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Molecular dynamics simulations are carried out to study the structure formation of 100 short chain
molecules, each of which consists of 20 Citoups. Our simulations show that the orientationally
ordered structure is formed from a random configuration by quenching. The global orientational
order starts to increase suddenly after a certain duration and grow in a stepwise fashion afterwards.
This behavior is also found in the growth process of the local orientationally-ordered domains. It is
found from the microscopic analysis of the structure formation process, that parallel ordering of
chain molecules starts to occur after the chain molecules stretch to some extent. From the analysis
of the obtained orientationally ordered structure and the molecular mobility, we also find the
following characteristic feature¢i) The chain molecules are packed hexagonally at 400 K and the
transition from the hexagonal phase toward the orthorhombic phase takes place as the temperature
decreasegii) Thegauchebonds in the same chain molecule tend to fgauchepairs. Thegauche

pairs with the same sign form the doulgjauchedefects and those with the opposite sign form the

kink defectsiii) In the hexagonal phase, the chain molecules become longitudinally mobile. This
result, which is obtained by the microscopic analysis of the chain motion, is the microscopic
evidence to confirm the existence of the chain sliding diffusion in the hexagonal phase which
underlies the sliding diffusion theory of polymer crystallization proposed by Hikodddgmer28,
1257(1987; 31, 458(1990]. © 1999 American Institute of PhysidsS0021-960609)50118-9

I. INTRODUCTION It is well known that surface structures of chain mol-
ecules play crucial roles in determining physical properties,
Structure formation of chain molecules, such assuch as adhesion and wetting. Therefore molecular simula-
n-alkanes and polyethylene chains, is a very interesting retion studies of chain-molecule systems with free surfaces are
search topic in physics, chemistry, and biology and has atyery important from the viewpoints both of chemical physics
tracted the attention of many researchers. Since chain moand of engineering. Although several simulation studies of
ecules have many internal degrees of freedom, structureystems with free surfaces have been made on the structure
formation proceeds in a complex fashion. Intensive experiformation, little is known about the detailed molecular mo-
mental studies have been made on various structure formaon during the structure formation.
tion processes of chain molecules, such as crystallization of In our previous papers, we have performed the molecu-
polymers~**and surface freezing of oligomel%:1*The pri-  lar dynamics(MD) simulations of short chain-molecule sys-
mary nucleation in the early stages of crystallization oftems with free surface<:?2 It was found from our simula-
polyethylené™> and polyethylene terephthalafe™ has tions that the orientationally ordered structure is formed at
been investigated by various time-resolved measurementpw temperature by a sudden cooling from a random con-
Wu et al. discovered the surface freezing phenomenon irfiguration at high temperature and that the formation of the
n-alkane$*~**>and n-alcohols® by x-ray scattering and sur- orientational order proceeds in a stepwise fashion. The pur-
face tension measurements. Surface freezing is an interestipgse of this paper is to clarify the dynamical processes of the
phenomenon that an ordered monolayer is formed on the frestructure formation of short chain molecul@scroscopically
surface of a liquid above its bulk freezing point. and analyze the molecular mobility and the conformational
Although considerable experimental investigations havelefects in the obtained orientationally-ordered structure.
thus been made, it seems difficult to observe the detailedvith a view to investigating the structure formation pro-
mechanisms of the structure formation of polymer chaihs cesses microscopically, we carry out the MD simulation of
the molecular leveby the present experimental techniques100 short chain molecules and analyze the growth process of
only. Computer simulation is one of the strongest tools forthe orientational order. This paper is organized as follows. In
investigating the molecular process of the structure formaSec. Il we give a detailed description of our simulation
tion. Over the last decade, several computer simulation studnodel and method. Our simulation results are presented in
ies have been done on primary nucleation of a single polySec. Ill. Summary and discussion are given in Sec. IV.
mer chaint’"!° structure formation of short chain

molecule€®~23 surface ordering in liquich-alkane* and ! MODEL AND METHOD

secondary nucleation on a growth surface of a polymer The present computational model is the same as that
crystal?>:2® used in the previous works on the structure formation of
0021-9606/99/110(19)/9757/8/$15.00 9757 © 1999 American Institute of Physics
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TABLE |. Potential energy parameters used in our simulation.

t =200 ps t = 2000 ps

Parameter Value Unit z
<5
do 0.153 nm >~
06 1.2310 rad &

Kq 70000 kcal/nnf-mol

Ky 100 kcal/rad-mol

Kg 2.0 kcal/mol

€ 0.1984 kcal/mol 2
- 0.36239 nm =2
L
%Reference 27. -u%

. 22 . FIG. 1. Snapshots of the chain configuration of 100 short chain molecules at
short chain molecules:??> The model chain molecule con- yarious timest=1, 200, and 2000 pérom left to righy for T=400 K. Top

sists of a sequence of GHgroups, which are treated as and bottom figures are, respectively, viewed alongctheis (top view) and
united atoms. The mass of each Cgtoup is 14 g/mol. The theb axis (side view.

united atoms interact via the bonded potentigiond-
stretching, bond-bending, and torsional potentiasd the
van der Waals nonbonded potentiaR-6 Lennard-Jones po-
tentia). The atomic force field used here is th&EIDING
potential?’ (i) the bond-stretching potential,

carried out in order to equilibrate the systenirat 700 K, it

is then quenched t®=400 K and subsequently it is cooled
stepwise tol' =100 K by 100 degrees. A simulation of 2 ns
(2x 10° time stepsis performed at each temperature.

