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ABSTRACT: Molecular dynamics simulations of two series of single copolymer chain models with precisely
controlled methyl branching and with branches of different lengths are performed. For the models with
precisely controlled methyl branching, the collapse process and the morphology of the lamellar structure
are similar to those of the random copolymer. In particular, it is found that the branch content plays an
important role in determining whether a single chain can form a lamellar structure or not. With the
decrease of the branch contents, more perfect lamellar structure is formed, and the crystallinity of the
copolymer increases. For the models with branches of different lengths, the simulations show that the
branch point (CH unit) is always expelled from the crystalline phase as a defect, while the behavior of
the branch chain in the crystallization depends on the chain length. When the chain has less than 10
carbon atoms, the branch is rejected to the folded surface of the lamellar structure as a defect, whereas
when the branch length is longer, the branch is folded back and cocrystallizes with the main chain. In

this case, the branch chain is packed in a manner as in polyethylene.

I. Introduction

Linear low-density polyethylene (LLDPE) (copolymer
of ethylene and an a-olefin) is a commercially important
class of polyethylenes. Many experimental investiga-
tions!~16 have been performed to study the relationship
between the microstructure and the crystal properties
of the copolymer. It is known that the crystallizability
is affected by molecular weight, concentration of
branches, and their distribution along the copolymer
backbone. To well understand the crystallization be-
havior of the branched molecules, the more homoge-
neous fractions of the copolymer are needed. However,
the LLDPE samples normally have a heterogeneous
microstructure, which makes it difficult to get experi-
mentally more homogeneous fractions to systematically
investigate the crystallization behavior of the branched
molecules. Recently, ethylene copolymers with precisely
controlled methyl branching have been created using
acyclic diene metathesis (ADMET) chemistry as the
mode of polymerization,”18 which will provide the basis
for a better understanding of the morphology, crystalline
structure, and thermodynamics of the crystallization
process of the copolymer. But to our knowledge, the
information about the morphology and crystalline struc-
ture of the copolymer with well-controlled branching has
not been reported yet.

Nowadays, the polymer models with well-controlled
structures can be built easily by using simulation
software, and the structural formation process of poly-
mer chains can be investigated at the molecular level
by means of the molecular dynamics (MD) simulation
method. MD simulations®~22 starting from a single
chain model have given us an insight into the micro-
scopic process of polyethylene crystallization, the fea-
tures of crystal morphology, and the influence of tem-
perature on crystallization. Several simulations investi-
gated the chain folded process of polyethylene.19.22-24
In Kavassalis’ simulation of an all-trans single PE chain
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with 1000 CH> units, the role of torsion potential in the
polymer crystallization process was investigated.® It
was shown that in the presence of torsion potential the
collapse process was a global process, whereas in the
absence of torsion potential or at elevated temperature
the locally collapsed domains were formed and subse-
guently coalesced to form the final collapsed state.
However, Qi Liao et al.??2 have pointed out that a
modification of torsion potential force field adopted by
Kavassalis is not essential to demonstrate the local
collapse. In their simulation, the effect of chain length
on the collapse mechanism of a single chain was studied.
It is found that when a chain has more than 1200 CH,
units, the relaxation proceeds via a local collapse.
Comparing the result of the Langevin dynamics simula-
tions of chains with 700 and 2000 units starting from
equilibrated conformations,?324 with that obtained from
Kavassalis' MD simulation of a all-trans chain with
1000 units,® we may see that the crystallization process
for the chain with 700 units is more similar to the global
process for the chain with 1000 CH, in the presence of
the torsional potential, while the crystallization process
for the chain with 2000 units is more similar to the local
process for the chain with 1000 CH> in the absence of
the torsional potential. To study the role of the branch
in the folded process and to get a comparison with the
simulation of pure polyethylene,® we performed MD
simulation of methyl branched all-trans chain with 1000
units (CH; + CH) along the backbone and use the same
force field as in ref 19. In the simulation, though the
torsional potential has been taken into account, the local
collapse process can also be found, so we ascribe the
local collapse mechanism of the copolymer to the
nucleating seed role of the branches along the copolymer
chains.?

