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Structure formation of a single polymer chain. I. Growth of trans domains
Susumu Fujiwaraa) and Tetsuya Sato
Theory and Computer Simulation Center, National Institute for Fusion Science, 322-6 Oroshi-cho,
Toki 509-5292, Japan

~Received 25 October 2000; accepted 26 January 2001!

Molecular dynamics simulations are carried out to study structure formation of a single polymer
chain with 500 CH2 groups. Our simulations show that the orientationally ordered structure is
formed at a low temperature both by gradual stepwise cooling and by quenching from a random
configuration at a higher temperature. The growth of the global orientational order proceedsin a
gradual mannerin the case of gradual stepwise cooling, whereas it proceedsin a stepwise manner
in the case of quenching. The latter feature endorses the previously proposed hypothetical grand
view of self-organization@e.g., see T. Sato, Phys. Plasmas3, 2135~1996!#: when a system is driven
far from equilibrium, it will evolve to a more stable state in a stepwise fashion irrespective of its
fundamental interaction forces. From the microscopic analysis of the structure formation process,
we find the following characteristic features:~i! In the case of gradual stepwise cooling, the global
orientational order grows gradually through the incorporation of smalltrans domains and the
surroundingtranssegments into the largesttransdomain.~ii ! In the case of quenching, the growth
of the orientational order is either due to the incorporation of smalltrans domains and the
surroundingtranssegments into the largesttransdomain or to the elongation of thetranssegments
in the largesttrans domain. © 2001 American Institute of Physics.@DOI: 10.1063/1.1356440#
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I. INTRODUCTION

Structure formation or self-organization of chain mo
ecules, such asn-alkanes, polyethylene chains, and lip
molecules, has recently become the focus of attention
physics, chemistry, biology, and materials science. The c
tal structure of the rotator phase ofn-alkanes has been ex
tensively studied by several experimental techniques inc
ing x-ray diffraction,1–4 infrared and Raman spectroscopy,5,6

neutron scattering,7,8 and nuclear magnetic resonance.9 The
primary nucleation in the crystallization induction period
polyethylene10–12 and poly~ethylene terephthalate!13–18 has
been investigated by various time-resolved measureme
The morphologies of the self-assembled aggregates for
by the association of lipid molecules in solution, such
spherical micelles, cylindrical micelles, and lipid bilayer
have been experimentally studied.19–21 Although numerous
experimental investigations have thus been made on
structure formation of chain molecules, little is known abo
the detailed mechanisms of the structure formation of ch
moleculesat the molecular level.

Computer simulation is one of the powerful tools f
investigating the mechanisms of the structure formation p
cess at the molecular level. Over the last decade, sev
molecular dynamics~MD! simulations have been performe
on structure formation of an isolated crystalline polym
chain in order to examine the primary nucleati
process.22–26Kavassaliset al. carried out MD simulations of
the folding process of a polyethylene chain from an all-trans
conformation and rotational isomeric state conformation
low the equilibrium melting temperature.22,23 Fujiwara and

a!Electronic mail: fujiwara@toki.theory.nifs.ac.jp
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Sato studied the formation process of the orientationally
dered structure of a single polymer chain from a rand
configuration by gradual stepwise cooling.24 The relaxation
of a fully extended polyethylene chain was investigated
Liao and Jin.25 They found that the relaxation proceeds
three stages when a chain has more than 1200 methy
groups. Iwata and Sato performed MD simulations on
melting and crystallization processes of a single polym
chain and analyzed chain movement in the crystallizat
process.26 Computer simulation has also been done on
coil–globule transition27–31 and the relaxation32,33 of an iso-
lated single polymer chain. Atomistic MD simulations o
atactic poly~vinyl chloride! have been performed in order t
study the collapse of amorphous polymer chains.27 The ther-
modynamics of an isolated single homopolymer chain
been investigated using a lattice Monte Carlo~MC!
simulation28 and an off-lattice MC simulation.29–31 The re-
laxation modes and rates of a single polymer chain h
been studied by MC simulations32 and MD simulations.33

The purpose of this paper is to clarify the mechanisms
structure formation of polymer chainsat the molecular level.
In particular, our concern is to investigate the structure f
mation process of a single polymer chain by cooling. To t
end, we carry out the MD simulations of a single polym
chain and analyze the formation process of the orientat
ally ordered structure during gradual stepwise cooling a
quenching.