Vatrerch d) = 3 Kg(d—do)?, (1) In the following section, we describe our simulation re-
whered, is the equilibrium bond length andlis the actual sults in detail. To begin _vvith, we investigate the formation
bond lengthyii) the bond-bending potential, process of the global orientational ordé@ec. Il A). Then

. 5 the microscopic analysis of the structure formation processes

Vbend 0) = 2Ko(6— 60)*, (2 is made(Sec. Il B). Finally we study the molecular mobility

where 6, is the equilibrium bond angle and is the bond and the conformational defects in the obtained
angle between three adjacent atofiis) the torsional poten- Orientationally-ordered structurSec. 111 C.
tial,

Viorsio ¢) = 2k,[1—cog3¢)], (3 . RESULTS

where ¢ is the dihedral angle formed by four consecutive o, Formation process of global orientational order
atoms, and(iv) the 12-6 Lennard-Jones potential between
atoms separated by more than two bonds along the sanie Chain configuration

chain and between atoms in different chains,
o\12 ()6
(? —(?) ) 4 a, b, and c axes, respectively correspond to the crystallo-
graphica, b, andc axes in the orthorhombic system and are

wherer is the distance between atoms. The values of all thejetermined by the inner 37 chaingig. 2 after the
potential parameters are listed in Table I. We use the generigrientationally-ordered structure is form&dFigure 1 indi-
force field, DREIDING, because we intend to systematically cates the following featuresi) In the early time (=1 ps,
investigate the structure formation process of long polymethe chain molecules take mndom configuration. (i) As
chains as well as short chain molecules although the accyime elapses, growth of the local orientationally-ordered do-
racy for specific molecules becomes low. The equations ofnains is observed in several positiorts=Q00 p3. (iii) At
motion are solved numerically using the velocity version ofjast, several domains coalesce into a large domain and a
the Verlet algorithr® and apply the NoseHoover method  highly ordered structure is formed= 2000 p3. In the or-
in order to keep the temperature of the system condtaht. dered structure, almost all the bonds are in ttia@s state.
The integration time step and the relaxation constant for the  we show, in Fig. 2, the center-of-mass positions of in-
heat bath variable are 1.0 fs and 0.1 ps, respectively. Thgividual chain molecules averaged between 1500 and 2000
cutoff distance for the 12-6 Lennard-Jones potential is 10.5s for T=400 K. The calculated lattice constamtandb are
A. One hundred chain molecules, each of which consists Qfespective|ya: 0.750 nm anb=0.433 nm. Therefore the
20 CH, groups, are placed in a vacuum and other moleculegatio a/b is calculated as/b=1.733~ /3, which indicates

such as solvent molecules are not considered. The total Menat chain molecules are packed hexagonall§ 00 K.
mentum and the total angular momentum are taken to be

zero in order to cancel overall translation and rotation of ) )

chain molecules. The MD simulations are carried out by the?- Global orientational order parameter

following procedure. At first, we provide a random configu- In order to investigate the growth process of the global
ration of 100 short chain molecules at high temperatdre ( orientational order, we calculate the global orientational or-
=700 K). After a simulation of 100 ps (fOtime stepsis  der parameteP,, which is defined by

Snapshots of the chain configuration are shown in Fig. 1

at various timest(=1, 200, and 2000 pdor T=400 K. The
VLJ(r)=4€
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B. Microscopic analysis of the structure formation
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aaxis (nm) c axis (nm) 1. Conformational change

FIG. 2. The center-of-mass positions of individual chain molecules viewed ~ IN Order to investigate the structure formation process at
along thea, b, and ¢ axes averaged between 1500 and 2000 psTfor the molecular level, we first examine how the conformational
=400 K. The lattice constansandb area=0.750 nm and=0.433 nm, change takes place. In Fig. 4, we show the time dependence

respectively. Hexagons are depicted in order to show a hexagonal packi :
of the chain molecules. A figure in each shell represents a shell nlebern(gf the fraction of thetrans states Kd)' <7/3), Prans, at T