There are still other important factors (such as branch
content and length) affecting the crystal properties of
the copolymer, which should be investigated at the
molecular level. How does the crystal property change
with the increasing of the branch contents? Does side-
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Figure 1. Schematic representation of the copolymer chain
models: (a) the chains with precisely controlled methyl
branching; (b) the chains with different branch types.

Table 1. Two Series of Copolymer Chain Models with
Precisely Controlled Methyl Branching and with
Different Branch Types

Copolymer Chains with Precisely Controlled Methyl Branching

simulation
methyl % of time (ns)
branch on total no. of propene from from
everyn  CHyunits monomer extended random
notation carbon,n (x=1,2) (%) chain coil
pe-m9 9 1000 20. 4 3
pe-m13 13 1008 14.29 3 35
pe-m15 15 1008 12.5 3 35
pe-m21 21 990 9.09 25 4
pe-m51 51 988 3.85 15 4
pe-m101 101 1020 1.92 1.5 6
Copolymer Chains with Different Branch Types
branch no. of CHy
length (x =1, 2) units no. of
(no. of along the o-olefin  simulation
notation carbons) backbone monomer  time (ns)
pe-bl 1 201 1 1
pe-b2 2 201 1 1
pe-b3 3 201 1 1
pe-b4 4 201 1 1
pe-b6 6 201 1 1
pe-b8 8 201 1 1
pe-b10 10 201 1 1
pe-b12 12 201 1 1
pe-b16 16 201 1 1

chain crystallization take place, and in this case, what
is the necessary minimum length of the side chains? In
this paper, to investigate the collapse process and the
lamellar structure of the copolymer with well-controlled
branching as well as to make clear the questions just
mentioned above, MD simulations of single copolymer
chain models with precisely controlled methyl branching
and with branches of different lengths are performed.

Il. Model and Method

Two series of copolymer chain models with precisely
controlled methyl branching and with branches of
different lengths built by the Polymer Builder of Cerius?
software are listed in Table 1. It should be noted that
the notation of pe-mn (n =9, 13, 15, 21, 51, or 101) is
used to denote the well-controlled polyethylene with
methyl branches on every n carbon atom and pe-bn (n
=1, 2, 3, 4, 6, 8, 10, 12, or 16) represents the
polyethylene chain with one branch containing n car-
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bons. The schematic representations of the polymer
chains are depicted in Figure 1.

The Dreiding 11 force field?6 from Cerius? software
package is used in the simulations. Following ref 19,
the united atom approximation is adopted to simplify
the calculations. The total potential energy Eqota CONSists
of four parts: (1) the bond-stretching energy Esrech for
two adjacent united atoms, (2) the bond-bending energy
Epend @among three adjacent united atoms, (3) the torsion
energy Eirsion @among four adjacent united atoms, and
(4) the 12—6 Lennard-Jones potential E,q, between two
nonbonded atoms. The total potential energy Eiotal Can
be expressed as

Etotal = Ebond + Evdw

= Estrech + Ebend +E + Evdw

torsion
_1 2, 1 2
- EKb(R — R+ EKe(e =0y +
1 o\12 0\6
2K,[1 — d cos(3g)] + DO[(F) - 2(?) ]

where R is the bond length between two adjacent atoms
and Rg 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 nonbonded
atoms.

The canonical Nosé—Hoover molecular dynamics
method is used to obtain the results on the crystalliza-
tion behavior of the copolymer chains at 300 K in the
simulations, where the integration time step is set to
0.001 ps and a relaxation constant for the heat bath
variable is 0.1 ps. The cutoff distance for the van der
Waals interaction is 10.5 A. The duration of the simula-
tion for each model is also listed in Table 1.

I1l. Results and Discussion

In this section, we will first discuss the simulation
results on the crystallization behavior of the single
chains with precisely controlled methyl branching start-
ing from the extended chain and random coil conforma-
tions and, in particular, discuss the effect of the branch
content on the crystallization. Then we will investigate
the roles of different branch lengths in the crystalliza-
tion of the copolymer.

