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Molecular dynamics simulations are useful tools to unveil molecular mechanisms of polymer phase separation, self-assembly, 
adsorption, and so on. Due to large molecular size and slow relaxation of the polymer chains, a great amount of issues related to 
large-distance chain displacement cannot be tackled easily with conventional molecular dynamic simulations. Systematic 
coarse-graining and enhanced sampling methods are two types of improvements that can boost spatiotemporal scales in polymer 
simulations. We present two typical ways to obtain the coarse-graining potential either by fitting to correct liquid structures or by 
fitting to available thermodynamic properties of polymer systems. The newly proposed anisotropic coarse-grained particle model 
can be used to describe aggregation and assembly of polymeric building blocks from disk-like micelles to Janus particles. We also 
present a stochastic polymerization model combined with coarse-grained simulations to investigate the problems strongly influ-
enced by the coupling of polymerization and excluded volume effects. Finally, a facile implementation of integrated tempering 
sampling method is illustrated to be very efficient on bypassing local energy minima and having access to true equilibrium poly-
mer structures. 
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Molecular dynamics (MD) is a powerful simulation tech-
nique proven to produce highly realistic results in a wide 
variety of applications over the past decade [1,2]. However, 
the computational costs of detailed interaction models in 
this paradigm severely limit its applicability beyond ex-
tremely small spatiotemporal scales. In fields such as poly-
mer and molecular biology, many interesting phenomena 
occur in length and time scales much bigger than those per-
taining to the motion of single atom or molecule. Hence 
both coarse-grained MD and dissipative particle dynamics 
(DPD) techniques [3,4] were extensively developed and 
used in order to allow simulations of complex soft matter 
systems in larger scales more relevant to these processes 
[5–9], by omitting degrees of freedom not immediately es-
sential for the description of systems at studied level 

[10–13]. For slowly-evolving polymer systems, it is also of 
great interest to resort to enhanced sampling techniques 
developed recently for approaching better thermodynamic 
average calculations [14–17]. Therefore, by combining both 
systematic coarse-graining and enhanced sampling methods, 
it is possible to investigate polymer systems with extended 
spatiotemporal scales that are much relevant in experiments 
but inaccessible with conventional atomistic detailed MD 
simulations. 

1  Coarse-graining methods 

1.1  Coarse-graining method based on structure infor-
mation 

For a better understanding of intrinsic properties of particu-
lar polymer systems, both intermolecular and intramolecular 
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interaction information and chemical compositions are nec-
essary. One way to access that is to develop particular 
coarse-grained (CG) model by grouping all atoms of a mol-
ecule into several interacting beads. The construction of 
effective interaction parameters between CG beads is the 
subsequent major challenge, for which the main philosophy 
is to accurately describe the physical and chemical proper-
ties with an effective potential as simple as possible 
[18–20]. 

Chen et al. [21] proposed an automatic coarse-graining 
method and applied it on polyethylene (PE) system. The CG 
potential F(r) was equivalent to the free energy due to the 
integration of degrees of freedom by coarse-graining, 

 B( ) ln ( )F r k T g r  ,  (1) 

where the radial distribution function (RDF) g(r) between 
the CG beads could be obtained either from atomistic MD 
simulations or from experiments. The trial potentials could 
be renewed via an iterative equation 

     new old B trial targetln[ ( ) / ( ) ]F r F r fk T g r g r  , (2) 

where f is a constant. In [21], g(r)target was obtained by at-
omistic MD simulations and g(r)trial was obtained from 
Lowe-Andersen simulations [22]. The trial potential was 
updated according to eq. (2); and when g(r)trial was con-
verged to g(r)target after several iterations, the coarse-grained 
numerical potential was obtained. 

The CG model of PE was obtained by collecting several 
consecutive united atoms into single CG bead, which was 
further connected to neighboring CG beads with harmonic 
springs. Corresponding radial distribution functions with 
varied coarse-graining levels were calculated from atomistic 
simulations. At low coarse-graining level, coarse-grained 
beads exhibited a greater excluded volume effect, which 
leads to related potentials with strong repulsion between CG 
beads at short distance. While at high coarse-graining level, 
the molecular detail was lost too much. Only at medium 
coarse-graining level, the CG beads are “soft” enough to 
allow a larger integration time step in CG simulations while 
keeping acceptable molecular detail, thus balancing the 

computation efficiency and accuracy. Subsequently, corre-
sponding numerical CG potentials were obtained by fitting 
such RDFs. The tabulated effective potentials, instead of 
conservative potentials applied in CG simulations with 
Lowe-Andersen thermostat [22], were renewed iteratively 
until corresponding RDFs are consistent with the ones ob-
tained beforehand. With these derived numerical potentials, 
larger PE systems could be fully equilibrated in short time 
under same thermodynamic conditions. Moreover, by using 
Rosenbluth sampling technique [2], atomistic details could 
be filled into CG beads in equilibrated system. Since the 
polymer chains were produced from equilibrium state, they 
might be further used in atomistic simulations to study the 
mechanical properties and so on. This scheme with both 
coarse-graining and fine-graining procedures might be a 
promising alternative to successfully achieve the equilibri-
um state in polymer systems. 