Thea, b, andc axes are determined by the central 37 chains within a thick =400 K. This figure tells us thayansincreases logarithmi- .
hexagon. cally up tot=350 ps and is almost constant afterwards. It is

found that the fraction of thérans states increases even in
the duration when the global orientational order does not
3co€ y—1 exist (see Fig. 3. - .
P,= < —> ' (5) We then calculate the distribution of the size of ttens
2 bond segments, i.e., the number of consecutramsbondsn,, in

where ¢ is the angle between two sub-bond vectors anoo_rde_r to_ investigate_ the stretching of chain mole_cules. The
(---Yponadenotes the average over all pairs of sub-bonds. Th@stribution of the size of thérans segmentsP(ny) is nor-
sub-bond vector is the vector formed by connecting centergqal'Z(':'d as

of two adjacent bonds along the same chain. The parameter n—3

P, takes a value of 1.0 when all sub-bonds are parallel and E P(ny) =1, (6)
that of 0.0 when sub-bonds are randomly oriented. We show "t~

the time dependence of the global orientational order paramwheren is the number of united atoms per chain molecule
eterP, in Fig. 3. Up tot=150 ps, the parametét, takes a (n=20 in this work. The distributionP(n,) is shown in
value near zero, which means that there is no global orienFig. 5 at various times foT =400 K. Att=0 ps, P(ny)
tational order in this time region. After=150 ps,P, in-  decreases with the increase of the sigeand almost all the
creases sharply, which indicates that the global orientationatans segments are smalP(n,>10)~0. With the elapse of
order starts to grow suddenly after a certain duration. Thigime, the fraction of therans segments with large,, in-
fact is also found in the MD simulation of a bulk short chain- creases while that with smatfi, decreasest& 10, 20, and
molecule systerf® 100 p3s. At t=200 ps, the fraction of thigeans segments with
n,<16 becomes small an®(n,=17), which meansall-
trans conformation, reaches about 0.4. &t 2000 ps, the
distribution P(n,=17) exceeds 0.7, which indicates that

—

N most chain molecules are in tfadl-trans conformation. We

w 08 show, in Fig. 6, the average size of ttrans segmentsn,,,

8 L .

% which is defined by

g 0.6 n-3

g —

g 04+ Ny= nz_l NP (Ny), )

!5 tr—

% 02 and satisfies £n,<n—3(=17), as a function of time at

0 T=400 K. The average size, starts to increase sharply at
%01 0'1 1 t~70 ps and becomes almost constant afteB50 ps. By

making a comparison between the time evolutionPgf,,s
(Fig. 4) and that ofn,, (Fig. 6), it is clearly found that at first
FIG. 3. The global orientational order parame®ervs timet at T=400 K. the transition from thegyauchestate to therans state takes

time ¢ (ns)
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TABLE Il. The average number ofjauchebondsng, isolatedgauche

1 ————r—T—T ————r——T—TT
08 | (@)1=0 ps ] [ ®#=10ps ] bondsn,g, and their ration,g /ng in each time interval af =400 K.
306 | 1t ) Time (ps) Ng Nig Nic/ng
04t
[ ] 0~500 73.87 25.39 0.344
02 ﬂ'h_l_hm [ 500~1000 20.23 17.92 0.613
0 Hn e e 1000~1500 25.37 16.64 0.656
[ pronrasaasananaaas i pronranannt i 1500~2000 2376 15.92 0.670
0.8 I 1
<06
X
A 04

latedgauchebonds. The isolategauchebond can be defined

02} 1t 1
[, N I‘I"I—n—.—.-m—...-m_.-rr-v-ﬂ as the onlygauchebond that a chain molecule possesses.

(1) T T The average number @fauchebondsng, isolatedgauche
0g [ @ =200 P ] (=200 ps bondsn,g, and their ration,g/ng for several time intervals
~06 | 11 are shown in Table Il afl=400 K. In the initial time region
50_4 [ 11 (t=0~500 p3, about one-third of thgauchebonds are the
02 | l i [ isolated ones. As time elapses, the ratig/ng increases
I (i e S i e o v.vhereas.the total number g&uchebondsn(; reduces..lnthe
02 46 810121416180 2 4 6 8 1012 14 16 18 time region oft=1500~2000 ps, the ratio of the isolated
i e gauchebonds to the totafjauchebonds reaches two-thirds,
which indicates that most of thgauchebonds are isolated.
FIG. 5. The distribution of the size of thieans segmentsP(n,) for T In order to investigate the intrachain spatial correlation