A. Crystallization of the Chains with Precisely
Controlled Methyl Branching. 1. Starting from
Extended Chain Conformation. In the present simu-
lation, we find that the collapse process of the copolymer
chain with precisely methyl branching is similar to that
of the random copolymer chain as discussed in ref 25.
For brevity, we will not discuss this in detail. From our
previous simulation of copolymer chain with 2 mol % of
propene composition, it was shown that the single
globule can develop to a lamellar structure.?> While from
the present simulation of the chain with different
percents of propene, it is found that the branch content
plays an important role in the determination of the
single globule developing to a lamellar or not.

Figure 2 shows the morphologies of the chains with
various methyl contents at the last time of each simula-
tion. It can be easily seen that for pe-m9 an amorphous
structure is formed; for pe-m13 having less methyl
contents than pe-m9, some regular trans segments are
formed; and for other chains with much less methyl
contents, the lamellar structures are formed. With the
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pe-m101 1.5ns

Figure 2. Morphologies of the chains with various methyl contents at the last time of each simulation, where the black balls

represent the branch points.

(b)

Figure 3. Lamellar structure of the PE chain at 2000 ps: (a)
the side view; (b) the top view of the crystal core.

decreasing of the methyl contents, the lamellar struc-
tures become more perfect. To get a comparable result,
we performed 2 ns MD simulation of a single PE chain
with 1000 CH, units. The morphology of the PE chain
at 2 ns is shown in Figure 3, where Figure 3a is the
front view of the lamellar structure and Figure 3b is
the top view of the crystal core of the lamella. The
lamellar structure as shown in Figure 3 is similar to
that obtained from Kavassalis’ simulation,® which has
deformed hexagonal symmetry, and the stems in the
outer layer have a tilted configuration.?® From Figures
2 and 3, we can see that the lamellar structures of
methyl branched chains are similar to that of the PE
chain. Furthermore, from Figure 2 it is found that most
of the methyl branches are located at the fold surfaces
of the lamellae, which is nearly the same as in the
lamellar structure obtained from the random copoly-
mer.2>

It should be noted that the lamella thickness is less
than 5.0 nm in the present simulation. The value is
much smaller than the experimental values. This is
mainly due to the small torsional barrier (2 kcal/mol)
in the Dreiding Il force field. Since these single-chain
calculations do not account for interchain or solvent
interactions, there should be some term in the potential
energy function to account for these. Sundararajan
attributed the smaller values of the simulated lamella
dimension to the smaller torsional potential adopted in
MD simulation.?® In their simulation, when the tor-
sional barrier was increased to 6 kcal/mol, a lamella
with dimension in the range of experimental values is
formed.?” If we use the higher torsional barrier to the
simulation of the methyl branched chain, what will
happen to the side groups? To make clear this, we
performed 6 ns MD simulation of the pe-m51 chain with
torsional barrier of 6 kcal/mol. It is found that the
lamellar thickness increases to about 7.3 nm, and most
of the methyl branches are still rejected to the fold
surface of the lamella.

In the simulation of a single polyethylene chain with
500 CH; units, it was illustrated that in the bond
orientationally ordered structure the gauche states were
located exclusively in the fold surface (amorphous
region).18 So it can be concluded that, in a lamellar
structure with fixed CH> units, the more the trans states
are contained, the better the crystallinity of the lamella
is. The values of the dihedral distribution can be simply
estimated by the relation P;j = ni/Yn;, where P; is the
distribution of dihedral angle and n; is the number of
bonds in a conformation with the dihedral i (i = —180°—
180°). The dihedral distributions along the chains with
various methyl branch contents are shown in Figure 4.
It shows that, with the decreasing of methyl contents,
the trans states increase while the gauche states
decrease. This means that the crystallinity increases
with the decreasing branch contents. As is well-known,
the melting point and the heating of fusion of the
copolymer increase with the decreasing comonomer
contents.35910.13 Our simulation can interpret this fact
at the molecular level. As the methyl branches increase,
the methylene spacing between branch points decreases
(the crystallizable sequence length decreases); on the
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Figure 4. Dihedral distributions along the copolymer chains
with different methyl branch contents.

other hand, during the formation of the lamellar struc-
ture, most of the branches are rejected to the fold
surface as defects, which also results in the decreasing
of the crystallizable sequence length with the increasing
of the branch contents. So the crystallinity of the
copolymer increases with the decreasing of the branch
contents, and this leads to the increasing of the melting
point and the heat fusion.