In our previous paper24 we investigated the global orien
tational order and the conformational defects of a sin
polymer chain during gradual stepwise cooling. It was fou
from our previous simulations that the orientationally o
dered structure was formed from a random configuration
a gradual stepwise cooling and the global orientational or
5 © 2001 American Institute of Physics
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grew belowT5550 K. In this series of papers, we first di
cuss the growth process oftrans domains which physically
mean bunches of local orientationally orderedtrans seg-
ments. In the subsequent paper, we will investigate struc
and molecular motion during the structure formation proce
This paper is organized as follows. In Sec. II we give
detailed description of our simulation model and meth
Our simulation results by gradual stepwise cooling are p
sented in Sec. III and those by quenching in Sec. IV.
summary and discussion are given in Sec. V.

II. MODEL AND METHOD

The present computational model is the same as
used in the previous work on the structure formation o
single polymer chain.24 The model polymer chain consists o
a sequence of methylene (CH2) groups, which are treated a
united atoms. The mass of each methylene group is
g/mol. The united atoms interact via bonded potentials~bond
stretching, bond bending, and torsional potentials! and a non-
bonded potential~12-6 Lennard-Jones potential!. The atomic
force field used here is the DREIDING potential:34 ~i! the
bond-stretching potential

Vstretch~d!5 1
2kd~d2d0!2, ~1!

whered0 is the equilibrium bond length andd is the actual
bond length,~ii ! the bond-bending potential

Vbend~u!5 1
2ku~u2u0!2, ~2!

whereu0 is the equilibrium bond angle andu is the bond
angle between three adjacent atoms;~iii ! the torsional poten-
tial

Vtorsion~f!5 1
2kf@12cos~3f!#, ~3!

where f is the dihedral angle formed by four consecuti
atoms, and~iv! the 12-6 Lennard-Jones potential betwe
atoms separated by more than two bonds

VLJ~r !54eF S s

r D 12

2S s

r D 6G , ~4!

wherer is the distance between atoms. The values of all
potential parameters are listed in Table I.

The equations of motion for all atoms are solved nume
cally using the velocity Verlet algorithm35 and we apply the
Nosé–Hoover method in order to keep the temperature of
system constant.36–38The integration time step and the rela
ation constant for the heat bath variable are 1.0 fs and 0.1
respectively. The cutoff distance for the 12-6 Lennard-Jo

TABLE I. Potential energy parameters used in our simulation.a

Parameter Value Unit

d0 0.153 nm
u0 1.2310 rad
kd 70 000 kcal/nm2 mol
ku 100 kcal/rad2 mol
kf 2.0 kcal/mol
e 0.1984 kcal/mol
s 0.362 39 nm

aSee Ref. 34.
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potential is 10.5 Å. A single polymer chain with 500 met
ylene groups is exposed to vacuum and other molecules
as solvent molecules are not considered. The total linear
mentum and angular momentum are set to zero in orde
cancel overall translation and rotation of a polymer cha
The MD simulations are carried out as follows. At first, w
provide a random configuration of a single polymer cha
with 500 united atoms at high temperature (T5800 K). The
system is then cooled to lower temperature by the follow
cooling manners:~i! Gradual stepwise cooling. The system
cooled stepwise toT5100 K with the rate of 50 K/1 ns and
a simulation of 1 ns~13106 time steps! is carried out at each
temperature@Fig. 1~a!#. ~ii ! Quenching. The system i
quenched to a lower temperature and simulations of 15
~1.53107 time steps! are carried out for several quenchin
temperatures (T5200,250,...,550 K)@Fig. 1~b!#.

In the following sections, we describe, in detail, o
simulation results by gradual stepwise cooling~Sec. III! and
by quenching~Sec. IV!.

III. STRUCTURE FORMATION BY GRADUAL
STEPWISE COOLING

A. Formation process of global orientational order

In this subsection, we analyze the chain configurat
and the global orientational order in the process of struct
formation by gradual stepwise cooling.

