesses are generated for each candidate using fixed unit cell dimensions specified by the user; from these fixed initial
unit cell dimensions, PSCF’s simultaneous unit cell optimization [56] searches for the optimal unit cell parameters.
Once the density fields have been initialized for each species, a previously established algorithm in PSCF is used to

convert them to the initial guess for the fields appearing within the SCFT equations [56].

In the simplest of these algorithms, lamellae, the reference monomer, k, is assigned a single-period sinusoidal density
profile across the unit cell with amplitude ¢ and ¢y (r/d = 0.5) = 0 for unit cell length d. To ensure that the chosen
amplitude does not cause non-physical volume fractions in the initial guess for any monomer, the lamellar algorithm

does not accept user-defined reference options.
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Network phases are initialized with the level-set method [56,65,66]. In this method, the core monomer, k, is taken
to be the monomer within the network structure. A real-space density profile for monomer k is generated from a small
set of non-zero symmetry-adapted basis functions of the space group using PSCF. From this density profile, a level-set
value, ¢, is chosen such that the associated level surface encloses a volume Vietwork = Vimitcell®x. The field is then
generated on the real-space grid such that points inside the level surface contain pure core monomer, ¢ (r) = 1, while
non-core monomers are uniformly distributed through points outside the level surface.

Finally, particle phases are initialized using the form-factor method [56,67]. In this method, the user first specifies
the positions R,, of each of the N, particles in the structure’s unit cell. After assigning a form-factor f,(q) to each
particle based on the particle’s geometry (presently assumed to be spheres in 3D and cylinders in 2D), the monomer

density profile is calculated as Fourier amplitudes for each wave-vector g with

NP
o(@) = 3 3 v i Ra)fula)fo(a) @
n=1

for the core monomer. f;(q) is a Gaussian smearing factor applied to soften particle interfaces according to

fs(q) = exp (—?|q|*/2)

using an interface width, 1, estimated from Helfand-Tagami theory [68] with

= 24/b3.g/(6Xave)

where b,y is the geometric mean of statistical segment lengths and Xavg is the geometric mean of interaction parameters
between the core monomer and each non-core monomer. Amplitudes for non-core monomers are then given by
b;

bizk(q) = ﬂbk(‘l)m

which enforces incompressibility for the system overall, but treats the matrix in a multiblock system as well-mixed.

Although the available generation algorithms easily handle the classical phases as well more complex network and
particle phases, more exotic morphologies, such as the Janus-like structures recently investigated by Xie et al. [22] are
not supported by the current guess generation tools, which only support a single core monomer. A planned extension
of the tool to support separate core-monomer definitions for each particle would allow approximation of several of
these structures. Others, particularly the helical supercylinder and supersphere structures [22], would require more

substantial extensions of the generation algorithms.
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2.3 SCFT Robustness

Fitness values at each point in the PSO search rely on the numerical solution of the highly nonlinear SCFT equations,
making it susceptible to a range of numerical inaccuracies that could cause erroneous fitness values. Thus, because the
calculations are automated and largely unmonitored, mechanisms must be in place to screen SCFT calculation results
for reliability. If any potential errors are detected, the calculation is flagged as unsuccessful and the associated phase
is assigned an arbitrarily high energy (numpy.inf). For competitor phases, this effectively removes the phase from
consideration for fitness calculations. When the failed calculation involves the target phase, this results in {2 = —oco at
the position regardless of results from competitor phase calculations, and causes the swarm to always favor positions
where the target phase calculation succeeded in any future steps, thus minimizing the position’s impact on the search.
The most common cause of an unsuccessful calculation is a failure to converge to a solution, as indicated by PSCF
taking more than the maximum allowed iterations to return a result. In extremely rare instances, numerical instabilities
in the field optimization can cause non-numeric or infinite energies to be returned. Although unlikely, the program
checks for this outcome, and flags those calculations as unsuccessful. Finally, even with symmetry constraints it is
possible that the field will converge to something other than the intended mesophase: convergence to either disorder or
a supergroup morphology is possible [54,69]. Similar to Khadilkar et al. [54], we screen for this error by checking the
inner product of the normalized Fourier modes of the initial and final fields. If the initial and final field are identical,
the inner product would equal unity; orthogonal fields would produce an inner product of 0. Thus, if the program
detects an inner product below a preset threshold, the calculation is also flagged as unsuccessful with the assumption
that it returned an incorrect field. Our testing suggests that this methodology is sufficient in most cases to detect both
convergence to disorder as well as convergence to a supergroup, and in examples that follow, a threshold of 0.7 has
been used. The effectiveness of this similarity test may vary between phases [54]; the lamellar phase seems to be one
example of this which we discuss further in sect. 3. For defect detection and supergroup convergence, manual inspection
of completed SCFT calculations during and after a PSO run would be beneficial as a supplement to the similarity
check. For convergence to disorder, pscflnverse can optionally check the variation in monomer concentrations across
the field and reject fields in which the difference between minimum and maximum concentrations for each monomer

is below a user-defined threshold.
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3 Results