Figure 4 shows the increase in the number of trans
bonds with decreasing methyl content. However, for
these chains, the occurrence of near-eclipsed conforma-
tion (£20°) is more prevalent than the gauche states.
It can be seen that the near-eclipsed states of various
chains increase with the increasing methyl contents. On
the other hand, by comparing the number of near-
eclipsed conformation of the pe-51 chain obtained from
the simulations using torsional barrier of 2 and 6 kcal/
mol, we find that the number of near-eclipsed bonds
obtained from the simulation adopting torsional barrier
of 2 kcal/mol is lager. So it may be reasonable to think
that there are two reasons for the occurrence of near-
eclipsed conformation (£20°) being more prevalent than
the gauche states: one of the reasons is the presence of
methyl branches at the fold surface of the lamella;
another is due to the small torsional barrier in the
Dreiding force field of the Cerius? software.

Now let us discuss the variation of the potential
energy and its components of the chains with different
branch contents. The time averages of the potential
energy and its components for each simulation starting
from two configurations are listed in Table 2. It is known
that in the formation process of the orientationally
ordered structure Eygw and Egorsion gradually decrease.?°
From Table 2, it can be seen that with the decrease of
branch contents Eyqw and Eqorsion decrease. This variation
of the energy with the branch contents can also indicate
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Figure 5. Collapse process of pe-m51 starting from random
coil at 300 K, where the black balls represent the branch
points.

that the more ordered structure formed with the branch
contents decrease as mentioned above.

2. Starting from Random Coil. We have mentioned
in our previous paper? that the morphology of the
lamella originated from the random coil is generally
similar to that from an all-trans stretched chain, which
is substantiated by the similar average energies for the
two starting configurations as shown in Table 2. In the
present paper, for brevity, we only show the collapse
process of pe-m51 starting from random coil in Figure
5. Further details of the simulation from the random
coil are not presented. From Figure 5, it can be seen
that the collapse process of the random coil mainly
involves two stages, which is similar to the simulation
results of the random copolymer starting from random
coil:?5 First, the neighboring sequences of trans bonds
aggregate together to form local ordered domains, and
then they coalesce to a lamellar structure. In the
process, the branches are rejected to the fold surface
gradually. Since the morphology of the lamella origi-
nated from the random coil is similar to that from an
all-trans stretched chain, the variations of the morphol-
ogy and the crystallinity of the lamella obtained from
the random coil with the branch contents have the same
trends as mentioned in section I11.A.1.

B. Roles of Different Branch Lengths in the
Crystallization of the Copolymer. The conformations
obtained from all-trans stretched chains with branches
of different lengths at 1 ns are shown in Figure 6, where
the big ball represents the branch point (CH unit) and

Table 2. Time Averages of the Potential Energy and Its Components for the Model Starting from Two Conformations?

total potential bond van der Waals torsion
model E-t R-c E-t E-t R-c E-t R-c
pe-m9 —540.8 —524.61 1362.49 1360.35 —1903.29 —1884.96 611.76 607.35
pe-m13 —663.48 —667.18 1278.48 1269.42 —1941.95 —1936.60 563.15 553.67
pe-m15 —714.34 —712.74 1241.14 1239.46 —1955.48 —1952.08 535.79 536.94
pe-m21 —842.78 —878.24 1138.33 1126.5 —1981.11 —2004.74 475.56 467.84
pe-m51 —977.26 —933.65 1044.42 1060.64 —2021.68 —1994.28 427.87 440.57
pe-m101 —1144.52 —1066.06 961.25 1026.26 —2105.77 —2092.33 350.52 406.69

a2 The time interval is the last 500 ps of each simulation. E—t is used to denote the extended trans conformation, and R—c denotes the

random coil.
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Figure 6. Conformations obtained from the all-trans stretched chains with different branch types at 1 ns, where the big ball
represents the branch point and the smaller balls represent the carbons contained in the branches.

