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Some criteria for potential of Data & Analytics

• local aspects on the scale of working groups:
– re-use of data, collaborations and transfer of knowledge
– program and data documentation / good scientific practice
– compliance with mandates of funding agencies / government

important, needs low-barrier software solution to facilitate documentation 
of work processes, can use problem-specific formats

• large-scale collaborations:
– an established example – high-energy physics (CERN)
– synergistic collaborations of groups in different disciplines and locations
– parallel development of experiment, theory, 

and computational infrastructure
– building of community by common data and algorithms       
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Soft, polymer materials – scientific problem

• dense copolymer materials 
(personal bias … there are many more)
– microphase separation on the length scale from 5-100 nm
– can be tailored in geometry and length scale by molecular
– applications:
§ filtration membranes
§ photonic materials
§ solar and fuel cells
§ DSA – microelectronic device fabrication 

Abetz, Macromol. Rapid Commun. 36, 10 (2015)

nonequilibrium structures that cannot be explained by equilib-
rium thermodynamics alone. For emerging applications in nano-
technology, it is essential that their stability and, more importantly,
their pathways for removal be understood.
In this study, we address three fundamental questions that are

central to deployment of DSA in commercial technologies: (i) What
is the free energy of defects in DSA during density multiplication?
(ii) Is defect removal an activated process and, if so, (iii) how do the
kinetic pathways for defect removal depend on material and pattern
characteristics? To examine these issues, we rely on experiments
and a 3D model of the thermodynamics and kinetics of the co-
polymer. We evaluate the free energy landscape as a function of
the local composition, and we identify the minimum free energy
paths (MFEP) between defective and ordered states, along with
underlying transition states or saddle points. The results of simu-
lations are validated through comparison with detailed images
from fully 3D, transmission-electron-microscopy (TEM) tomog-
raphy in thin copolymer films. We conclude this introductory sec-
tion by noting that although our focus is thermal annealing, a future
study will consider the more specialized problem of how thermal
pathways can be altered (or not) through controlled addition of
solvents (11, 15, 16).

Model and Methods
The model considered here relies on a particle-based representation of the
copolymer molecules but adopts the same Hamiltonian H as that generally
used in self-consistent field theory (17, 18). Such a model has been described
in the literature and need not be recounted here. For completeness, how-
ever, a more extensive discussion is provided in SI Text. Importantly, the
model has been shown to provide a representation of copolymer thin films
that is in good agreement with available experimental data (19, 20). We rely
on the string method to identify the MFEP between two metastable states
on a free energy landscape (21–27). An initial string is constructed by linear
interpolation between the two end states. In this work, we connect a de-
fective morphology, α= 0, and a defect-free lamellar morphology, α= 1. As
explained in SI Text, at each iteration of the string method, the mean force
at discretized nodes along the string is numerically estimated by conducting
field-theoretic umbrella sampling simulations. After each iteration, the
string is updated according to the potential of mean force perpendicular to
the string.

Results
MFEP for Edge Dislocation Dipole. As can be appreciated in Fig. 1,
the most commonly observed defects in block copolymer thin
films are edge dislocations that have either an A or a B block
core (13, 28). They consist of a half-domain of A or B material
terminated in the middle of the regular lamellar domain, with
distorted nearby planes of the internal AB interfaces. A single

dislocation is a topological defect that cannot disappear by itself.
However, pairs of dislocations with opposing Burgers vectors
(dislocation dipoles) can cancel each other and disappear by trans-
ferring a defect core from one lamellar domain to a neighboring
stripe of the smectic structure (gliding motion). In this study, we
focus on dislocation dipoles with cores of the same-species block.
Fig. 2A shows the free energy difference, ΔF, along the MFEP

between a defective morphology, α= 0, and a defect-free, lamellar
morphology, α= 1, in units of kBT. The MFEP exhibits two bar-
riers and one shoulder at α = t1, t2, and t3, respectively. The
morphologies for these three points along the MFEP are shown
in Fig. 2B. The red contours correspond to the internal AB in-
terfaces where A and B species having a vanishing local density
difference.
A first transition state is observed at t1 ≈ 14=127; it has the

