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Abstract

Molecular dynamics simulations are carried out to study the structural for-
mation of 100 short polymer chains, each of which consists of 20 CH; groups.
Our simulations show that the orientationally ordered structure at 400 K is
formed from a random structure at 700 K by cooling. The essentially ex-
tended chains form a monolayer structure with a hexagonal packing. It is
ascertained that the formation of the ordered structure proceeds stepwise in
connection with the manner in which the local ordered regions grow. The
stepwise behavior is also found in the time variation of the van der Waals

energy.
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The crystal structure of the rotator phase of n-alkanes, which are typical of short polymer
chains with simple chemical structure, has been extensively studied by experiments [1-16],
theoretical analyses [17,18], and computer simulations [19-25] from physical, chemical, and
biological interests. Several experimental techniques including x-ray diffraction [1-8], in-
frared and Raman spectroscopy [9-11], neutron scattering [12-14}, and NMR [15,16] have
been used to reveal interesting features of the molecular packing, intramolecular defects and
molecular motions in the rotator phase of n-alkanes. The crystal structures of the rotator
phase of odd-numbered n-alkanes from C;;Hyy to CysHse have been carefully investigated
by Doucet et al. {3-6] and Ungar [7]. With increasing temperature, shorter n-alkanes up to
Cq;Hys transform from an ordered, orthorhombic structure to a disordered, face-centered-
orthorhombic (FCQ), rotator phase (referred to as Ry or FCO phase) with orthorhombic
subcell. Longer n-alkanes (Co3Hag and CasHsy) show another rotator phase (referred to as
Ry or hexagonal phase) with hexagonal subcell above the R; phase. The R; phase has a
bilayer structure while the Ry phase has a trilayer structure. In the R; phase, the ratio of
the lattice constants a/b varies rapidly with temperature from the ordinary orthorhombic
value of about 1.5 to the hexagonal value /3.

Structures and molecular motions in the rotator phases of n-alkanes have been studied
by Monte Carlo simulations [19-21] and molecular dynamics simulations [22-24]. In the
R; phase, each chain has four possible orientations. By contrast, in the Rj; phase, each
chain has six equivalent orientations and the molecules make sporadic large rotations to the
different directions. The longitudinal motion of the molecules is very active and independent
of the rotational motion. The crystals in the rotator phases are composed of many ordered
domains within which the chains tend to parallel their zigzag planes to one of the four or
six directions. A significant number of conformational defects develop predominantly at the
chain ends. Esselink et al. carried out MD simulations of nucleation and melting of bulk n-
alkane systems in order to determine the crystallization and melting temperatures [25]. They
introduced a new method to identify crystalline regions and computed the crystallization

rate of a nucleus.



The purpose of this Letter is to clarify the dynamical processes of the structural formation
of short polymer chains at the molecular level. With a view to investigating the transition
process of short polymer chains from a random structure to the orientationally ordered
structure, we perform the MD simulations of 100 short polymer chains and analyze the
growth process of the local orientationally-ordered regions (clusters). We believe that our
simulation results can provide an essential clue to understand the molecular motion in the
metastable hexagonal phase whose importance in crystal growth has been recently pointed
out [26].

The present computational model is the same as that used in the previous work on the
structural formation of a single long polymer chain [27]. The model polymer chain consists
of a sequence of CHy groups, which are treated as united atoms. In reality, the hydrogen
atoms must be explicitly considered [24,28]. Since we are concerned with the dynamical
formation process of the orientationally ordered structure in this study, we adopt the united
atom approximation. The united atoms interact via the bonded potentials (bond-stretching,
bond-bending and torsional potentials) and the van der Waals non-bonded potential (12-6
Lennard-Jones potential). The atomic force field used here is the DREIDING potential
[29]. The numerical integrations of the equations of motion are performed using the velocity
version of the Verlet algorithm [30]. We apply the Nosé-Hoover method in order to keep the
temperature of the system constant {31-33]. The integration time step and the relaxation
constant for the heat bath variable are 0.001 ps and 0.1 ps, respectively. The cutoff distance
for the Lennard-Jones potential is 10.5 A. The total momentum and the total angular
momentum are taken to be zero in order to cancel overall translation and rotation of chains.
At first, we prepare random configuration of 100 short polymer chains, each of which consists
of 20 CH, groups, at high temperature (7 = 700 K). It is then quenched to 7 = 400 K and
the MD simulations are performed for 2000 ps.