1. Chain configuration

Snapshots of the final chain configuration at various te
peratures~T5800, 500, 400, and 100 K! are shown in Fig. 2.
Here we introduce the coordinate system with three princ
axes of inertia of a single polymer chain. In this coordina
system, the origin is located at the center-of-mass posit
the x axis is the principal axis with the largest moment
inertia, and thez axis is that with the smallest moment o
inertia. In this figure, top and bottom snapshots are, resp
tively, viewed along thez axis ~top view! and along the

FIG. 1. Schematic explanation of the cooling process:~a! gradual stepwise
cooling and~b! quenching.
 to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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6457J. Chem. Phys., Vol. 114, No. 14, 8 April 2001 Structure formation of a single polymer chain. I
direction perpendicular to thez axis ~side view!. Figure 2
indicates the following features:~i! At high temperature (T
5800 K), gauchestates are excited everywhere and a po
mer chain takes a random configuration.~ii ! At lower tem-
perature (T<400 K), the orientationally ordered structure
formed by gradual stepwise cooling and the global chang
the chain conformation is not recognized.~iii ! In the orien-
tationally ordered structure, thegaucheexcitations are lo-
cated exclusively in the fold surfaces.

2. Global orientational order parameter

In order to investigate the growth process of the glo
orientational order, we calculate the global orientational
der parameterP2 , which is defined by

P25 K 3 cos2 c21

2 L
bond

, ~5!

wherec is the angle between two chord vectors and^¯&bond

denotes the average over all pairs of chord vectors.
chord vector is defined as the vector formed by connec
centers of two adjacent bonds along the polymer chain.
parameterP2 takes a value of 1.0 when all chord vectors a
parallel and that of 0.0 when chord vectors are random
oriented. The temperature dependence of the global orie
tional order parameterP2 is plotted in Fig. 3. The time av
erage is taken during the last 0.8 ns for each tempera
The following features are found from this figure:~i! At high
temperature aboveT5550 K, the parameterP2 takes a value
near zero, which shows that there exists no global orie
tional order in this temperature region.~ii ! At temperature
lower thanT5550 K, P2 gradually increases as the tempe
ture decreases, which indicates that the global orientatio
order starts to grow belowT5550 K. ~iii ! At temperature
lower thanT5350 K, the growth rate of the orientationa
order becomes small. The reason for this is that, in this t
perature region, the global conformational change of
polymer chain ceases and only the local motion of uni
atoms with no global change takes place.

FIG. 2. Snapshots of the final chain configuration of a single polymer ch
at each temperature:T5800, 500, 400, and 100 K~from left to right! in the
case of gradual stepwise cooling. Top and bottom snapshots are, re
tively, viewed along thez axis ~top view! and along the direction perpen
dicular to thez axis ~side view!, where thez axis is defined as the principa
axis with the smallest moment of inertia.
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B. Microscopic analysis of the structure formation
process

In this subsection, we first examine the conformation
change and then analyze the parallel ordering process in
der to investigate, at the molecular level, the structure f
mation process by gradual stepwise cooling.

1. Conformational change

In order to investigate the conformational change,
examine the stretching of chain molecules. We define
trans state and thegauchestate byufu<p/3 andufu.p/3,
respectively, wheref is the dihedral angle. We calculate th
distribution of the size of thetranssegments, i.e., the numbe
of consecutivetransbondsntr . The distribution of the size of
the trans segmentsP(ntr) is normalized as

(
ntr51

N23

P~ntr!51, ~6!

where N is the number of atoms in a polymer chain~N
5500 in this work!. The distributionP(ntr) is shown in Fig.
4 at various temperatures. The time average is taken du
the last 50 ps for each temperature. AtT5800 K, P(ntr)
decreases exponentially with the increase of the sizentr @in-
set of Fig. 4~a!#. The reason for this exponential decrease
that, at high temperature, each bond takes thetrans state or
the gauchestate randomly; that is, there is no spatial cor
lation between thetrans state and thegauchestate. At T
5500 K, the fraction of the smalltrans segments withntr

,10 decreases while that of the largetrans segments with
ntr.10 increases@Fig. 4~b!#. As shown in Figs. 4~c! and
4~d!, a flat region appears betweenntr510 andntr520 atT
5450 K and extends tontr525 atT5400 K. When the tem-
perature is reduced toT5350 K, the flat region disappear
and another peak becomes visible aroundntr524, which re-
sults in a bimodal distribution@Fig. 4~e!#. At T5100 K, we
can see two peaks aroundntr52 andntr525, which are com-
pletely separated. This suggests that the orientationally
dered structure consists of two parts: fold surface and s
region. A peak aroundntr52 corresponds to thetrans seg-
ments in the fold surfaces and another peak aroundntr525
corresponds to those in the stem region.

