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Semi flexible polymer chain has been modeled by choosing various values of persistent length (stiffness).
As the polymer chain stiffness increases, the shape of polymer chain changes from globule to extended
cigar to toroid like structure during cooling from a high temperature. The aggregation of fullerene
nano-particles is found to depend on the morphology of polymer chain. To maximize, the number of
polymer bead-nanoparticle contacts, all nano-particle have positioned inside the polymer globule. To
minimize, the energy penalty, due to bending of the polymer chain, all nano-particle have positioned
on the surface of the polymer’s cigar and toroid morphology.

� 2018 Elsevier B.V. All rights reserved.
1. Introduction

The addition of fullerene (C60) nano-particle into polymer
matrix have found to improve the mechanical [1,2], optical [3],
thermal [4], electrical [5], barrier [6] properties. Dispersion and
aggregation of fullerene nano-particles have been controlled most
of the above mentioned properties of polymer nano-composite.
Dispersion of nano-particles enhanced the interface area between
the nano-particles and the polymer matrix, therefore polymer
nano-composite show much better properties even at a low quan-
tity of nano-particles. However, dispersion and aggregation of
nano-particles will also depend on the various characteristics of
polymer matrix such as semi-flexibility, polymer chain length,
etc. Variation in semi-flexibility of polymer chains leads to lamellar
(cigar like), toroid and globule morphology. These organizations of
polymer chain segments significantly influence the distribution of
nano-particles in a polymer matrix. Therefore, we have studied
semi-flexible polymer chain induces aggregation/dispersion of
nano-particle using molecular dynamics simulations.

Atomistic [7–17] and coarse grained (or united atom) [18–49]
molecular dynamics simulations have been developed to study
the various multi-scale characteristics of soft materials at various
temperature, pressure and solvency conditions. Atomistic molecu-
lar dynamic simulation has been widely used for the investigations
of various inter- and intra-atomic interactions between atoms of
polymer [7–12], DNA [13], dendrimers [14–17] and its effect over
the transformations between globules to extended structure.
Benyamini et al. [54] has investigated various interactions between
fullerene and various proteins using docking and binding site
alignment using atomistic model. They found similarities between
the (human and bovine) serum albumins and the HIV-protease
binding sites, but the binding site of the fullerene-specific antibody
has found to be different from the others.

In case of coarse grain (or united atom) [18–49] molecular
dynamics simulations, group of atoms considered as a single bead
or united atom, by freezing the quantum and atomic properties of
the materials. United atommolecular dynamics simulations exten-
sively used to investigate polymer crystallization in bulk [18–26]
and in the vicinity of nano-fillers. Kavassalis and Sundararajan
[18,19] demonstrated an unambiguous transition of globular to a
folded crystalline structure of polymers using united atom molec-
ular dynamics simulations. They considered a single polyethylene
chain in a vacuum, where all possible effects of solvent molecules
were ignored. In addition, they have considered much stiffer poly-
ethylene chain than real polyethylene, and they have shown that
the crystallization rate is sensitive to the chain stiffness. Muthuku-
mar et al. [23] has shown that the long polymer chain first formed
local crystalline regions as ‘‘baby nuclei”, which then gradually
coalesced and formed a large chain folded crystal by united atom
model. They have studied primary nucleation and growth of crys-
tallites at the fixed polymer chain stiffness.

Entanglement effect, comparative size effect, inters and intra-
atomic interactions over the aggregation/dispersion of nano-
particle in polymer matrix have been studied by united atom
molecular dynamics simulations extensively [27–39]. Yang et al.
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Fig. 1. Variation of persistence length of polymer chain with ku at 300 K.
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Fig. 2. The evolution of various structures of polymer chain as the simulation time increa
0.5 and (d) ku = 2 eV.
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[27] have shown the isothermal crystallization process of poly-
ethylene/C60 nano-composites using united atom model of molec-
ular dynamics simulation method. They have found that the
fullerene molecules are excluded from the crystal region of the
polyethylene/C60 nano-composites. Vogiatzis and Theodorou [8]
have used both atomistic and coarse grained models to investigate
the segmental dynamics of polystyrene in the presence of fullerene
(C60) nano-particles. They have found that the inclusion of fuller-
ene nano-particles reduces the segmental dynamics of polystyrene.
Most of the investigations concerned with the effect of polymer-
fullerene interaction and polymer-polymer interaction, but they
have not studied the effect of polymer chain stiffness over the
aggregation and dispersion of nano-particles.