highest free energy barrier along the path. A commitor proba-
bility analysis, according to procedures outlined in SI Text, indi-
cates that this first transition state does correspond to a commitor
probability of 0.5 (Fig. S1). The first transition state corresponds
to the formation of a partial connection (a “bridge”) between one
edge dislocation and the neighboring bent A layer (marked as 1 in
Fig. 2A, Inset). A full connection will then break the branched B
domain that surrounds the A core and transfer the edge disloca-
tion by half a lamellar period, hereby switching into a B core edge
dislocation (gliding motion). We emphasize here that the position
of the peak in the MFEP corresponds to the incipient state con-
necting the A domains from two different regions, where a mo-
lecular bridge is built between them; the “transition” bridge
typically comprises a handful of molecules, and a more detailed
molecular-level analysis of its characteristics is provided in SI Text
and in Fig. S2. The downhill descent after that first peak corre-
sponds to the growth of the bridge. Once it attains a certain

Fig. 1. (A) Schematic representation of 3X density multiplication of block
copolymers on chemical patterns and (B) experimental SEM image of DSA
structure after thermal annealing showing an isolated defect.

Fig. 2. (A) MFEP between a defective (apposing pair of dislocations) and a
defect-free lamellar structure for χN= 25. The abscissa represents the re-
action coordinate along the pathway, α∈ ½0,1". The ordinate corresponds to
the free energy difference from the starting defective morphology, in units
of kBT. Inset shows defect morphology where darker shaded regions cor-
respond to areas where the chemical guiding pattern acts. Numbers indicate
positions of sequential morphological changes, discussed in MFEP for Edge
Dislocation Dipole. (B) Morphologies at α= 0, t1, t2, t3, and 1.
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Fig. 2A, Inset). A full connection will then break the branched B
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necting the A domains from two different regions, where a mo-
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Soft, polymer materials – scientific problem

• dense copolymer materials 
(personal bias … there are many more)

• self-assembly of amphilipic molecules in solution 
(lipid membranes, lipid-protein assembly)

• colloidal self-assembly
(role of shape and depletion interactions, DNA-mediated interactions)

common ingrediants that control the structure formation 
in soft materials (characteristic free-energy scale kBT) 

– kinetics of structure formation/transformation is crucial
– multitude of metastable states and intermediates
– process-directed self-assembly
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Process-directed self-assembly



• process-directed self-assembly by pressure jump

• fabrication of I-WP network
morphology from BCC structure

• local conservation 
of density is crucial to 
predict pathway
Jacobian of transformation 
from particle-based coordinates 
to densities

• importance of chain conformations being not in equilibrium 
with instantaneous density distribution

stretched initial 
conformations

equilibrated initial 
conformations

Müller, Sun, Phys. Rev. Lett. 111, 267801 (2013)
Müller, Sun, J. Phys.: Condens. Matter 27, 194101 (2015) 

Process-directed self-assembly



• process-directed self-assembly by alchemical 
(photochemical) transformation

3

FIG. 3: Captured ordered mesostructures from the kinetics of
structure formation: (a) FCC, (b) F-RD, (c) BCC, (d) I-WP,
(e) I-WP-S, (f) HEX, (g) HEX2, (h) GYR-S, (i) GYR, (j)
DIA, (k) DIA-S, (l) LAM.

−MµA(r, t) and ∂φB(r, t)/∂t = −MµB(r, t), are inte-
grated by means of an explicit scheme based on the um-
brella potentials [40] while the equations for conserved
dynamics, ∂φA(r, t)/∂t = D∇ · [φA(r, t)φB(r, t)∇µ(r, t)]
and ∂φB(r, t)/∂t = −D∇ · [φA(r, t)φB(r, t)∇µ(r, t)], are
integrated by virtue of a semi-implicit scheme based
on the random phase approximation (RPA) [41, 42].
µ(r) = µA(r) − µB(r) is the exchange chemical poten-
tial [38]. M is the mobility coefficient while D is the
diffusion coefficient. The details of these two integrating
schemes will be published shortly in another work [34],
and the other formulae in detail for the theoretical details
and numerical implementations of SCFT and DSCFT are
presented in the Supplemental Material.