in

ec-
FIG. 3. The global orientational order parameterP2 vs temperatureT in the
case of gradual stepwise cooling. Time average is taken during the las
ns.
 to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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In Fig. 5 we show, the average size of thetrans seg-
ments,ntr, which is defined by

ntr5 (
ntr51

N23

ntrP~ntr! ~7!

and satisfies 1<ntr<N23(5497), as a function of the in
verse temperature. The time average is taken during the
0.8 ns for each temperature. The average size of thetrans
segmentsntr corresponds to the persistence length, wh
should satisfy the following relation at high temperature:39

ntr}expS D«

kBTD , ~8!

where D« is the torsional energy difference between t
transand thegaucheconformations andkB is the Boltzmann

FIG. 4. The distribution of the size of thetrans segmentsP(ntr) averaged
during the last 50 ps:~a! at T5800 K, ~b! at T5500 K, ~c! at T5450 K, ~d!
at T5400 K, ~e! at T5350 K, and~f! at T5100 K in the case of gradua
stepwise cooling. The inset of~a! is plotted in a linear-log scale.

FIG. 5. The average size of thetrans segmentsntr vs inverse temperature
1/T in the case of gradual stepwise cooling. Time average is taken du
the last 0.8 ns. The dashed line represents the line fitted by Eq.~8! with
D«/kB'1.88 (kcal/mol).
Downloaded 04 Apr 2001 to 133.75.88.29. Redistribution subject
st

h

constant. As can be seen from Fig. 5, the data at high t
perature (T>400 K) are well fitted by Eq.~8! and the fitting
parameterD«/kB is estimated asD«/kB'1.88 (kcal/mol).
At low temperature ofT,400 K, on the other hand, the av
erage sizentr is almost constant because of the formation
the orientationally ordered structure.

2. Parallel ordering

We investigate, in this subsection, the parallel order
process. In order to measure the extent of the local orie
tional order, we need to introduce the concept of a ‘‘trans
domain,’’ which will physically mean a bunch of local ori
entationally orderedtranssegments which is formed throug
parallel ordering. Thetrans domain is an expansion of
‘‘domain’’ defined in the context of short chain–molecu
systems.40–44 Our precise definition of atrans domain is as
follows. Two trans segments,i and j, belong to the same
trans domain if the following three conditions are satisfied

~i! min
k,l

ur k
i 2r l

j u,r 0 ,

~ii ! min
k

~ ûi "r k
i !,ûi "r c

j ,max
k

~ ûi "r k
i !

or

min
k

~ ûj "r k
j !,ûj "r c

i ,max
k

~ ûj "r k
j !,

~iii ! a i j ,a0 ,

where r k
i is the position vector of thekth atom in thei th

trans segment,ûi is the unit vector directed along the prin
cipal axis with the smallest moment of inertia of thei th trans
segment,r c

i is the position vector of the center of mass of t
i th trans segment, anda i j , which satisfies 0<a i j <p/2, is
the angle between the principal axis with the smallest m
ment of inertia of thei th trans segment and that of thej th
trans segment. The first condition means that the shor
distance,di j between twotrans segments is relatively shor
@Fig. 6~a!#. The second condition indicates that the foot o
perpendicular drawn from the center of mass of thej th trans
segment to thei th trans segmentPi j stands on thei th trans

g

FIG. 6. ~a! Schematic illustration for the definition of a ‘‘transdomain.’’ di j

is the shortest distance between thei th trans segment and thej th trans
segment,Pi j is the foot of a perpendicular drawn from the center of mass
the j th transsegment to thei th transsegment, anda i j is the angle between
the principal axis with the smallest moment of inertia of thei th trans seg-
ment and that of thej th trans segment.~b! An example of twotrans seg-
ments that do not belong to the sametrans domain under the second con
dition.
 to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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segment, or vice versa@Fig. 6~a!#. Under this condition, two
transsegments shown in Fig. 6~b! do not belong to the sam
transdomain. The last condition shows that the directions
two trans segments are almost parallel. In our calculatio
we setr 051.5s anda0510°. We show, in Fig. 7, the tem
perature dependence of the largesttrans domain sizes. The
time average is taken during the last 0.8 ns for each temp
ture. AtT>550 K, only smalltransdomains whose sizes ar
smaller than 50 can be observed. AtT,550 K, the largest
trans domain sizes gradually increases with the decrease
temperature. AtT,350 K, s reaches about 400. This resu
together with the result in Sec. III A 2, leads to the conc
sion that both the global orientational order and the lo
orientational order growin a gradual mannerin the case of
gradual stepwise cooling.