We show, in Fig. 1, the chain configurations at various times (¢ = 1, 200, 300 and 2000
ps) obtained by our MD simulations at T = 400 K. The z, y, and z axes in this figure

respectively correspond to the crystalline g, b, and ¢ axes in the orthorhombic system. The
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unit vector parallel to the z axis is defined as the eigenvector corresponding to the largest

eigenvalue of an orientational order parameter tensor Q which is constructed by

Qaﬁ - <(ﬁma'&mﬁ>inner> - %504.6’ (1)

where o, § = z,¥, 2, @i, is 2 unit vector directed along the principal axis with the smallest
moment of inertia of the m-th chain, and {---} and {:-+)iuper denote the time average and
the average over the inner 37 chains (Fig. 2), respectively. The time average is performed
between 1500 and 2000 ps. The z and y axes are determined from the individual average
central positions of the inner chains between 1500 and 2000 ps. The lattice constants a and
b are calculated as ¢ = 0.750 nm and b = 0.432 nm, respectively. Since the ratio a/b is
equal to 1.735 & /3, polymer chains are found to be packed hexagonally (Fig. 2). From
Fig. 1, we find the following features: (i) In the early time (¢ = 1 ps), gauche states (deep
green to light blue) are excited in various places and the configuration of the polymer chains
is random. (ii) With the elapse of time, the local orientationally-ordered regions (clusters)
grow in several positions (¢ = 200 ps) and at last they coalesce into a large cluster (¢ = 300
ps). (iil) At ¢ = 2000 ps, a highly ordered structure is formed. Almost all the bonds are in
the trans state and the gauche defects are located exclusively in the chain ends.

The Lennard-Jones energy Ey; is plotted in Fig. 3 as a function of time. This figure
indicates that there are two time regions (A and B) in which Ep; drops rapidly after ¢ = 50
ps. The structural formation is expected to proceed in these time regions. In order to
investigate the growth process of the global bond-orientational order, we calculate the global

bond-orientational order parameter S, which is defined by

5= N(n_z)zzkosw"‘ ’ ?

m=1 =3
where N and n are respectively the number of polymer chains and the number of CH,
groups per polymer chain (N = 100, n = 20) and ¥/ is the angle between the sub-bond
vector of the m-th chain b]® and the z axis. The sub-bond vector b = (r* — r%,)/2 is

the vector formed by connecting centers of two adjacent bonds ¢ and i — 1 of the m-th chain
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and r’® represents the position vector of the i-th atom of the m-th chain. The parameter 5
would take a value of 1.0, 0.0 or —0.5, respectively, for polymer chains whose sub-bonds are
perfectly parallel, random or perpendicular to the z axis. We show the time dependence of
the global bond-orientational order parameter S in Fig. 4. Up to ¢ = 150 ps, the parameter
S takes a value near zero, which shows that there is no global bond-orientational order in
this time region. After ¢ = 150 ps, S increases sharply and reaches about 0.8 in the time
region B. After that, S increases gradually and reaches its asymptotic value of about 0.9 at
t ~ 700 ps. It is also found that the global bond-orientational order starts to grow in the
time region A.