As displayed in Fig. 2, we find both the non-conserved
and conserved dynamics result in the same process-
accessible diagram, which is due to that if the starting
unstable state locates in the valley whose lowest bot-
tom is a stable or metastable mesostructure both the
non-conserved and conserved dynamic paths are towards
the same global or local minimum, and the probabil-
ity that the starting unstable state exactly locates on
the boundary between two different valleys is very low.
Since we only consider FCC for CPS, totally twelve or-
dered mesostructures (shown in Fig 3) are observed, and
most of them are metastable. In this diagram, for the
mesostructure of face-centered-cubic spheres, when A
block forms the spherical domains and there is no sphere
in the center of unit cell, we denote it as FCC, while
when B block forms the spherical domains and there is
a sphere in the center of unit cell (shown in the inset
of Fig. 2), it is represented by FCC∗. They are both
face-centered-cubic spheres but with different arrange-

FIG. 4: Density fields at different MC steps after the rapid
change of composition. Before the change, the equilibrium
GYR mesostructure is fabricated when fA is 0.34375, and
after the change, the value of f∗

A is switched to 0.6875.

ments in the unit cell. DIA is the cubic single-diamond
network [43] while HEX2 is graphene-like [16]. Three
spherical mesostructures, I-WP-S, GYR-S, and DIA-S,
and one network mesostructure, Schoen’s F-RD [44, 45],
are new metastable states. In addition, FCC, BCC,
HEX, GYR, and LAM are also observed to be metastable
outside their corresponding stable regions, respectively.
The five perpendicular solid black lines in Fig. 2 cor-
respond to the five thermodynamic transition points in
the phase diagram from disorder (DIS) to FCC, from
FCC to BCC, from BCC to HEX, from HEX to GYR,
and from GYR to LAM [3], respectively, and they divide
the dashed red line into six pieces, where we prepare the
equilibrium mesostructures. The two horizontal dashed
green lines correspond to the two thermodynamic order-
disorder transition (ODT) points [3].

We also employ the single-chain-in-mean-field (SCMF)
simulations [46–49] to illustrate the metastability of sev-
eral observed ordered mesostructures. In this set of
simulations, we equilibrate a large system of dimension
L = 11.979Re0 (optimal L for unit cell is 3.993Re0) for
stable GYR when fA is 0.34375. ρ0R3

e0/N = 128000 is
set to suppress the fluctuations, where ρ0 is the number
density of particles. Then, by keeping the coordinates of
particles and chain connectivity, we rapidly switch the
composition to generate unstable GYR state when f∗

A is
0.6875. Representative snapshots during the kinetics of
structure formation are presented in Fig. 4. After about
1000 MC steps, the system firstly evolves to a gyroid
network, and after about 5000 MC steps, the chain con-
figurations equilibrate and DIA mesostructure is formed.
The system evolves slowly during the following simula-

variety of periodic structures:
(a) FCC, (b) F-RD, (c) BCC, (d) I-WP, (e) I-WP-S, (f) HEX, 
(g) HEX2, (h) GYR-S, (i) GYR, (j) DIA, (k) DIA-S, (l) LAM

Process-directed self-assembly



• Combinatorial screening of complex block copolymer assembly with self-
consistent field theory, Drolet, Fredrickson, Phys. Rev. Lett. 83, 4317 (1999)

• Discovering new ordered phases of block copolymers, Bohbot-Raviv and 
Wang, Phys. Rev. Lett. 85, 3428 (2000)

• Design of ABC Triblock copolymers near the ODT with the Random Phase 
Approximation, Cochran, Morse, Bates, Macromolecules 36, 782 (2003)

• Random isotropic structures and possible glass transitions in diblock
copolymer melts, Zhang, Wang, Phys. Rev. E 73, 031804 (2006).