We then calculate the number oftrans segments in the
largest trans domain,n(1) , and the averagetrans segment
size in the largesttrans domain,ntr

(1), in order to investigate
the growth process oftrans domains in detail. Note that th
relation s5n(1)3ntr

(1) holds. The time evolution ofP2 , s,
n(1), and ntr

(1) at T5400 K is plotted using the segment
average withDt55 ps in Fig. 8. From this figure, we find th

FIG. 7. The largesttrans domain sizes vs temperatureT in the case of
gradual stepwise cooling. Time average is taken during the last 0.8 ns

FIG. 8. The time evolution of:~a! P2 , ~b! s, ~c! n(1), and ~d! ntr
(1) at T

5400 K in the case of gradual stepwise cooling. Segmental average is t
with Dt55 ps.
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following features:~i! At T5400 K, both the global orienta
tional order and the local orientational order grow in
gradual manner@Figs. 8~a! and 8~b!#. ~ii ! The number of
trans segments in the largesttrans domain n(1) increases
more markedly than the averagetrans segment size in the
largest trans domain ntr

(1) @Figs. 8~c! and 8~d!#. This fact
indicates that the growth of the orientational order is mai
due to the increase ofn(1) ; that is, the orientational orde
grows through the incorporation of smalltrans domains and
the surroundingtranssegments into the largesttransdomain.

IV. STRUCTURE FORMATION BY QUENCHING

A. Formation process of global orientational order

In this subsection, we analyze the chain configurat
and the global orientational order in the process of struct
formation by quenching.

1. Chain configuration

Snapshots of the final chain configuration at various l
temperatures~T5400, 350, 300, and 250 K! are shown in
Fig. 9. This figure shows the following features:~i! The stem
length becomes shorter as the temperature decreases.~ii ! The
gaucheexcitations are located chiefly in the fold surfaces
in the case of gradual stepwise cooling.

2. Global orientational order parameter

We then calculate the global orientational order para
eter P2 defined by Eq.~5!. The temperature dependence
the global orientational order parameterP2 is shown in Fig.
10 in the case of quenching. The time average is taken
ing the last 10 ns for each temperature. This figure tells
the following features:~i! At high temperature aboveT
5500 K, the parameterP2 takes a value below 0.2, whic
means that the global orientation is almost random in t
temperature region.~ii ! At temperature lower thanT
5500 K, P2 increases with the decrease of temperature a
the case of gradual stepwise cooling~Sec. III A 2!. ~iii ! At
temperature lower thanT5400 K, P2 decreases gradually a

en

FIG. 9. Snapshots of the final chain configuration of a single polymer ch
at each temperature:T5400, 350, 300, and 250 K~from left to right! in the
case of quenching. Top and bottom snapshots are, respectively, vie
along thez axis ~top view! and along the direction perpendicular to thez
axis ~side view!.
 to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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the temperature decreases, which is in marked contrast to
temperature dependence ofP2 in the case of gradual step
wise cooling~Sec. III A 2!. This temperature dependence
probably caused by the fact that the polymer chain is ea
trapped in the metastable state at lower temperature.

We show, in Fig. 11, the time dependence of the glo
orientational order parameterP2 for various temperatures us
ing the segmental average withDt520 ps in the case o
quenching. AtT5500 K, we can see the clear transition b
tween the orientationally ordered state (P2.0.2) and the
randomly oriented state (P2,0.1) @Fig. 11~a!#. The similar
transition can be also observed atT5450 K @Fig. 11~b!#. At
T5400 K, the parameterP2 gradually increases up tot
'2.3 ns and is almost constant afterward@Fig. 11~c!#. When
the temperature isT5350 K, P2 takes a value smaller tha
0.2 up to t'2.5 ns. The parameterP2 increases sharply a
t'2.5 ns and reaches about 0.4 att'3.5 ns @Fig. 11~d!#.
Similar stepwise growth of the global orientational order c

FIG. 10. The global orientational order parameterP2 vs temperatureT in
the case of quenching. Time average is taken during the last 10 ns.

