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Abstract

Three models (star-shaped, H-shaped, and comb-shaped polyethylenes) are used to study the crystallization behavior of low-density
polyethylene at the molecular level by means of molecular dynamics simulation. It is shown that, for the three types of polyethylene
corresponding to the models, the neighboring sequences of trans bonds firstly aggregate together to form local ordered domains, and then
they coalesce to a lamellar structure. In the process, the branching sites are rejected to the fold surface gradually. The driving force for the
relaxation process is the attractive van der Waals interaction between the chain segments. Furthermore, it is found that the number of the
branch sites and the length of the branch play an important role in determining the formation of the lamellar structure. The longer the length
of the branch and the fewer the number of the branch sites, the more perfect lamellar structure can be formed. © 2002 Elsevier Science Ltd.

All rights reserved.
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1. Introduction

Polyethylenes are usually divided into three classes: low
density polyethylene (LDPE) [1], linear low density poly-
ethylene (LLDPE) [2], and high density homopolyethylene
(HDPE) [3]. Although it is believed that LLDPE would
replace LDPE in film applications because of its superior
properties, LDPE still has a large share of the market due to
its greater process ability [4-6]. LDPE has a highly
branched structure, i.e. it has a central backbone from
which many branches are appended, these branches have
branches, and those branches have branches, etc. The
lengths of all of these branches are broadly distributed, so
it becomes difficult to determine lengths of the branches and
the spacings between them. Thus it is very difficult to
systematically investigate the relationship between the
structure and property of LDPE by experiment. Recently,
a number of polymers with well-defined structures that
serve as models for polyethylene with long chain branching
were synthesized and characterized experimentally [7]. The
structures were some with a single long branch (‘stars’), some
with exactly two branch points (‘H’ types, etc.), and some with
several long branches randomly distributed along the back-
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bone (‘combs’). In the experimental literature, how the
branching structure controls chain dimensions is discussed.
However, to our knowledge, the information about the
crystallization of the polyethylene with well-controlled
structure and long chain branching has not been reported yet.

Nowadays, the polymer models with well-controlled
structures can be easily built by using simulation software,
and the structural formation process of polymer chains can
be investigated at the molecular level by means of molecular
dynamics (MD) simulation method. Several MD simula-
tions [8—11] starting from a single chain model have
given us some insights into the microscopic process of poly-
ethylene crystallization, the features of crystal morphology,
and the influence of temperature on crystallization.
Kavassalis and Sundararajan [8] studied the lamellar forma-
tion of a single linear polyethylene chain collapsed from an
all-trans conformation and a rotational isomeric state
conformation. Fujiwara and Sato’s simulations showed
that the orientationally ordered structure of a single linear
polyethylene chain with 500 CH, units was formed at a low
temperature both by gradual stepwise cooling and by
quenching from a random configuration at a higher tempera-
ture [9,10]. The effect of molecular weight on the collapse
mechanism of a single chain and on the dimension of the
formed lamella was simulated [11].

Recently, we studied the roles of branch, branch distribu-
tion, branch contents, and branch length in the crystallization
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of the LLDPE by MD simulation of several single chain
models [12,13]. In Ref. [13], the simulations were
performed on two series of copolymer chain models with
precisely controlled methyl branching and with branches of
different lengths, respectively, to study the roles of branch
content and branch length in co-polyethylene crystalliza-
tion. For the latter models, each chain has only one branch
and the branch length is up to 16 carbon atoms. Then we
may be asked, when the chain has more than one branch and
the branch length is much longer than 16 carbon atoms,
what will happen to the co-polyethylene crystallization?
In this paper, based on the simulations just mentioned
above, MD simulations of three types of single chain models
(star-shaped, H-shaped, and comb-shaped polyethylenes)
are performed to investigate the crystallization behavior of
low-density polyethylene.

2. Model and method

Three single chain models with well-controlled structure,
each with 600 CH, units but different long chain branches,
were created by the Polymer Build Model of Cerius®
software. One has a single long branch with 200 CH,
units (star-shaped), the second has four branches with two
branch sites at the end of the backbone (H-shaped), and the
third has four long branches with four branch sites randomly
distributed along the backbone (comb-shaped). For the
H- and comb-shaped models, each branch contains 50
CH, units. It should be noticed that the branch sites in the
comb-shaped model are randomly selected, for the ordering
processes and the results can depend sensibly on the way
they are chosen [12]. In Ref. [7], the silicone atoms are used
as the branch sites. Following Ref. [7], we also select the
silicone atom as a branch site and a —CHj; unit is connected
to a silicone atom to insure silicone has four valence bonds.
This replacement should have effects in the segregation of
the branch sites out of the crystalline domain. However, we
found that even though the branch site has a carbon atom, it
is also expelled from the crystalline phase as a defect [13].
So, compared with the carbon, the effects of silicone in the
segregation may be ignored. The schematic representations
of the chain models (whose structures are similar to those
shown in fig. 1 of Ref. [7]) are depicted in Fig. 1, where the
black balls represent the branch sites (silicone atoms).