1.2  Coarse-graining method based on thermodynamic 
properties 

Alternatively in DPD simulations, the effective interaction 
parameters between CG beads can also be determined by 
correctly reproducing thermodynamic properties of real 
systems [13,23]. Recently, Wang et al. [24] studied the 
binding structures of charged dendrimers on model bio- 
membranes. Consistent CG models of polyamidoamine 
dendrimer and dimyristoylphosphatidylcholine molecule 
were constructed based on equal volume criterion. The 
newly proposed ENUF-DPD method [25] was adopted to 
calculate the long-range electrostatic interactions between 
charged CG beads more precisely and quickly. The 
short-range and soft interactions between CG beads com-
bined with the long-range electrostatic interactions were 
used to determine the thermodynamic properties of the den-
drimer systems [4]. The conservative interaction parameters 
of CG beads were related to their chemical identities and 
solubility data in water. Based on these interaction parame-
ters, CG models of dendrimer and lipid could correctly de-
scribe the conformational behavior of dendrimer and 
properly reproduce the surface tension of amphiphilic   

 

 

Figure 1  Two typical routes to build up coarse-grained models from atomistic simulations of polymer chains. 
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membrane, respectively. 
Small dendrimers were adsorbed preferentially onto the 

edge of membrane, and were prone to remove lipid mole-
cules from the membrane and expand pores mostly from the 
edge of existing defects. Large dendrimers strongly resided 
on the membrane, leading dendrimer-membrane contact 
regions being characterized with local high surface tension, 
which would promote the formation of small, isolated holes 
on membrane and facilitate the transfer of drug molecules to 
specific targets. Meantime, the permeability of dendrimers 
across amphiphilic membranes was enhanced by their syn-
ergistic effect when dendrimer concentration is increased. 
These mesoscopic simulation results can provide valuable 
insight and guidelines for the future synthesis and applica-
tions of charged dendrimers as nano-vehicles in gene and 
drug delivery processes. Similar coarse-graining schemes 
were also adopted in the studies of the self-assembly of  
other polymeric materials in dilute solutions and in melts 
[13,26,27]. 

1.3  Describing reptation motion in coarse-grained 
polymer melts 

For DPD method, the main advantage is that it can describe 
hydrodynamic behavior of complex fluids correctly. But the 
bond crossing among polymer chains is inevitable in con-
ventional DPD, which may cause incorrect dynamic behav-
ior of polymer melts. In order to avoid such a limitation, Liu 
et al. [28] proposed an easy-to-use technique to largely 
minimize the possibility of bond crossing in DPD simula-
tions. Firstly, a hard core was added to each CG bead so that 
CG beads could not penetrate each other. Secondly, the 
spring constant was adjusted to control the maximum bond 
length. Therefore it is possible to effectively eliminate bond 
crossing in DPD simulations with a simple geometry con-
straint. In case the problem of interest is on the length scale 
of polymer chains instead of polymer segments, it will be 
convenient to omit all molecular details and take a single 
polymer chain as a super coarse-grained bead [29]. The in-
teraction between highly coarse-grained beads was de-
scribed by ultra-soft DPD-type potential. The creation of 
entanglements between moving beads (chains) was taken as 
stochastic events on such a high coarse-graining level, while 
the disappearance of entanglement also obeyed certain rules 
with designed probabilities. The rates of creation and anni-
hilation of entanglements held a balance to keep the total 
number of entanglements in polymer melt fluctuating 
around a constant value. This newly proposed model not 
only reflects the characteristics of chain entanglements, but 
also correctly simulates the dynamic properties of polymers, 
such as the shear viscosity and the mean-square displace-
ment of the chains. Although there are no specific details of 
molecules, an obvious benefit of this model is the large spa-
tiotemporal scale simulations with much reduced computa-
tion cost. 

1.4  Coarse-grained models for anisotropic particles 

In recent years, anisotropic particles with different size, 
shape and surface functionality had brought an almost un-
believable revolution in materials science [30–34]. The 
formation of surface functionality on the particles can pro-
duce a lot of surface-anisotropic particles, which are often 
termed as patchy particles and Janus particles [32]. 

In most cases, patchy particles are described as rigid and 
non-deformable with fixed particle sizes. Nevertheless, the 
aggregation and assembly of soft and deformable patchy 
particles has also attracted increasing interest due to their 
superior performances and great relevance to applications. 
Soft patchy particles can be prepared by atom transfer radi-
cal polymerization, click chemistry with polymerization, 
and so on. The modulus of soft patchy particles may be reg-
ulated by adjusting the crosslinking density, the grafting 
density, the number of primary branches and the density of 
radial branches. Due to the deformability and anisotropic 
features, they may generate strikingly new self-assembly 
structures that cannot be obtained with conventional rigid 
colloidal particles.  