the smaller balls represent the carbons contained in the
branches. It can be seen from Figure 6 that the lamellar
structure is formed, and the branch point is always
excluded to the fold surface for each chain, while for the
branches with various lengths, different conformations
are displayed. We find that when the branch chain has
less than 10 carbons, the branch is expelled from the
crystal region as a defect, whereas when the branch
length is longer, the branch is folded back and cocrys-
tallizes with the main chain. This indicates that the
branch cannot simply be regarded as a defect point but
should be considered as a defect having size effect as
has been pointed out by Kim et al.®3 Our simulation
shows that the critical chain length for side-chain
crystallization is 10 carbon atoms. Russell et al. reported
experimentally that the minimum length of side chain
to enter crystalline regions of ethylene—1-alkene co-
polymers at 298 K is probably between 10 and 12 carbon
atoms,!® and in Gerum'’s experiment the critical length
is reached in the case of hydrogenated poly[butadiene-
alt-(1-dodecene)], which has branches with 10 carbons.*
Our simulation result is in harmony with the two
experimental results.

As mentioned above, when the branch has more than
10 carbon atoms, the side-chain crystallization occurs.
Now let us investigate the way of the side chain packed
into the crystalline phase. A snapshot of the crystal core
for pe-b16 at 1 ns is displayed in Figure 7, where
number 6 represents the branch cocrystallization with
the main chain. It can be clearly seen that the branch
and the main chain together form a lamellar structure
with deformed hexagonal symmetry,192° and the dis-
tance between stems in the ordered structure ranges
from 4.13 to 5.4 A. These results are similar to the
crystal structure of polyethylene in Figure 3b. This
means that the side chain is packed in the same manner
as in polyethylene.

The present simulation shows that the branches
cocrystallize with the main chain, with their chain axis
in the same direction as those of the main-chain
segments in the lamella. This is with the lamella with
a small dimension compared to experimental values. If
we perform simulation to reproduce the experimental
lamellar dimensions, will the branch still fold back,
cocrystallizing with the main chain, or crystallize as a
“shish-kebab” structure, sticking out of the principal
lamella? The 3 ns MD simulation of the pe-b10 chain
with torsional barrier of 6 kcal/mol shows that the
branch still folds back and cocrystallizes with the main
chain, which is shown in Figure 8. To our knowledge,

(b)

Figure 7. Snapshot of the crystal core for pe-b16 at 1 ns,
where the number beside each stem denotes the stem and
number 6 represent the branch cocrystallizing with the main

chain.

t=1000ps, 2-Kcal

t=3000ps, 6-Kcal

Figure 8. Morphologies of the pe-bl6 chain at the last
simulation time for simulation with torsional barrier of 2 and
6 kcal/mol.

there are a few experimental reports*'5 on the way of
side chain cocrystallization with the main chain. In ref
4, though the crystal structure was not exactly deter-
mined, some data indicated a model in which the side
chains were packed in a manner as in unbranched
alkanes. Reference 15 reported that the crystallized side
chains presented near the surface of crystallites with
inner cores derived from main chains. Our simulation
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result is in harmony with that of the experiments
qualitatively.

IV. Conclusions

In this paper, the roles of the branch content and
branch type in the copolymer crystallization are inves-
tigated by MD simulations for two series of single
copolymer chain models with precisely controlled methyl
branching and with branches of different lengths. From
the simulations of the copolymer chains with precisely
controlled methyl branching, it is found that the collapse
process and the morphology of the lamellar structure
are similar to those of the random copolymer. In
particular, it is shown that the branch content plays an
important role in determining whether a single chain
can form a lamellar structure or not. With the decreas-
ing of the branch contents, more perfect lamellar
structure is formed and the crystallinity of the polymer
increases. In the case of the models with branch of
different lengths, it is found that the branch point is
always rejected to the folded surface of the lamellar
structure as a defect, while the branch should be
considered as a defect having size effect. The critical
chain length for side-chain crystallization is 10 carbons,
and in the cocrystallization the side chain is packed in
a manner as in polyethylene.
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