• Discovering ordered phases of block copolymers: New results from a generic 
Fourier-space approach, Guo, Zhang, Qiu, Zhang, Yang, Shi, Phys. Rev. 
Lett. 101, 028301 (2008)

• Broadly accessible self-consistent field theory for block polymer materials 
discovery, Arora, Qin, Morse, Delaney, Fredrickson, Bates, Dorfman,
Macromolecules 49, 4675 (2016) 

Multitude of stable and metastable structures
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minimal coarse-grained model that captures only 
relevant interactions: connectivity, excluded volume, 

repulsion of unlike segments
• incorporate essential interactions through a 

small  number of effective parameters:
chain extension, Re, compressibility kN and
Flory-Huggins parameter cN universality

• elimination of degrees of freedom       
top-down model

conformational 
rearrangements ~ 10-12 - 10-10 s 

diffusion 
~ 10-9 -10-4 s

bond 
vibrations
~ 10-15 s

a small number of  atoms is lumped 
into an effective segment (interaction 
center) MC,MD, DPD, LB, SCFT

Daoulas, Müller, JCP 125, 184904 (2006)

10-15s    minimal, soft, coarse-grained model     10-5s           simulation      102s

Scientific framework – models, data & algorithms 



effective interactions become weaker for large degree of coarse-graining 
no (strict) excluded volume, soft, effective segments  can overlap, 
rather enforce low compressibility on length scale of interest, 

``                                           ´´ -terms generate pairwise interactions
particle-based description for MC, BD, DPD, 
or SCMF simulations 

with

Müller, Smith, J. Polym. Sci. B 43, 934 (2005); Daoulas, Müller, JCP 125, 184904 (2006); Detcheverry, 
Kang, Daoulas, Müller, Nealey, de Pablo, Macromolecules 41, 4989 (2008); Pike, Detcheverry, Müller, 
de Pablo, JCP 131, 084903 (2009); Detcheverry, Pike, Nealey, Müller, de Pablo, PRL 102, 197801 (2009)

top-down model with soft, pairwise interactions
Scientific framework – models, data & algorithms 



Scientific framework – models, data & algorithms 
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Abstract
As a result of important advances over the last decade, block copolymer melts
have become an excellent model system for studying fundamental phenomena
associated with molecular self-assembly. During this time, good quantitative
agreement has been achieved between theory and experiment in regards to
equilibrium phase behaviour, and with it has emerged a thorough understanding
in terms of simple intuitive explanations. The theoretical contributions to this
effort are largely attributed to mean-field calculations on a standard Gaussian
model. Here, we review this present understanding of block copolymer
phase behaviour, the model and its underlying assumptions, the mean-field
approximation and its limitations, and the attempts to incorporate fluctuation
corrections. Rather than following the traditional rigorous derivations, we
present slightly more intuitive and transparent ones in such a way to stress
the close connection between the related calculations. In this way, we hope to
provide a valuable introduction to block copolymer theory.

1. Introduction

The field of complex liquids attracts tremendous attention, not only because of its rich and
intriguing phase behaviour, but also because of its commercial and biological importance.
These special liquids encompass a diverse range of molecular systems, typically involving
molecules with two ends that interact unfavourably. In order to minimize unfavourable
contacts, the molecules tend to self-assemble into ordered microstructures often with very
elaborate geometries. By cleverly manipulating this tendency, researchers have created a large
host of important applications. Of course, biology has taken advantage of such mechanisms
from the very beginning of life. In order to study the phenomena associated with molecular
self-assembly, researchers have focused much of their attention on model systems referred to
as lyotropic liquid crystals, often involving simple aqueous solutions of either surfactant or
lipid molecules [1]. However, more recently, it has become apparent that block copolymer
melts, in many ways, provide a superior system for such studies [2].