In order to study the influencing factors of softness and 
deformability in assemble process, we presented a simula-
tion model for describing various crosslinking densities in 
the two-patch particle matrix and/or in the two patches [11]. 
In our model, the softness and deformability of the patchy 
particle could be regulated by adjusting the crosslinking 
densities. For the two-patch particles in bad solvent for 
patches (while good for the matrix), linear thread-like struc-
tures and three-dimensional network structures are obtained 
at different crosslinking densities, respectively. For the 
two-patch particles in good solvent for patches (while bad for 
the matrix), interconnected membrane structures and cluster 
structures are formed at different crosslinking densities, re-
spectively. Bicontinuous membranes can also be found by 
adjusting the crosslinking densities of different patches. 

Moreover, we suggested an efficient mesoscale model to 
investigate the assembly of soft Janus particles [35]. The 
soft Janus particles in our simulations may refer to Janus 
micelles, Janus microgels and Janus dendrimers that are 
typically prepared from block copolymers. By properly ad-
justing Janus balance and attractive interactions between 
patches, a series of novel hierarchical superstructures are 
obtained in dilute solutions, such as double helices, single 
helices, tetragonal bilayers, and so on. Thus, our works 
demonstrate that soft patchy and Janus particles with de-
formable and noncentrosymmetric characteristics may pro-
vide new possibilities in the fabrication of ordered hierar-
chical superstructures. 

1.5  Combining polymerization in coarse-grained  
simulations 

In some cases, the coupling of polymerization process with 
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excluded volume effect dominates the physical properties of 
the polymer systems, including the initialization efficiency, 
the chain length distribution, and so on. On the length and 
time scales concerned in this type of problem, atomistic 
detailed reaction mechanism is irrelevant. We therefore 
proposed a stochastic reaction model which can be used to 
study polymerization-induced morphology formation, sur-
face initiated polymerization and so on, in CG simulations 
[36–39].  

In this reaction model, we adopted reaction probability to 
control the formation of the new bonds. In case an active 
chain end encounters a number of free monomer beads in 
the reaction radius, firstly it randomly selects one of the 
beads as a reacting target. Then another random number P 
is generated and compared with the preset reaction proba-
bility Pr to decide whether the selected bead will be bonded 
with the active chain or not. Figure 2 schematically illus-
trates this stochastic polymerization model.  

With this simple reaction model, we studied, for example, 
the influence of surface curvature on surface initiated 
polymerization (SIP) processes. We found that, depending 
on different criteria for ceasing the reaction, different rela-
tionships between grafted chain polydispersity index (PDI) 
and the grafting surface curvature can be categorized [39]. 
Some previous speculations that the concave SIP seems to 
lead to general increase in PDI with increasing surface cur-
vature, may fail to generalize the true dependence of PDI on 
the surface geometry. Besides, our results also showed that 
the enhanced confinement in concave SIP yields the de-
crease of molecular weight, which is consistent with ex-
perimental results. These results shed light on better control 
and design of functional porous materials for use in bio- 
implanting or chemical sensors. 

2  Enhanced sampling with ITS 

Because the free energy landscape of typical polymeric 
system is rough and complicated with plenty of minima and 
barriers, it is difficult to search global free energy minimum  

 

 

Figure 2  Illustration of the reaction model and the concept of reaction 
probability. Active chain: gray, active end: cyan, reacting target: red. 

using conventional (even coarse-grained) MD or MC simu-
lations. With the help of recently developed enhanced sam-
pling methods, such as integrated tempering sampling (ITS) 
method, we can efficiently bypass local energy minima and 
have access to true equilibrium polymer structures.  

ITS method is based on the generalized ensemble to get a 
distribution covering a broad range of energies. We define 
the generalized distribution function W(r) as a summation of 
a set of Boltzmann factors at different temperatures Tk: 

    ( )kU r
k

k

W r n e ,  k = 1, 2, N, 

where B/ .1k kk T   The weighting factor nk is a positive 

constant related to the contribution of the temperature Tk. 
Thermodynamic properties at temperature T, 1[ , ]NT T T , 

can be evaluated by reweighting the ensemble averages ob-
tained in generalized ensemble simulations. The key issue 
in ITS method is to determine these weighting factors to-
gether with suitable temperature range and spacing. We 
proposed an efficient way to obtain parameters such as the 
set of temperatures and the corresponding weighting factors 
from canonical average of potential energies [17]. These 
parameters can be easily obtained without estimating parti-
tion functions.  

This ITS method was then used in identifying the 
coil-globule transition of a flexible polymer chain. In a sin-
gle ITS simulation composing 18 temperatures ranging 
from 1.0 to 4.35, we accurately obtained the dependence of 
chain radius of gyration on the temperature, by which we 
could easily identify the coil-globule transition point for a 
sufficient long polymer chain [17]. ITS method is at least 
one order of magnitude faster than conventional MD on 
coping with this type of problem.  

3  Conclusions 

In summary, we argue that the systematic coarse-graining 
together with enhanced sampling methods are two types of 
versatile tools towards larger spatiotemporal scales in pol-
ymer simulations. Combining both methods in GPU accel-
erated simulation toolkits will eventually enhance our abil-
ity to solve more experimentally relevant problems by 
computer simulations. 
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