In the present study, we have employed united atom model for
molecular dynamics simulations to find out long semi-flexible
polymer chain engendered aggregation/dispersion of nano-
particles. The practical applications of present system (a semi-
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flexible polymer chain and a few nano-particles) are in under-
standing the condensation of Deoxyribonucleic acid (DNA) using
cationic dendrimers, which has application in gene therapy [40]
and use of fullerene derivatives mediated inhibition of HIV-1 Repli-
cation [55]. We note that stiffness of semi-flexible polymer
depends on the environment of the protein or DNA. Thus, stiffness
parameter can mimic the condition of the environment. Using
molecular dynamics simulations, Lappala and Terentjev [41] have
shown that the globule to the extended toroid transition of a long
single semi flexible polymer chain can mimic tapping-mode AFM
height topo grams of xanthan–chitosan compaction at room tem-
perature. Our results may be useful to understand the activity of
polymer and bio-polymer to construct novel materials in
nanotechnologies.
2. Simulation method

Molecular Dynamics (MD) simulation [42,43] has been used for
aggregation and dispersion of fullerene nano-particle in the pres-
ence of semi-flexible polymer. A semi-flexible polymer chain con-
sists of Nb number of beads. Each bead of a semi-flexible polymer
chain can interact via bonded, angle, torsion and non-bonded
interaction potential as described in the supporting information.
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Fig. 3. The evolution of various structures of polymer/C60 composite as the simulation tim
(c) ku = 0.5 and (d) ku = 2 eV.
The general equation of motion of ith bead during molecular
dynamic simulation is given by
m
@2ri
@t2

¼ �$Ei �m
f
@ri
@t

þ niðtÞ ð1Þ

where the total energy of ith bead is denoted by Ei. ri is the posi-
tion of the ith bead in the simulation box; t is time; m

f ¼ Cis a fric-
tion coefficient between beads, fis the damping constant, and ni tð Þ
describes the random force acting on the ith bead. The Nose–
Hoover thermostat [44,45] was implemented to control the desired
temperature of the system along with the velocity-Verlet algorith
m [46] with a time step of 1 fs. The simulation temperature was
decreased from 800 K to 300 K in the steps of 50 K. Simulations
were run for 1000 ps at each temperature step during cooling as
reported in our previous studies [47,48]. The values of all parame-
ters for polymer nano-particle system were based on the DREID-
ING [49] force field. In a few simulations, we varied ku to see the
effect of chain flexibility on its organization. Molecular dynamics
simulations, visualizations, and analysis of polymer fullerene
nano-composite systems were carried out by Large-scale Atomic/
Molecular Massively Parallel Simulator (LAMMPS) [50], Visual
Molecular Dynamics (VMD) [51], Open Visualization Tool (OVITO)
[52], and DL_POLY [53], software packages, respectively.
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Fig. 5. Radial distribution functions gPP(v) of various polymer/nano-particle
structures at equilibrium.
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Semi-flexibility of a polymer can be realized by its persistence
length, which can be obtained from theoretically and experimental
data. We have determined the persistence length by the projection
of all the bond vectors along the first bond vector of a polymer
chain. Thus, the persistence length can be related to the torsional
bending constant, ku of a polymer chain at a very high value of
ku. To make a correlation between persistence length and ku, we
equilibrate a polymer chain of 100 beads at 300 K. The persistence
length of a polymer chain is calculated as given by the relation:

hbb sð Þ � bb 0ð Þi ¼ exp � s
lP

� �
ð2Þ

where lP is the persistence length of polymer, bbðsÞ is the sub-bond
vector bi ¼ 1

2 ðli þ liþ1Þ, li is the bond vector at a distance s along
the path of the chain. The calculated value of persistent length of
a polymer chain at various values of torsion angle potential con-
stant ku is plotted in Fig. 1.

The persistence length of chains with ku = 0.02, 0.1 and 0.2 eV
are 0.37, 0.85 and 1.96 nm respectively.