By using the Amorphous Builder of Cerius” software, the
random coils of the three models are created, and then the
random coils are annealed 10 cycles from 7 =300 to
1000 K and cooled to 300 K at intervals of 50 K per
0.1 ps to overcome local minimum energy barriers, respec-
tively. At the end of each cycle, the structure is relaxed by
minimization. From the fully relaxed structures, the
canonical Nosé—Hoover molecular dynamics simulations
are performed, where the integration time step is set to
0.001 ps, the temperature is set to 7= 300 K, and a relaxa-
tion constant for the heat bath variable is 0.1 ps. The cutoff
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Fig. 1. The schematic representing the three models of the polyethylene
with well-controlled structure and long branching.

distance for the van der Waals interaction is 10.5 A. The
duration of the simulation for each model is 3 ns.

The Dreiding II force field [14] from the Cerius’ software
package is used for the atomic force field. Following Ref.
[8], the united atom approximation is adopted to simplify
the calculations. The total potential energy Ey, consists of
four parts: (1) the bond-stretching energy FEgyn for two
adjacent united atoms, (2) the bond-bending energy Eienq
among three adjacent united atoms, (3) the torsion energy
E\osion among four adjacent united atoms, and (4) the 12-6
Lennard—Jones potential E.q, between two non-bonded
atoms. The total potential energy E\y, can be expressed as:

Elotal = Ebond + Evdw = Estretch + Ebend + Etorsion + Evdw

1 1 1
= EKb(R — Ry)* + EK(,(B - 0))* + §K¢[1

— deos(3)] + DO[(%) 12—2(%)6] (1)

where R is the bond length between two adjacent atoms, R,
the equilibrium bond length, 6 the bond angle between three
adjacent atoms, 6, the equilibrium bond angle, ¢ the
dihedral angle formed by four consecutive atoms, and r
the distance between two non-bonded atoms.

3. Results and discussion

3.1. The relaxation process of the polyethylene chains with
long chain branching

As radius of the gyration matrix, R, defined in the Cerius®
software, can characterize the overall shape and orientation
of a polymer chain. So we employ the radius of gyration to
describe the orientation changes of the three models during
crystallization. The diagonalization of the R matrix gives its
principal values Ri, Rg, R? (eigenvalues) and the
corresponding orientations (eigenvectors) in the Cartesian
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frame. The radius of gyration (R,) and its three Cartesian

components (R,,, Ry, and R,,) are defined as:

R= g((r,» - @
Bo= 5> (1 - ) G)
R= g(@i 3 o)
Ro= 13 (@) )

i=1

where r; = (x;, ¥;, z;) is the position vector of the ith atom,
r. = (X, Ve, Zc) the position vector of the center of mass, x;,
v, and z; the position of the ith atom, x., y., and z. the
position of the center of mass, {...) denotes the ensemble
average, and the relation Ré = Rgx + Ré}, + Réz holds.

For the three models the variations of R, with simulation
time are similar, for brevity, we only take the comb-shaped
chain as an example to discuss the relaxation process of the
polymer. The time evolutions of Ry, R, and R, for the
comb-shaped chain are shown in Fig. 2. As divided by
the dot line in Fig. 2, before about 360 ps, R,, increases
while R,, decreases with the evolution of the simulation
time; and after about 360 ps, Ry, R,, and R, fluctuate
around a corresponding mean value, respectively. Compar-
ing the values of Ry, with those of R,, and R,,, it is easily
seen that the values of Ry are larger. This indicates that
during the relaxation process, the random coil becomes
more and more anisotropic before 360 ps, and after 360 ps
an anisotropic structure (the lamellar structure as shown in
Fig. 3) is formed. This process can be visually captured by
displays of the conformations of the random coils at differ-
ent simulation time in Fig. 3, where the black balls represent
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Fig. 2. The three Cartesian components Ry, R, and Ry, of the radius of
gyration (R,) versus simulation time for the comb-shaped chain.
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Fig. 3. The collapse process of comb-shaped, at 300 K, where the black
balls represent the branch sites (silicone atoms).

the silicone atoms. From Fig. 3, it can be seen that with the
time evolution, the neighboring sequences of trans bonds
firstly aggregate together to form local ordered domains,
and then they coalesce to a lamellar structure. In the process,
the branching sites are rejected to the fold surface gradually.
This result is very similar to that obtained from the simula-
tions starting from the random coil of LLDPE models
[12,13].

