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EISA and NIPS in a diblock copolymer film

techniques: particle-based simulation 
and continuum model

question: 
• how to fabricate perpendicular cylinders?
• role of solvent selectivity and evaporation rate
• mechanism of structure formation

dynamical arrest

macrophase separation

viscoelasticity, entanglements

hydrodynamic flow

m
icrophase

separation

solvent-nonsolvent exchange

evaporation

Müller, Abetz, Chem. Rev. 121, 14189 (2021)



solvent evaporation from a diblock copolymer film
• solvent evaporates and polymer density at the film surface increases

skin formation
• microphase separation commences at film surface (EISA)

domains of cylinders with different orientations form
• as the solvent evaporates further, the film thickness shrinks

anisotropic deformation of domains results in grain coarsening
via grain boundary motion

substrate

film surface
solvent evaporation

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

stable

compressed



grain-boundary motion 
system: cylinder-forming diblock copolymer cN=35, f=1/4, N=64

two grains with orthogonal orientation, one is only metastable

particle simulation                   continuum model / MFEP                   kMC model



grain-boundary motion 
system: cylinder-forming diblock copolymer cN=35, f=1/4

two grains with orthogonal orientation, one is only metastable

compression,    , along z-direction distorts one grain and thereby 
increases its free energy        deterministic motion of grain boundary 

For this system, the equilibrium spacing is slightly lower than for the single-grain and
string system, which is mainly a consequence of the the value of

p

N̄ which is chosen
much lower than for the smaller systems . The details of the di↵erent systems are
summarized in Table 1 and the initial reference density used for the simulations are
shown in Figure 1.

System Lx · Ly · Lz [R3
e] deq [Re]

p

N̄

Single-grain 5 · 12.3 · 10.7 1.78 750
String 22.0 · 12.3 · 10.7 1.78 1300
Kinetic 41.8 · 24.1 · 20.9 1.74 60 & 90

Table 1: The systems extents the equilbrium cylinder spacing, deq, and the value of
p

N̄ for the single-grain system, for the system used for the string calculations and for
the system used for kinetic simulations. The grain boundary for the latter two systems
lies in the y � z plane

Figure 1: The reference density of the minority block of the equilbrium system used for
the kinetic simulations (left) and for the string calculations (right).
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Schneider, Müller, 
Comp. Phys. Comm.
235, 463 (2019) 

kinetic

string choice of invariant degree of 
polymerization                       :
• small enough so that system

overcomes free-energy barriers

• large enough to suppress density
fluctuations
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typically 108 segments



kinetics of grain-boundary motion 

metastable
compressed

by sz

stable

main processes involved in grain-boundary motion (topological changes):
• fusion of heads of perpendicular cylinders with/to parallel cylinders
• rupture of  junction between perpendicular and parallel cylinders

Blagojevic, Müller, ACS Polymers AU 3, 96 (2023) 



kinetics of grain-boundary motion 
main processes involved in grain-boundary motion (topological changes):
• fusion of heads of perpendicular cylinders with/to parallel cylinders

long-range strain field around defect:
• large system size necessary
• dependence of free-energy barrier 

on environment 
Blagojevic, Müller, ACS Polymers AU 3, 96 (2023) 



kinetics of grain-boundary motion 
main processes involved in grain-boundary motion (topological changes):
• fusion of heads of perpendicular cylinders with/to parallel cylinders
• rupture of  junction between perpendicular and parallel cylinders



velocity of grain boundary at                    .  
fast motion at small invariant degree of polymerization
grain-boundary velocity ~ free-energy difference 

study sequence of topological changes and concomitant free-energy barriers
that are required for grain-boundary motion     
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sequence of topology changes, correlated in space and time  

process classes, namely the fusion of perpendicular cylinders and the rupture of perpendicular
cylinders, schematically shown in Figure 2.

Figure 2: The two fundamental short-scaled processes illustrated by the minority-block density. Left:
fusion of two neighbouring cylinder heads. Right: Rupture of a junction.

The velocity of the grain boundary is approximately constant for a fixed �z. As shown in
Figure 3, the velocity of the grain boundary scales quadratic with the compression factor, which
agrees to an analytical prediction, where the velocity of a grain-boundary is linearly proportional
to the imposed free-energy difference [?], which in our case is quadratic proportional to the
compression. For large values of �z � 0.07, the system responds to the strongly perturbed

Figure 3: Measured velocity of the grain boundary as a function of the compression factor �z with a fit
to verify the quadratic proportionality for systems with

p
N̄ = 65.

cylinder by a decrease of the number of cylinders in each cross-sectional plane of the perturbed
grain. This happens by a zipper-like fusion of two neighbouring cylinders. The typical time
scale for this to happen decreases with increasing �z. NB: Bild?