3. Results

We have taken a system containing a polymer chain consists of
1000 beads in a simulation box. Fig. 2 shows the snapshots of poly-
mers of four different ku values, lowest values (ku = 0.02 eV) and
highest values (ku = 2 eV), representing flexible and stiff polymer
chain respectively. The moderate semi-flexibility of polymer chain
are categorized in two parts, first is low to moderate value (such as
ku = 0.02–0.2 eV) and moderate to high value (such as ku = 0.2–1
eV). Four distinct final conformations are found during cooling
from 800 K to 300 K depending on the ku. These are spherical glob-
ules, elongated globule, cigar and toroid like structure. The four
columns of Fig. 2, shows the snapshot of polymer chain of four
stiffness values belongs each category, such as lowest (ku = 0.02
eV), low to moderate value (ku = 0.2 eV), moderate to high value
(ku = 0.5 eV) and highest values (ku = 2 eV). The flexible polymer
chain (low values ku = 0.02 eV) shows the spherical collapse struc-
ture as system temperature cooling from 800 K to 300 K. At a high
temperature, polymer chain segments are in coil or swollen state
and as system temperature decreases, chain segments are starting
to aggregate. Finally, at 300 K, polymer chain segments make a
spherical globular structure as shown in Fig. 2(a). The organization
of polymer chain segments found random or non-periodic pattern
due to the flexible nature of polymer chain. In case of low stiffness
Fig. 4. Snapshot of polymer/C60 composite system, consists of 3 fullerene nano-particle a
(d) ku = 2 eV.
(ku = 0.2 eV), polymer chain segments make a short length lamellar
organization as system temperature cooled from 800 K to 300 K,
which looks like a cigar. The evolution of a cigar like structure
found through randomly aggregation of chain segments in globular
shape and as the simulation proceeds randomly organization con-
vert into the lamella organization as shown in Fig. 2(b). In case of
moderate stiffness (ku = 0.5 eV), polymer chain segments make a
long lamellar organization, which also looks like a cigar. The evolu-
tion of long cigar like structure found directly lamellar aggregation
of chain segments initial swollen state during the simulation as
shown in Fig. 2(c). In case of high stiffness (ku = 2 eV), polymer
chain segments make a circular organization, which looks like a
toroid as shown in Fig. 2(d).

Fig. 3 shows the snapshot of aggregation and organization pro-
cess of polymer and C60 nano-particle as simulation proceeds and
system temperature cooled down from 800 K to 300 K. The snap-
nd 20 polymer chains (50 beads per chain): (a) ku = 0.02, (b) ku = 0.2, (c) ku = 0.5 and
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shot shows that the aggregation and organization behaviour signif-
icantly depends on the stiffness parameters (ku) of polymer chain
as discussed earlier. We have considered a wide range of different
values of polymer chain stiffness such as ku = 0.02–2 eV. These
snapshots show that the C60 cannot stay within the organized/
aligned region of the polymer and they should be located outside
the crystal regions. The C60 has a large curved surface, which does
not fit the lamellar organization of polymer chain. Thus, the C60

molecules cannot induce the polymer organization and are
excluded from the organized/aligned region of the polymer/C60

nano-composites. Fig. 4(a)–(d) depict the aggregation of fullerene
nano-particles in the multi chain systems at various values of ku.
At ku = 0.02 eV, polymer chains depict globular structure and all
fullerene nano-particles located inside the globule. However, as
value of ku increases, polymer shows cigar like structure and all
fullerene nano-particles located over the cigar.
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Fig. 6. Radial distribution function gPP(v) of polymer chain structure formation in presen
ku = 0.02, (b) ku = 0.2, (c) ku = 0.5 and (d) ku = 2 eV.
The radial distribution functions gPP(v) of polymer chain seg-
ments in the presence spherical nano-particles are shown in
Fig. 5. The region 0 < v < 3.634 Å is dominated by the bonded (ith

and i + 1th) and bond angled (ith and i + 2th) polymer beads. In this
region, gPP(v) vs v plot shows two sharp and long peak corre-
sponds to bonded and bond angled polymer beads and it is a nearly
independent of aggregation or organization inter-segments of
polymer chain. The region 3.634 < v < 5.54 Å is showing the addi-
tion of both intra and inter segmental polymer beads. The moder-
ately broad and high peaks at 3.8 Å and 4.8 Å are representing the
combined contribution of both short rang ordered in an intra-
segment and aggregation of inter-segmental beads of polymer
chain. Above v = 5.54 Å, gPP(v) vs v plot shows the significant con-
tribution of long range ordered organization and aggregation of
both intra and inter-segmental beads. The trans conformation in
intra-segments show many short peak at regular interval as going
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above v � 5.54 Å. The collapse state (ku = 0.02 eV), gPP(v) vs v plot
does not show any distinguishable peaks after v � 5.54 Å due to
random packing of polymer chain segments. For other structure,
polymer chain segments packed into ordered organization which
is identified through many small peaks of gPP(v) after v � 5.54 Å.
This is also indicating that polymer chain segments are more reg-
ularly packed and separations between beads in intra-segments
are uniform.