To verify the operation of the software, we focus our case studies on the single-component diblock copolymer system.
We begin with two-dimensional searches of conformationally symmetric (¢ = 1) diblocks varying composition and
segregation strength. In each case, we constrain our search to the region —2.5 < In(fa/fs) < 2.5 (approximately
0.0759 < fa < 0.9241), and 10 < xN < 30. In these small initial trials, we consider only four candidate phases:
lamellae, hexagonally packed cylinders, double gyroid, and BCC spheres. We use a swarm of five agents and run 100
PSO steps. We then present a three-dimensional search in which we introduce conformational asymmetry, €, as an
additional design parameter, as well as introducing complex Frank-Kasper phases to the search while targeting o.
Composition is similarly constrained, while segregation strength is constrained to 10 < yN < 20, and € is allowed to
vary from 1 to 2. Here, the bounds for x/N were reduced to restrict the size of the o-stability window [8], making for
a more challenging search. The set of candidate phases for this last example is expanded to include FCC spheres, as
well as the Frank-Kasper o and A15 phases. In the larger design space, we expand to a swarm of 10 agents, and again

run 100 PSO steps.

Figure 2 shows the position and fitness histories from a search for the BCC phase in a conformationally symmetric
diblock copolymer melt. Initially, the swarm has no positions within the stability window for spheres, leading the
swarm to identify points in the lamellar region as the best seen positions. Within three steps, however, one agent
identifies a point in the A-minority BCC window, near the coexistence line with cylinders. From here, an additional 27
steps are required before every agent has individually found a point where BCC is stable, during which time, positions
were identified in both the A-minority and B-minority sphere regions. Identification of both windows leads the swarm
to explore both stable regions rather than converging on just one side of the phase diagram. This behavior is most
clearly illustrated by the presence of dense clusters in both upper corners of the search space in fig. 2a, with a high
number of late-step positions directly between those clusters as agents fly between the two regions. The positional
diversity within the swarm enforced by these competing stability basins can be seen in fig. 2c, where the range of
current fitness values remains wide throughout the search. At the same time, the swarm'’s search emphasizes ever more
promising regions, indicated by the reduced frequency of failed target-phase SCFT calculations (indicated by points
along the bottom axis), which are more likely farther from the target’s stability window. Khadilkar et al. [54] presented
a similar search for BCC in their demonstration of this method. In contrast to the results shown in fig. 2, their search,
which used four agents and ran 200 PSO steps, identified only the A-minority stability basin, and clustered primarily

around that region. This difference illustrates both the randomness of the PSO search, which is affected by the initial
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Fig. 2: Results of a 2D search for BCC phase in a conformationally symmetric diblock copolymer melt showing (a) all positions
visited during the search and (b) all positions that, at one time in the search, were the best found by the swarm, (c) current
fitness (circles) and personal best seen fitness (lines) at each step for each agent and (d) the best fitness found by the swarm
through each step. (a) and (b) are both plotted over the known diblock phase diagram (modified from [43]) with the dotted line

marking the search bounds and with point color varying from blue (early steps) to red (late steps).

positions and the number of agents, and the robustness, since both our search and the prior work [54] successfully

found the BCC phase.

Changing the target to a lamellar phase, shown in fig. 3, emphasizes the effect that competing stability basins can
have on the PSO searches. Here, random initialization of agent positions serendipitously placed one of the agents at
a point (fa & 0.45, xN =~ 29.64) very close to the global optimum for the lamellar phase within the search window

(fa = 0.5, xN = 30). Although the swarm maintains some diversity in agent position early in the search, this fails to
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Fig. 3: Results of a 2D search for the lamellar phase in a conformationally symmetric diblock copolymer melt showing (a) all
positions visited during the search and (b) all positions that, at one time in the search, were the best found by the swarm, (c)
current fitness (circles) and personal best seen fitness (lines) at each step for each agent and (d) the best fitness found by the
swarm through each step. (a) and (b) are both plotted over the known diblock phase diagram (modified from [43]) with the

dotted line marking the search bounds and with point color varying from blue (early steps) to red (late steps).