FIG. 11. The global orientational order parameterP2 vs time t: ~a! at T
5500 K, ~b! at T5450 K, ~c! at T5400 K, ~d! at T5350 K, ~e! at T
5300 K, and~f! at T5250 K in the case of quenching. Segmental avera
is taken withDt520 ps.
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also be seen att'11 ns forT5300 K and att'7.8 ns for
T5250 K @Figs. 11~e! and 11~f!#. This fact indicates that the
global orientational order growsin a stepwise mannerat
lower temperature in the case of quenching, which exhibi
striking contrast to the growth manner of the global orien
tional order in the case of gradual stepwise cooling~Sec.
III A 2 !. As we shall see later~Sec. IV B 2!, the main cause of
the stepwise increase ofP2 at T5300 K differs from that at
T5250 K.

B. Microscopic analysis of the structure formation
process

In this subsection, we first examine the conformation
change and then analyze the parallel ordering process a
molecular level during structure formation by quenching.

1. Conformational change

The distribution of the size of thetranssegmentsP(ntr)
is shown in Fig. 12 at various temperatures. The time av
age is taken during the last 1 ns for each temperature. AT
5500 K, P(ntr) decreases monotonically with the increa
of the sizentr @Fig. 12~a!#. At T5450 K, a flat region appear
betweenntr510 andntr520 @Fig. 12~b!#. At T<400 K, the
distribution becomes bimodal@Figs. 12~c!–12~f!#. It is found
from Figs. 12~c!–12~f! that the second peak position aroun
ntr520 becomes smaller as the temperature is reduced.
fact means that, as observed above~Sec. IV A 1!, the stem
length becomes shorter as the temperature decreases be
the second peak corresponds to thetrans segments in the
stem region.

The average size of thetrans segmentsntr is plotted in
Fig. 13. The time average is taken during the last 10 ns
each temperature. It is found from this figure that the data
T>400 K are well fitted by Eq.~8! with the fitting parameter
D«/kB'1.88 (kcal/mol). On the other hand, the average s
ntr is almost constant atT,400 K. These features are als
seen in the case of gradual stepwise cooling~Sec. III B 1!.

e

FIG. 12. The distribution of the size of thetrans segmentsP(ntr) averaged
during the last 1 ns:~a! at T5500 K, ~b! at T5450 K, ~c! at T5400 K, ~d!
at T5350 K, ~e! at T5300 K, and~f! at T5250 K in the case of quenching
 to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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2. Parallel ordering

In this subsection, we study the parallel ordering p
cess. We show, in Fig. 14, the time evolution of the larg
trans domain sizes at various temperatures using the se
mental average withDt520 ps. At T>450 K @Figs. 14~a!
and 14~b!#, the largesttrans domain sizes fluctuates greatly
in accordance with the temporal behavior of the global o
entational order parameterP2 @Figs. 11~a! and 11~b!#. When
the temperature isT5400 K, s gradually increases with th
elapse of time, reaches about 370 att'2.3 ns, and fluctuate
between 300 and 400 afterward@Fig. 14~c!#. At T5350 K
@Fig. 14~d!#, only small trans domains whose sizes ar
smaller than 100 can be seen up tot'2.5 ns. The larges
trans domain s sharply increases att'2.5 ns and reache
about 350 att'3.5 ns. The similar stepwise growth of th
largesttransdomain size can also be observed att'11 ns for
T5300 K @Fig. 14~e!#. At T5250 K, a clear change in th

FIG. 13. The average size of thetrans segmentsntr vs inverse temperature
1/T in the case of quenching. Time average is taken during the last 10
The dashed line represents the line fitted by Eq.~8! with D«/kB

'1.88 (kcal/mol).

FIG. 14. The largesttrans domain sizes vs time t: ~a! at T5500 K, ~b! at
T5450 K, ~c! at T5400 K, ~d! at T5350 K, ~e! at T5300 K, and~f! at
T5250 K in the case of quenching. Segmental average is taken withDt
520 ps.
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largesttrans domain size cannot be recognized att'7.8 ns
@Fig. 14~f!# while the stepwise growth of the global orienta-
tional order can be observed att'7.8 ns@Fig. 11~f!#.