In order to investigate the local orientational order, we next introduce the concept of
“cluster” according to Ref. [25]. The definition of “cluster” is as follows. Two polymer chains
belong to the same cluster if the following two conditions are satisfied: (i) |ri — ri| < 7o
and (ii) a;; < ap, where r? is the position vector of the center of mass of the z-th chain,
ay; is the angle between the principal axis with the smallest moment of inertia of the -th
chain and that of the j-th chain and satisfies 0 < a;; < 7/2. In our calculations, we set
ro = 1.50 (0 = 0.36239 nm) and ap = 10°. We show, in Fig. 5, the number of polymer
chains in the largest and second largest cluster as a function of time. Only small clusters
whose size is smaller than 10 can be seen up to ¢ = 120 ps. In the time regjon A, the
size of clusters increases rapidly and the size of the largest cluster becomes over 30. The
orientation of clusters as a whole is random in this time region because the global bond-
orientational order parameter is almost zero (Fig. 4). After that, the size of the largest
cluster only fluctuates around a mean value until £ = 210 ps. On the other hand, the
global bond-orientational order grows rapidly in this time region (Fig. 4). Therefore, the
orientations of individual clusters are considered to become parallel to one another in this
time region. In the time region B, the size of the largest cluster increases rapidly while the
size of the second largest cluster decreases. Several middle-sized clusters whose size is larger
than 10 are found to coalesce into a large cluster. After the coalescence of clusters, the

size of the largest cluster increases gradually until it reaches its maximum value of 100 at
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t ~ 700 ps. It is worth mentioning that the stepwise behavior in the time variation of the
Lennard-Jones energy and the size of the largest cluster was also observed in the simulation
results by Esselink et al. [25].

In summary, by carrying out MD simulations of 100 short polymer chains and analyzing

the growth process of clusters, we have obtained the following new results:

(1) The orientationally ordered structure at T = 400 K is formed from a random structure
at T = 700 K by cooling. The essentially extended chains form an orientationally or-
dered structure with a hexagonal packing and the gauche defects are located exclusively
in the chain ends.

(2) In the formation process of the ordered structure, the Lennard-Jones energy decreases
stepwise. The stepwise behavior has a close connection with that of the growth of the
local ordered clusters.

(3) The formation of the ordered structure proceeds as follows: (i) Only small clusters
whose size is smaller than 10 are formed in various places (¢ < 120 ps). (ii) Several
middle-sized clusters whose size is between 10 and 40 are formed (120 < ¢ < 210 ps).
(iii) Middle-sized clusters coalesce into a large cluster (210 < ¢ < 300 ps). (iv) After
that, the cluster gradually grows larger until the size of the cluster reaches its maximum

value of 100 at ¢ =~ 700 ps.

In this study, we dealt with the short polymer chains in order to ignore the effects of the
entanglement. As a result, the obtained orientationally-ordered structure was a monolayer
structure in which the essentially extended chains aggregated two-dimensionally. We will
carry out MD simulations of long polymer chains in order to investigate the effect of the
entanglement on the structural formation.

This work was partially supported by a Grant-in-Aid for Scientific Research on Priority
Areas, Cooperative Phenomena in Complex Liquids, from the Ministry of Education, Sci-
ence, Sports and Culture. This work was carried out by using the Advanced Computing

System for Complexity Simulation (NEC SX-3/24R) at the NIFS.
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FIGURES

FIG. 1. The chain configurations of 100 short polymer chains at various times: ¢ = 1, 200, 300,
and 2000 ps (from left to right). Top and bottom figures are respectively viewd along the z axis
and the y axis. Color denotes the absolute value of the dihedral angle around each bond and the

end bonds are colored with blue.

FIG. 2. The center-of-mass positions of individual polymer chains viewd along the z axis aver-
aged between 1500 and 2000 ps. The lattice constants a and b are respectively a = 0.750 nm and
b = 0.432 nm. Hexagons are depicted in order to show a hexagonal packing of the polymer chains.

“Inner chains” are defined as the central 37 chains within a thick hexagon.

FIG. 3. The Lennard-Jones energy Epj vs. time ¢. Letters A and B denote the time regions

where Fy; decreases rapidly.

¥IG. 4. The global bond-orientational order parameter S vs. time ¢. Letters A and B are

explained in the caption of Fig. 3.

FIG. 5. The size of the largest and second largest cluster vs. time ¢. Letters A and B are

explained in the caption of Fig. 3.
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