
Progress in Polymer Science 75 (2017) 1–30

Contents lists available at ScienceDirect

Progress  in  Polymer  Science

j o ur na l ho me  pa ge: www.elsev ier .com/ locate /ppolysc i

Theoretical  modeling  and  simulations  of  self-assembly  of  copolymers
in  solution

Qian  Zhang,  Jiaping  Lin ∗,  Liquan  Wang,  Zhanwen  Xu
Shanghai Key Laboratory of Advanced Polymeric Materials, State Key Laboratory of Bioreactor Engineering, Key Laboratory for Ultrafine Materials of
Ministry of Education, School of Materials Science and Engineering, East China University of Science and Technology, Shanghai, 200237, China

a  r  t  i  c  l  e  i n  f  o

Article history:
Available online 3 May  2017

Keywords:
Self-assembly of copolymers in solution
Modeling and simulation
Linear copolymer
Branched copolymer
Polymer mixtures
Nanostructure

a  b  s  t r  a  c  t

Self-assembly  of  copolymers  in solution  is  a promising  way  to  prepare  novel  materials.  An  accurate
control  over  the  self-assembly  of copolymers  in solution  requires  a profound  understanding  about  the
related  thermodynamic  rules  and  kinetic  mechanisms.  Theoretical  modeling  and  simulation  play  an
increasingly  important  role  in characterizing  the  structure  details  and  the  formation  process  of  poly-
mer  assemblies.  In  this  review,  we  first introduce  theoretical  modeling  and  simulation  methods  that
have  been  applied  to investigate  the  self-assembly  of copolymers  in  solution,  including  particle-based
methods,  field-theoretical  methods  and  hybrid  modeling  methods  Then,  the  application  of  these  methods
for the  self-assembly  of linear  block  copolymers  in  solution  is highlighted,  including  the  thermodynamic
rules  and kinetic  mechanisms  underlying  the formation  of  self-assembled  structures.  Furthermore,  the
simulation  works  of the  self-assembly  of  branched  copolymer  systems,  including  graft  copolymers,  star-
like copolymers,  dendritic  copolymers  and  bottle-brush  copolymers,  are  addressed.  In  addition  to the
one-component  polymer  systems,  simulation  investigations  of polymer  mixture  systems  are  discussed,
both  the  polymer/polymer  systems  and  polymer/nanoparticle  systems  are considered.  Finally,  perspec-
tives  on  the  theoretical  modeling  and  simulation  in  the field  of  self-assembly  of  copolymers  in  solution
are  presented  in  the  section  of  concluding  remarks  and  outlook.
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1. Introduction

Self-assembly is a spontaneous organization of components
driven by enthalpic and entropic effects [1]. Nature fascinates
its self-assembled structures with rich functionality, stimulating
scientists from polymer areas to make efforts on self-assembly
researches. In bulk, a variety of microstructures, such as lamel-
lae, cylinders, spheres and gyroids, can be formed through the
microphase separation between different blocks of copolymers.
While in solution, the self-assembly of copolymers involves not
only the microphase separation between different blocks but
also the macrophase separation between solvents and copoly-
mers. And the incompatibility between solvents and copolymer
blocks plays a crucial role in determining the morphology and
the formation pathway of the self-assembled structures. Various
microstructures such as micelles and vesicles can be obtained
by the self-assembly of copolymers in solution [2,3], that pro-
vides advanced strategies to mimic  the self-assembly processes
happened in organisms and prepare functional materials. For
example, the micelles self-assembled from poly(ethylene glycol)-b-
poly(aspartate-hydrazone-adriamycin) (PEG-b-p(Asp-Hyd-ADR))
are used to deliver the anticancer drug ADR [4], and the vesicles
formed from poly(styrene-b-acrylic acid) (PS-b-PAA) are suggested
as organelle-like nanoreactor for bovine pancreas trypsin [5].
Benefiting from the development of the synthetic chemistry of
macromolecules, great progress has been made in this field over
past decades. However, the rapid development of synthetic chem-
istry also brings a larger space for polymer design, and the search of
the preparation condition for desired self-assembled structures is
more empirical than before. To prepare advanced materials through
“bottom-up” approaches and explain the self-assembly processes
happened in organisms, an in-depth understanding of the prin-
ciples underlying the self-assembly of copolymers in solution is
necessary.

The self-assembly of copolymers in solution is influenced by a
large quantity of controlling factors, such as the rigidity of blocks,
the selectivity of solvents for different blocks and the molecular
architecture of copolymers, etc. From the viewpoint of experimen-
talists, it is still a challenge to gain insights into the formation
principles of the self-assembled structures. Therefore, the precise

preparation and rigorous control of the desired self-assembled
structures is still beyond our ability. The theoretical modeling
and simulation techniques have already proven to be powerful in
studying the thermodynamics and kinetics of the self-assembly
of copolymers in bulk [6]. Compared with copolymers in bulk,
the self-assembly of copolymers in solution is complicated due
to the addition of solvents, that makes the modeling of simu-
lations more challenging. As an example, for the simulation of
triblock copolymers, three additional interaction parameters need
to be considered if the copolymer system is in solution rather
than in bulk. Another roadblock to the theoretical simulation of
copolymers in solution is the computing resource. For copolymers
in bulk, it is efficient to perform the simulations in cells con-
taining microstructures with one or two periodicities. However,
for copolymer solutions, the simulation box should be sufficient
large to simulate the equilibrium assemblies and ensure the dilute
condition. Fortunately, the development of simulation methods,
especially the mesoscopic methods, and the upgrade of computer
hardware have enabled us to simulate the self-assembly of copoly-
mer  solutions. From these aspects, the theoretical modeling and
simulation can provide effective approaches to understand the
influences of individual factors on the self-assembly of copoly-
mers in solution and distinguish the thermodynamic stable and
metastable structures [7]. The aim of this review is to summarize
the recent progress in theoretical simulations regarding the self-
assembly of copolymers in solution and then provide a guidance
for the experiments in this field.

The present review is organized as follows: In Section 2,
the theoretical simulation methods used for investigating the
self-assembly of copolymer solutions, including particle-based
methods, field-theoretic methods and hybrid modeling methods,
are introduced. In this section, we  do not propose to offer the
detailed description of these simulation methods, but to provide
the basic principles, advantages and limitations of them. In Sec-
tions 3 and 4, the simulation investigations about the self-assembly
behaviors of linear block copolymers and graft copolymers in solu-
tion are reviewed, respectively. Both the thermodynamics and
the formation kinetics of the self-assembled structures are dis-
cussed. In Section 5, the simulation studies about the self-assembly
of copolymers with complex architectures including the star-
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