We have plotted the time evolution of radial distribution func-
tion g(v) for different values ku in Fig. 6. At a low value of polymer
chain stiffness (such as ku = 0.02 eV), the final collapse structure
evolves through aggregate formation. The aggregation is indicated
by the appearance of a peak at v = 4.87 Å and subsequent plateau
value of g(v) at v > 5.54 Å. At the next higher value of ku = 0.2 eV, g
(v) vs v plot suggests that initially (time < 7000 ps), the polymer
forms aggregates and subsequently arrange into regular packing
(peaks appear at v � 6.28 Å). We note that the polymer before
crystallization may proceed through the collapse structure forma-
tion. The plot of g(v) vs v for ku = 0.5 eV suggests that the polymer
beads arrange regularly to form the final structure. Comparatively,
the g (v) vs v plots for polymers with ku = 0.2 and 0.5 eV, we can
state that the final morphology of the polymers is similar, but the
evolutionary process is different. The radial distribution functions
gNP(v) for polymer chain segments packing around the C60 is
shown in Fig. 7. The first peak gNP(v) is found nearly in the region
of 3.5 < v < 5.5 Å, which is just above the bead diameter (3.898 Å)
of C60 nano-particle. The exact position of peaks depends on the
polymer chain stiffness.

Fig. 8 shows the evolution of bond order parameter for various
polymer structures for both absence and presence of C60 nano-
particle. For collapse state (ku = 0.02 eV), the bond order parameter
found very less and near to zero due to random organization of
polymer chain. For ku = 0.2 eV, the following steps are found in
organizations: At a high temperature above T = 550 K (below
6000 ps), the parameter S fluctuates at a low value (�0.1), which
shows that there is no ordered organization between polymer seg-
ments in this temperature region. At a temperature lower than T <
550 K (above 6000 ps), S gradually increases as the temperature
decreases, which indicates that the polymer chain starts to grow
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Fig. 7. Radial distribution functions gNP(v) of various polymer/C60 structures at
equilibrium.
in ordered organizations. At a temperature lower than T < 350 K,
the growth rate of the orientation order becomes small. The reason
for this is that, in this temperature region, the global conforma-
tional change of the polymer chain ceases and only the local
motion of united atoms with no global change takes place. For
ku = 0.5 (long cigar) and ku = 2 (toroid like structure), the bond
order parameter increases at a very early stage of the simulation.
We have compared the bond order of pure polymer (in the absence
of nano-particle) and polymer with C60. Pure polymer shows
k =0.02eV k =0.2eV k =2eV 

C60

C180

C320

C720

(c)(b)(a)

Fig. 9. Effect of nano-particle (bucky-balls) size over the polymer chain organiza-
tion: (a) ku = 0.02 eV, (b) ku = 0.2 eV and (c) ku = 2 eV.
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higher bond order parameter in all types of structure except col-
lapse structure. Two major reasons for lesser bond order parameter
in polymer/C60 composite are as follows. (a) The inclusion of C60,
restricts the motion of polymer chain segments due to non-
bonded interaction between the polymer and C60 beads. (b) A large
curved surface C60 does not fit with the lamellar organization of
polymer chain.

Fig. 9 depicts polymer chain organizations in the vicinity of
nano-particle (bucky-ball) of different sizes such as C60, C180, C320

and C720. In case of ku = 0.2 eV, polymer chain segments organized
randomly over the nano-particles as shown in Fig. 9(a). However,
as the value of ku increases, polymer chain segments organizes into
cigar and toroid like structures and subsequently, nano-particles
come out from the polymer segments as shown in Fig. 9(b) and
(c). These snapshots show that the tiny nano-particles cannot stay
within the organized/aligned region of the polymer. However,
comparatively bigger nano-particles facilitate the semi-flexible
polymer chain wrapped around them. From these simulations, it
has been found that polymer stiffness, polymer chain length and
nano-particle size is the major factors to control the overall prop-
erties of polymer nano-composite.

4. Conclusions

The molecular dynamics simulations study provides new
insight on the organization of single polymer in presence/absence
of C60 nano-particles. The organization of polymer depends on
chain stiffness. As polymer chain stiffness increases, the shape of
polymer structure at equilibrium change from spherical to
extended cigar to toroid. A location of C60 nano-particle inside/
outside depends on the polymer chain’s organization. In case of a
random organization, all nano-particle has positioned inside the
polymer structure. But in cigar and toroid like structure, all
nano-particle have located on the surface of the polymer. In the
presence of nano-particles, bond-order parameters of the polymer
chain decrease due to a very small size of nano-particle compared
to the polymer. The small size of C60, does not facilitate polymer
nucleation but non-bonded interactions between polymer and
C60 restricts the motion of polymer chain segments.
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