Now let us discuss the variations of the potential energy
with the time for the comb-shaped chain. Fig. 4 shows the
time evolution of the total potential, the van der Waals, and
the bond energies. It is shown that as the relaxation
proceeds, the bond energy is repulsive (positive), while
the van der Waals energy is attractive (negative). The
total potential energy decreases during this time due to the
significant decrease of van der Waals energy. So it is
obvious that the attractive van der Waals interaction
between the chain segments is the driving force for the
collapse process as discussed in our previous paper [12].

3.2. The morphology of the lamellar structure

The conformations obtained from the random coils at 3 ns
are shown in Fig. 5, where the black balls represent silicone
atoms. It can be seen that the lamellar structure is formed by
the co-crystallization of the long-branch with the main chain
and the branch sites are located out of the crystal region.
Comparing the three conformations, we can find that the
lamellar structure of the star-shaped polyethylene is more
perfect than those of the H- and comb-shaped, which can be
characterized by the average values of R, for the three
chains as listed by boldface in Table 1. As mentioned
above, the shape of the polymer chain can be described by
means of the gyration tensor (matrix). The eigenvalues of
the matrix give the principal values of Rf, Ri, Rg, and R,,,
Ry, R, are the three components of the radius of gyration,
which are used to describe the principal axes for a prolate
sheroid. The long axis of the spheroid represents the ordered
direction of the lamellar structure, in this paper, x is the long
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Fig. 4. Time evolution of the bond, the van der Waals, and the total potential
energies of the comb-shaped chain.

axis of the prolate spheroid of the polyethylene chain. So the
value of Ry, may be used to estimate the lamella thickness
roughly. The larger the Ry, is, the thicker the lamella. In
Table 1, it is shown that the value of Ry, for the star-shaped
(9.47 A) polyethylene with one site and a branch of 200
carbons is larger than those of the H- and comb-shaped,
while the values of R, for H-shaped (8.77 A) with two
sites and four branches of 50 carbons is slightly larger
than that of comb-shaped (8.65 A) with four sites randomly
distributed and four branches of 50 carbons. The average
lengths of crystalline stems (simply estimated from the
average number of units in each stem, which is calculated
as the total number of the chain units divided by the number
of stems) are about 40 A for the star-shaped polyethylene
and about 35 A for the H- and comb-shaped. From these

Fig. 5. The conformations of the three well-controlled polyethylene models
at 3 ns.

Table 1

Table. 1 The time averages of the radius of gyration (R,) and its three
Cartesian components R,,, R,,, and R,, for the three well-controlled poly-
ethylene models, the time interval is the last 500 ps of each simulation

Type R, (A) Ry (A) Ry, (A) Ry (A)
Star-shaped 12.18 947 4.69 5.91
H-shaped 11.70 8.77 5.17 5.76
Comb-shaped 11.83 8.65 5.08 6.27

facts, it may be concluded that there are two factors
affecting the formation of the lamellar structure for the poly-
ethylene with well-controlled structure and long chain
branching: one is the number of branch sites; another is
the length of the branch. The longer the length of the branch
and the fewer the number of branch sites, the more perfect
lamellar structure can be formed. But it should be noted that
their delicate balance might have important effects.

To investigate the way the branch chain and the main
chain packed into the lamellar structure, we show the snap-
shot of the crystal-core of the comb-shaped model at 3 ns in
Fig. 6, where Fig. 6a is the side view and Fig. 6b is the top
view. It can be clearly seen from Fig. 6b that the branches
and the main chain together form a lamellar structure with
deformed hexagonal symmetry and the stems in the outer
layer of the structure have a tilted configuration. This result
is similar to that obtained from the simulations of linear
polyethylene [8,9].

In our previous simulation, we studied the roles of different
branch lengths in the crystallization of the co-polyethylene
by using models with one branch containing carbon atoms
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Fig. 6. The snapshot of the crytal-core of the comb-shaped chain at 3 ns;
(a) is the side view and (b) is the top view.
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from one to 16 [13]. It showed that the critical chain length
for side-chain crystallization is 10 carbons, and in the co-
crystallization the side chain is packed in a manner similar
to linear polyethylene. This result is confirmed by the
present simulation of the models with more branches
containing more carbon atoms.

4. Conclusions

In this paper, we obtain some microscopic insight into the
crystallization process of the polyethylene with well-
controlled structure and long branching. During the relaxa-
tion process of the random coils, a lamellar structure is
formed and the branching sites are rejected to the fold
surface gradually. The driving force for the relaxation
process is the attractive van der Waals interaction between
the chain segments. It is also found that there are two factors
affecting the formation of the lamellar structure for the well-
controlled polyethylene: one is the number of branch sites;
another is the length of the branch.
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