identify any reasonably competitive regions. Knowledge of the near-optimum from one agent’s initial position quickly
permeates the swarm and drives the search toward that point. Without any significant competing stability basins,
each agent quickly finds positions high in the lamellar window. Once the personal best positions collapse to a small
region, the swarm quickly loses momentum and converges around the global optimum by step 40. Tight clustering in
fig. 3a shows this quick convergence, but the importance of diverse personal best positions for continued exploration

can be seen in fig. 3c. Around step 25, all but one agent has found a position very close to the global optimum; after
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that step, the only agent to not have found a near-optimum position is also the only one to stray noticeably from the

rest of the swarm. Once that agent finds a near-optimum position, the whole swarm quickly settles at the optimum.

Comparing figs. 2c and 3c reveals a sharp contrast in the number of “failed” target phase calculations, with none
appearing in fig. 3c. The small size and low dimensionality of the one-dimensional lamellar SCF'T problem means that
the calculation always converges within the maximum allowed number of iterations (set at 200). We observe that,
rather than failing to converge as other phases often do in highly unfavorable regions of phase space, the lamellar
calculations tend to collapse to disorder. At the same time, the simplicity of the initialized field (using only two basis
functions) makes the similarity check ineffective. In this calculation, the concentration variation test was not used to
check the final real-space concentration field, causing many calculations which converged to disorder to be erroneously
accepted by the program. This can be seen in the clustering of points along {2 = 0 in early steps. Despite the erroneous
acceptance of these SCFT calculations, the PSO algorithm proved robust enough to tolerate the errors and yield a

correct result. We repeated this calculation using the concentration range test; results can be found in fig. S1.

Frank-Kasper phases offer a valuable route to increase the complexity of design problems in diblock polymer space,
and serve as a more stringent test of the PSO algorithm. Not only do Frank-Kasper phases require expansion of the
search into a third dimension to access conformationally asymmetric diblock polymers, but the near-degeneracy of
the free energies of most Frank-Kasper phases [9,11,12] combined with the higher complexity of the Frank-Kasper
structures themselves make the robustness of the automated SCFT protocols all the more critical. Figure 4 shows
results of a 3D search for the Frank-Kasper o phase. With this particular set of random initial positions, the swarm
initially has no agents at positions where o is the stable phase, and most agents do not even successfully converge
the target phase due to its relatively small volume in the phase space and the challenges in converging metastable o
phase solutions. By assigning failed convergence of o to have infinite energy, rather than discarding the calculation,
we force the swarm to move away from these numerically challenging regions of the state space, which tend to be
regions far from the o stability window. Early in the search, the swarm’s best seen positions generally fall in or near
the A-minority BCC stability windows at low e. Early improvements in the swarm’s best seen position do, however,
trend toward higher YV and ¢, in the direction of the known ¢ phase stability window. Rather early in the search an
agent identifies a position where o is stable, after which the swarm gradually coalesces around the high-yN and high-¢
o phase stability window. Following the identification of a stable point, the swarm periodically identifies positions
further within the stability basin, approaching a global optimum within the search space. During this time, reduced
frequency of infinite fitness values in fig. 4c as well as clustering in fig. 4a indicate that the swarm narrows its search

to areas where o calculations readily converge.
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Fig. 4: Results of a 3D search for sigma phase in a neat diblock copolymer melt showing (a) all positions visited during the
search and (b) all positions that, at one time in the search, were the best found by the swarm, (c) current fitness (circles) and
personal best seen fitness (lines) at each step for each agent and (d) the best fitness found by the swarm through each step. (a)

and (b) also show search progression by varying point color from blue (early steps) to red (late steps).

4 Conclusions

This work introduces an open-source software package for the inverse design of linear block polymers to target bulk
morphologies using PSO and SCFT. Unlike in prior applications of PSO to such design problems [54], the present
software package is made more accessible through the use of algorithmic generation of initial guess fields for SCFT
calculations using broadly accessible software. Software functionality was demonstrated with design problems in the

diblock polymer parameter space. The software successfully identified stability windows for BCC and lamellae in

