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In Short

• Dissipative Self-Assembly: How do chemical reac-
tions control the morphology and size of vesicles?

• Rheology of nanocomposites: What information
does the dynamics nanoparticle inclusions provide
about the rheology of the surrounding matrix ?

• Dynamic asymmetry: Is it important for the orien-
tation of copolymer mesophases under shear?

• How to control the properties of switchable
brushes with electric fields?

Scientific background – Soft and biological ma-
terials, such as self-assembled structures of block
copolymers or lipids, as well as nanocomposites of
polymers and hard inclusions, are characterized by
energy scales of the order of the thermal energy,
kBT , and length scales of the order of nanometers.
In contrast to hard materials, minuscule free-energy
differences dictate the equilibrium structure and ther-
mal fluctuations of the molecular configurations or
collective properties are often important. The free-
energy landscape of soft and biological materials
features many local minima, i.e., metastable states,
that are nearly degenerated but separated by free-
energy barriers that significantly exceed kBT . Thus,
these metastable states have a protracted lifetime.
In applications, the material often does not reach the
absolute free-energy minimum – the thermodynamic
equilibrium state – but rather becomes trapped in
the course of structure formation or transformation
in one of the multiple metastable states.

Thermodynamic processing can be exploited to
select one of these metastable states with particu-
larly beneficial application properties. It has long
been realized that not only the properties of its con-
stituent chemical compounds but also the way the
material has been processed into its final state dic-
tate the material’s microstructure. The microstruc-
ture of a material (such as metals, ceramics, poly-
mers, or composites), in turn, strongly influences
physical properties such as strength, toughness,

ductility, hardness, corrosion resistance, wettabil-
ity or wear resistance. Examples of the importance
of microstructure and polymer processing encom-
pass inter alia the gel spinning process for ultra-
high-molecular-weight polyethylene fibers, the addi-
tion of soft, rubbery domains to brittle thermoplastic
polymers to increase the crack-growth resistance or
toughness, the design of advanced materials such
as organic electronics, and the fabrication of polymer
membranes [1].

While these engineering strategies successfully
address structure formation on the length scale of
micrometers, we employ computer simulations to ex-
plore strategies for process-directed self-assembly
of soft and biological materials on the molecular
scale [2]. To this end, several challenges have to be
addressed, including (i) the development of mean-
ingful, highly coarse-grained models that retain the
relevant characteristics of molecular structure and
dynamics, yet allow us to address large time and
length scales, (ii) the understanding and exploration
of the free-energy landscape and its dependence on
external field, e.g., electric fields, and (iii) the control
of structure formation or transformation by nonequi-
librium processes such as chemical reactions, flow,
or localized forces exerted e.g. by proteins.

The overarching strategy of our project is to de-
vise and use highly coarse-grained, particle-based
or field-theoretic models of lipids or polymers, study
the collective response to external fields (e.g., hy-
drodynamic flow or electric field) or intrinsic stim-
uli (e.g., chemical reactions), and thereby devise
processing strategies to control and manipulate the
structure and properties on the length scales of tens
of nanometers.

As an example Figure 1 illustrates the forma-
tion of vesicles that are comprised of molecules
whose hydrophobicity can be switched by a chemi-
cal reaction. Controlling the monomer-reaction cy-
cle, we generate a polydisperse set of amphiphilic
molecules that assembles into vesicles. The mor-
phology and size of the reaction-assembled aggre-
gates can be tailored by the molecular structure and
the reaction characteristics. Our particle-based sim-
ulation provide direct insights into the structure of
the aggregates (e.g., the distribution of molecular
species) and the mechanism of the formation of the
reaction-assembled vesicles.

All subtasks use highly coarse-grained models
that are characterized by a small number of experi-
mentally measurable parameters – like (i) the molec-
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36Figure 1: Snapshots of a vesicle whose assembly is controlled
by a monomer-reaction cycle. Hydrophobic monomers can re-
act with a hydrophilic fuel to a hydrophilic monomer. In turn, a
different molecular species facilitates the back-conversion. The
reaction parameters dictate the morph1ology of the self-organized
structures and their size.

ular size, quantified by the end-to-end distance, Re,
of the flexible, chain molecule, (ii) the incompatibility
between building blocks, χN , and (iii) the invariant
degree of polymerization, N̄ that measures the num-
ber of interacting molecules. This top-down model-
ing allows for a direct comparison with experiments.

The development of meaningful coarse-grained
models in conjunction with the application of ad-
vanced computational techniques, including the
Single-Chain-in-Mean-Field (SCMF) simulation al-
gorithm, numerical Self-Consistent Field Theory
(SCFT), rare-event techniques such as Forward-Flux
Sampling, advanced free-energy techniques, and
parallel computing allows us to address timely and
ambitious research topics that involve extraordinarily
big systems and long time scales. The preparation,
simulation, and analysis of these systems pose ex-
treme, computational challenges. Although a careful
choice of coarse-grained models and an efficient
implementation of algorithms can mitigate some of
the high computational cost, the use of parallel com-
puters is crucial for our research projects.

Computational aspects – Although our compu-
tational studies employ soft, highly coarse-grained
models and advanced analysis techniques, the wide-
spread time and length scales ranging from a highly
coarse-grained segment (microsecond and nanome-
ter) to the size of vesicles or the grain morphology of
block copolymer melts as well as the stochastic na-
ture of the self-assembly process or the quenched,
disordered topology of polymer networks require
significant computational resources. We use a spec-
trum of computational techniques including SCMF
simulations and molecular dynamics simulations of
soft, coarse-grained, particle-based models, and nu-
merical SCFT.

Here, we highlight our recent progress in SCMF
simulations that exploit the scale separation between
the strong, bonded forces and the weak but com-
putationally expensive, non-bonded forces by ap-
proximating the latter ones with quasi-instantaneous
fields. This results in an intrinsic, high parallelism of
the simulation technique. Our SCMF code is written
in c99 utilizing OpenMP (shared memory), MPI (dis-
tributed memory of multiple nodes), and the HDF5
library (parallel MPI/IO for initialization and analysis)
for different layers of parallelism. Each MPI-rank han-
dles many independent polymers, which are prop-
agated in time with OpenMP acceleration. If the
MPI-rank in heterogeneous configurations computes
at different computation speeds, our implementation
automatically balances the number of molecules per
rank for optimal load-balance. The source code is
released as open-source and can be accessed at
https://gitlab.com/InnocentBug/SOMA.
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http://www.theorie.physik.uni-
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