0953-8984/02/020021+27$30.00 © 2002 IOP Publishing Ltd Printed in the UK R21

• “universal standard model” that defines a framework to categorize models 
for particle simulation, polymer DFT, molecular theory and SCFT 

• starting point for generalizations (molecular architecture, EOS-effects and 
solvents, charges or supramolecular interactions, dynamical properties)



Scientific framework – models, data & algorithms 
• equilibrium data:

§ phase diagrams as a function of molecular architecture (SCFT)
§ effects of compressibility and local packing structure (p-DFT)
§ exploration of potential structure (particle simulation)
§ scattering experiments
§ real-space imaging techniques (TEM/AFM/tomography+SIS)

• dynamic equilibrium data:
§ rheology data
§ diffusion constant, single-chain motion in spatially modulated structure

• non-equilibrium collective dynamics:
§ structure formation, reorientation dynamics in external fields
§ defect motion and annihilation
§ process-directed structure formation

multitude techniques: SCFT, p-DFT, molecular theory, particle simulation,
GISAX/GISAS, TEM, AFM, tomography+SIS



• MPI
• no domain decomposition
• polymer block parallel 

• OpenACC 2.5
• fine grain parallel (polymer)
• #pragma GPU parallel
• Imemory offloading
• PGI compiler

• OpenMP
• like OpenACC
• any compiler

• features
• Smart Monte-Carlo moves
• Distributed computation via 

MPI / OpenMP
• single source code multiple 

architectures: CPU and GPU 
(via OpenACC)

• hdf5 i/o format, parallel i/o
• up to 64 polymer types 

Scientific framework – models, data & algorithms 

example: particle simulations on GPUs

synergies in co-development of programs and unified data formats:
GROMACS, LAMMPS, ESPRESSO, HOOMD  



Features Features, Future & Limits

SOMA: New System Sizes

I 0.88Re ⇥ 240.64Re ⇥ 135.36Re ,

I nN ⇡ 5 · 108 & time: 2TR

I 10 nvidia K80 devices

I 20h computation time

FLYJUM 12 / 14

0.88Re×240.64Re×135.36Re 10 nvidia K80 devices 
nN ≈500 · 106 time: 4tR 20h computation time

Need and availability of complex data



Need and availability of complex data



wealth of information (even in this deceptively simple example):
• single-chain motion in spatially modulated environment
• kinetics of collective structure formation (initial, spinodal)
• defect motion and annihilation 
• grain growth and grain boundary motion
• large-scale connectivity of domains

requires analysis on different scales, using different models and 
comparison to various experimental techniques; 
interaction between simulation (theory) and experiment 

“computing gets more and more intertwined with data analysis”
US DOE ASCAC Report, Synergistic challenges in data-intensive science and exascale computing, 2013

involvement of different scientific communities using common standards

Need and availability of complex data
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Opportunities for Data & Analytics in Soft Matter research



Opportunities for Data & Analytics in Soft Matter research
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• scientific problem: 
§ relevant for technological applications
§ complex, rich behavior due to multitude of competing structure

• framework:
§ universal standard model (top-down approach) 

connecting computational models to experiments
• availability of data:

§ advances in numerical methods (SCFT, GPU-based simulation) and experiments
§ wealth of information (from single-molecule motion to large-scale morphology)

• scientific community:
§ numerous groups in  America, Europe, and Asia
§ common standards and community-building required

. 

.                    
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• scientific problem: 
§ relevant for technological applications
§ complex, rich behavior due to multitude of competing structure

• framework:
§ universal standard model (top-down approach) 

connecting computational models to experiments
• availability of data:

§ advances in numerical methods (SCFT, GPU-based simulation) and experiments
§ wealth of information (from single-molecule motion to large-scale morphology)

• scientific community:
§ numerous groups in  America, Europe, and Asia
§ common standards and community-building required

disclaimer – specific case of structure formation in dense copolymer materials 
but similar for other Soft Matter areas 