(fa,xIN) space, as well as ¢ in (fa,xN,e).
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We have demonstrated a successful implementation of PSO for block polymer design using the open-source PSCF
program, but several limitations of the existing tool should be noted. The present implementation uses the Fortran
version of PSCF [56] for SCFT calculations, which restricts its application to linear polymers at this time. The
pscflnverse program was designed to allow different SCFT solvers to be wrapped by the PSO code with relative ease,
and extension to interface with the new C++ version of PSCF [70] would enable design with the branched architectures
available in the nascent C++ code. Likewise, it should be relatively easy for users who already have their own SCFT
code to implement this PSO wrapper with some modest modifications to provide compatibility with input/output files
in their code. Moving toward consideration of branched architectures, further improvements to the PSO wrapper will
be required to access the full polymer design space. For example, the nature of the PSO algorithm restricts searches
to continuous variables, limiting its ability to search discretized design parameters such as the number or connectivity
of blocks. Creative use of discrete ranges on a continuous variable could enable access to such design parameters,
but the program does not presently support this functionality. Other, more generic, improvements could also be
implemented. The guess generation algorithms, as previously discussed, place limitations on the variety of phases
that can be considered. Improvements to the guess-generation algorithms would further broaden the potential of the
program. Finally, the method is unable to consider any morphology not in the set of candidate phases. Identification

of unanticipated stable morphologies [71-74] remains a significant open question in block polymer material design [14].

Testing of this tool has also uncovered a subtle difficulty in the application of this method. Fundamentally, this
method relies on the ability of the SCFT solver to obtain converged fields for each phase in all regions of the search
space where the phase is reasonably competitive and thus of interest in the search. We attempted a search for the
A15 phase in the three-dimensional diblock parameter space, but were unable to obtain accurate results. Analysis
of the results showed abnormally high failure rates for o phase at high conformational asymmetry (¢ > 2.5) where
A15 is known to become stable [11]. Since o should be the closest competitor to A15 over much of this range, and
should provide the lower bound to the A15 stability window in the f4 dimension, failure of these calculations proved
significant and caused the swarm to converge on points in the o phase window, rather than that of A15. The cause of
these convergence problems in PSCF is presently unknown, but was only seen in the course of this work to impact o
at high conformational asymmetry. In general, understanding the convergence of SCFT calculations is a challenging
issue [61] due to the nonlinear, non-local nature of the problem and the need to combine multiple numerical methods
to achieve the solution. Investigation and correction of this or similar convergence difficulties in PSCF or any other

SCFT solver interfaced with this tool can enable application of the approach to more problems.
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Although already less computationally expensive than typical brute-force grid searches [54], there may be ways
to further improve the efficiency of the PSO methodology. Acceleration of the underlying SCFT calculations, for
example on a Graphics Processing Unit [70, 75], could reduce the overall run-time of the program. Adoption of a
hybrid approach to initial field seeding, perhaps by combining a library and generation approach, could also reduce
the cost of underlying SCFT calculations by minimizing the repetition of more expensive generated-guess calculations
at neighboring or identical points in phase space. Nevertheless, the open-source platform presented here represents a
significant step toward the broader adoption of inverse design methodologies by providing a robust new tool for block

polymer materials discovery via PSO to the research community.
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S1 Lamellar Search with Concentration Range Check

Lamellar search results in the main text included no explicit check for convergence to disorder. As
discussed, this resulted in several lamellar calculations that had converged to disorder being accepted as
successful. This calculation has been redone with a check on the concentration ranges observed in the
final field for lamellar calculations (the test is omitted for other phases, as these disordered convergences
are typically captured in the standard similarity checks). With this test active, an SCFT calculation is
accepted as successful only when the difference between the minimum and maximum concentrations of
each monomer on the real-space grid is below the chosen threshold of Ap = 0.001. The results of this
calculation are shown in fig. S1.
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Figure S1: Results of a 2D search for lamellar phase showing (a) all positions visited during the search
and (b) all positions that, at one time in the search, were the best found by the swarm, (c¢) current fitness
(circles) and personal best seen fitness (lines) at each step for each agent and (d) the best fitness found
by the swarm through each step. (a) and (b) are both plotted over the known diblock phase diagram
(modified from [1]) with the dotted line marking the search bounds and with point color varying from
blue (early steps) to red (late steps). Lamellar calculations include explicit check for convergence to
disorder.

Comparing the results in fig. S1 to those in the main text fig. 3, we see that in several early steps,
agent positions that once had fitness {2 = 0 now have fitness {2 = —oco. This reflects the calculations now
correctly identified as having converged to disorder, and rejected as unsuccessful. Besides the presence
of some newly-rejected SCFT results, the swarm behavior and search results are largely unaffected.
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