2.2.2 Two time scales for kinetic processes

To address other possible kinetic effects at the grain boundary, we performed the previously
described simulations of a compressed grain for a larger value of

p
N̄ = 90. This increases

6 V1.8-2020DEC02

cylinder heads and junctions

Blagojevic, Müller, ACS Polymers AU 3, 96 (2023) 



sequence of topology changes, correlated in space and time  

rup. junction, fusion bridge
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sequence of topology changes, correlated in space and time  
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sequence of topology changes, correlated in space and time  
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sequence of topology changes, correlated in space and time  

anisotropic domains
inside grain boundary 

Blagojevic, Müller, ACS Polymers AU 3, 96 (2023) 
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cylinders with stable orientation

sequence of topology changes, correlated in space and time  
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cylinders with stable orientation

sequence of topology changes, correlated in space and time  

grain-boundary motion by particle simulations:
• small : 

grain-boundary velocity ~ free-energy difference between grains
elementary transitions: fusion of cylinder heads / rupture of junctions
sequence of topological changes, correlated in space and time

• large :
distortion of grains or elimination of cylinders to relieve stress
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model definition:
intra- and intermolecular potentials       free-energy functional,
(here: soft, coarse-grained model, SCMF)                (SCFT, Ohta-Kawasaki)
single-chain dynamics model-B dynamics
(here: Rouse dynamics) (Hohenberg & Halperin) 
segmental friction, Onsager coefficient
projection:

from particle simulation to continuum description
degrees of freedom:
particle coordinates,      order parameters

segment composition field (and density)
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challenge:
• sampling of free-energy differences or chemical potential
• construction of reversible paths (reaction coordinates)
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MFEP of fusion and rupture transitions 
• identify minimal set of 18 transitions (fusion/rupture in different environments)
• obtain chemical potential by field-theoretic umbrella sampling
• calculate the Minimum Free-Energy Path (MFEP) via string method 

free-energy difference and barrier depend on
local environment (spatiotemporal correlation)

string contour

E, Ren, Vanden-Eijnden, J. Chem. Phys. 126, 164103 (2007) 
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MFEP of 10 fusion and rupture transitions 

Blagojevic, Müller, ACS Polymers AU 3, 96 (2023) 



MFEP of fusion and rupture transitions 

free-energy difference                                      free-energy barrier

18 transitions:

Blagojevic, Müller, ACS Polymers AU 3, 96 (2023) 



MFEP of fusion and rupture transitions 
question: Do 18 transitions suffice to capture the environment dependence?

Blagojevic, Müller, ACS Polymers AU 3, 96 (2023) 



MFEP of fusion and rupture transitions 
question: Do 18 transitions suffice to capture the environment dependence?
answer:    unfortunately, no

Blagojevic, Müller, ACS Polymers AU 3, 96 (2023) 



Monte-Carlo simulation of grain-boundary motion 
model: describe diblock copolymer morphology by 7 states on a lattice 

Blagojevic, Müller, ACS Polymers AU 3, 96 (2023) 



Monte-Carlo simulation of grain-boundary motion 
model: describe diblock copolymer morphology by 7 states on a lattice

and use consistent transition rates from MFEP + optimization
nucleation of an anisotopic cluster at t=0.051tkMC            Dt=0.02tkMC≈106 MCS 

Blagojevic, Müller, ACS Polymers AU 3, 96 (2023) 



Monte-Carlo simulation of grain-boundary motion 
anisotopy of clusters in grain boundary 

Blagojevic, Müller, ACS Polymers AU 3, 96 (2023) 



Monte-Carlo simulation of grain-boundary motion 
anisotopy of clusters in grain boundary 

multiscale modelling of grain-boundary motion:
• triple-scale modelling:

particle simulation – MFEP – MC of lattice model
• particle simulation:

• grain-boundary velocity ~ free-energy difference between grains
• class of transitions: fusion of cylinder heads and rupture of junctions
• sequence of topological changes, correlated in space and time

• continuum model and MFEP
• free-energy differences and barriers 
• free-energy profiles of transitions depend on environment
• consistent rates via averaging of grain-boundary roughness

• lattice model
• study of grain-boundary diffusion
• motion proceeds via nucleation of clusters in grain boundary
• systematic study of parameters, eg, invariant degree of polymerization 

Blagojevic, Müller, ACS Polymers AU 3, 96 (2023) 



10. Februar 1944 – 27. September 2022

Prof. Dr. Kurt Binder





10. Februar 1944 – 27. September 2022

Prof. Dr. Kurt Binder