We show the time evolution ofP2 , s, n(1), andntr
(1) at

T5300 K andT5250 K using the segmental average with
Dt520 ps in Figs. 15 and 16, respectively. Figure 15 tells u
that, atT5300 K, both the global orientational order and the
local orientational order grow in a stepwise fashion att
'11 ns@Figs. 15~a! and 15~b!#. It is found from Fig. 15 that
the growth of the orientational order is due to the increase o
n(1) as in the case of gradual stepwise cooling~Fig. 8!. It is
ascertained that the stepwise growth of the orientational o
der atT5350 K is also due to the stepwise increase ofn(1) .
From Fig. 16, we find the following features atT5250 K: ~i!
The global orientational order parameterP2 increases
sharply att'7.8 ns@Fig. 16~a!#. On the other hand, a marked
change in the largesttransdomain sizes cannot be observed
at t'7.8 ns@Fig. 16~a!#. ~ii ! The growth of the global orien-
tational order is due to the increase of the averagetrans

s.
FIG. 15. The time evolution of~a! P2 , ~b! s, ~c! n(1), and ~d! ntr

(1) at T
5300 K in the case of quenching. Segmental average is taken withDt
520 ps.

FIG. 16. The time evolution of~a! P2 , ~b! s, ~c! n(1), and ~d! ntr
(1) at T

5250 K in the case of quenching. Segmental average is taken withDt
520 ps.
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segment size in the largesttrans domain,ntr
(1). This means

that, atT5250 K, the growth of the orientational order is n
caused by the incorporation of smalltrans domains and the
surroundingtranssegments into the largesttransdomain but
by the elongation of thetrans segments in the largesttrans
domain.

V. SUMMARY AND DISCUSSION

In this paper, we have carried out MD simulation of
single polymer chain with 500 methylene groups. By inve
tigating the growth process of the global orientational or
and making a microscopic analysis of the structure forma
process, the following results have been obtained:

~i! The orientationally ordered structure is formed a
low temperature by gradual stepwise cooling or by quen
ing from a random configuration at a higher temperature

~ii ! The global orientational order growsin a gradual
mannerin the case of gradual stepwise cooling, wherea
grows in a stepwise mannerin the case of quenching.

~iii ! In the case of gradual stepwise cooling, the glo
orientational order starts to grow atT5550 K and the orien-
tationally ordered structure is formed atT5400 K. At T
5400 K, the global orientational order grows gradua
through the incorporation of smalltrans domains and the
surroundingtrans segments into the largesttrans domain.

~iv! In the case of quenching, the orientationally order
structure is formed atT<400 K. At T<400 K, the global
orientational order grows in a stepwise fashion in contras
the case of gradual stepwise cooling. The growth of the
entational order is mainly due to the incorporation of sm
trans domains and the surroundingtrans segments into the
largesttrans domain atT5350 andT5300 K, whereas it is
caused by the elongation of thetranssegments in the larges
trans domain atT5250 K.

The result that the global orientational order grows in
stepwise fashion in the case of quenching can be interpr
in the following way. In the case of quenching, the syst
tends to be trapped in a metastable state, which corresp
to less orientationally ordered structure and stays in
metastable state for some duration. Once the system fin
path to another metastable state, it makes a sudden trans
from the original metastable state to another metastable
through the path.

Here we discuss structure formation of a single polym
chain from the energetic point of view. Let us imagine
polymer chain in the all-transconformation. When the poly
mer chain folds, the Lennard-Jones potential energyELJ de-
creases, whereas the bonded potential energyEb increases.
For the folded orientationally ordered structure to be form
the total potential energyEtot should be smaller than that o
the all-trans conformation. In Fig. 17, we show potentia
energies,Eb , ELJ , andEtot , as a function of temperature i
the case of gradual stepwise cooling. Time average is ta
during the last 0.8 ns. It is found from Fig. 17~a! that both
the bonded potential energy and the Lennard-Jones pote
energy decrease as the temperature decreases. Figure~b!
tells us that the total potential energy becomes smaller t
that of the all-trans conformation @a broken line in Fig.
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17~b!# below about 400 K. This suggests that the transit
into the orientationally ordered structure takes place aro
T5400 K, which is consistent with the above third resu
~iii !.

Incidentally, a hypothetical grand view of sel
organization is proposed by one of the authors~T.S.! on the
basis of extensive computer simulations on plasmas.45–48Ac-
cording to this grand view, when a system is driven far fro
equilibrium, it will evolve to a more stable statein a stepwise
fashion, irrespective of the types of particle interactions. O
simulation result that the orientational order growsin a step-
wise fashionin the case of quenching lends support to th
hypothetical grand view of self-organization.

In a subsequent paper, we will study structure and m
lecular motion during the structure formation process. F
future work, we will carry out MD simulation of a single
polymer chain in solution in order to investigate the effect
solvent molecules on the structure formation of a sin
polymer chain.
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