=400 Kfat various times(a) 0 ps, (b) 10 ps, () 20 ps,(d) 100 ps,() 200 of gauchebonds, we calculate the pair distribution function
s, and(f) 2000 ps. of gauchebondsp(m), wherem is the bond separation, that
is, m—1 represents the number of bonds present between the

place and after that the stretching of chain molecules starts @2uchepairs. The pair distribution functiop(m) is normal-
proceed. Judging from the fact that the chain moleculezed as

stretch in the duration when no global orientational order  n-4

exists, it is concluded that growth of tletrachain orienta- > p(m)=1. (8)

tional order, i.e., the stretching of chain molecules, starts to  ™=1

proceed prior to that of thénterchain orientational order, Thegauchebonds can be classified ag org according to
i.e., parallel ordering. This is ascertained again in the latefjyhether¢> /3 or ¢< — x/3. The distributionp(m) con-
subsectionSec. 1l1B 3. Therefore we may say that parallel sists of two parts: the contribution from ttgauchepairs
alignment of chain molecules is triggered off by the stretch-with the same signp, (m), and that from theyauchepairs
ing of them. This finding is also observed in experiments ofwith the opposite sigrp_(m). The distributionp(m) is then
long chain molecules such as polyethyl&feand polyeth-  calculated by the sum of these two contributiomgm)

ylene terephthalajé—? =p_,(m)+p_(m). The pair distribution function®. (m)
are shown in Fig. 7 at various times for=400 K. In the
2. Spatial distribution of gauche bonds initial time region ¢=0~50 p9, no clear distinction can be

In this subsection, we nstudy the spatial distribution of
gauchebonds (¢|> w/3). Before discussing the spatial dis-
tribution of gauchebonds, we calculate the number of iso-

0.2 T T T T T
(a) =0~ 50 ps (b) =200 ~ 250 ps
__O15F 1t ]
; g

18 i
d 01
& 005}
E
2 0
s 02 v v T

& = (c) r=250 ~ 300 ps
s L ]
,g 0.15 s o
< 01 F
=
‘'z
2005 +
) ) 0 L i oo N
4o o1 0 0 5 10 15 0 5 10 15
: . bond separation m bond separation m
time ¢ (ns)
) _ ) FIG. 7. The pair distribution functiop..(m) vs bond separatiom for T
FIG. 6. The average size of tlens segments, vs timet at T=400 K. =400 K at various time intervalsta) 0~50 ps, (b) 200~250 ps, (c)
The dashed line represents the upper limingf 250~300 ps, andd) 1950~2000 ps.
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FIG. 8. The largest domain sizevs timet at T=400 K.
() T=300K

observed betweep,(m) andp_(m), and both of them de-
crease monotonically with the increase of the bond separa-
tion m [Fig. 7(a)]. There is no appreciable difference be-
tweenp,(m) andp_(m) also in the time region of=200
~250 ps, but the contributions froom=1 andm=2 be-
come prominent[Fig. 7(b)]. In the next time region t(
=250~300 p3, notable difference betweep,(m) and
p_(m) can be seen fom=1 andm=2 [Fig. 7(c)]. Form

=1, the contribution from thgauchepairs with the same
sign becomes marked. On the other hand, that from the
gauchebonds with the opposite sign is dominant for=2. r (nm)

In the time region oft=1950~2000 ps, the contributions g, 9. The 2D radial distribution functiog,u(r) averaged between 1500
from m=1 andm=2 become more and more conspicuousand 2000 ps at various temperaturé®: T=100 K, (b) T=200 K, (c) T

and those fronm=3,p.(m=3), are all small[Fig. 7(d)]. = =300 K, and(d) T=400 K.

This fact indicates that thgauchebonds tend to form small

clusters. The fact that the contribution from tigauche afterwards. A comparison made between the time evolution
bonds with thesamesign is remarkable fom=1 is in a  of n, (Fig. 6) and that ofs (Fig. 8 shows that parallel or-
striking contrast to the MD simulation results of a polymeth-dering of chain molecules starts to occur after the stretching
ylene chain confined in cylindrical potentials by Yamamotoof chain molecules proceeds to some extent.

et al, where the contribution frorm=1 is very small for the

gauchebonds both with thesamesign and with theopposite  C. Molecular mobility and conformational defects in

sign®? They treated the system without free surfaces in theithe orientationally ordered structure

simulation. In our simulation, on the other hand, the systeml. Orientationally ordered structure

with free surfaces are dealt with. As we shall see léS&c. Here, we study the orientationally ordered structure at
lIC3), the contribution from thegauchebonds with the  various temperatures. With a view to investigating the man-
samesign form=1 mainly stems from the bonds on the free ner of lateral packing, we first calculate the two-dimensional
surface, that is, the end bonds in the outermost shell. (2D) radial distribution function for the center-of-mass posi-
tions of chain molecules in the-b plane. The 2D radial
distribution function g,p(r) averaged between 1500 and
We investigate, in this subsection, the parallel ordering2000 ps is shown in Fig. 9 at various temperatures.TAt
process. We first introduce the concept of dofnail’ as a =200 K, no remarkable difference can be found among the
bunch of local orientationally-ordered chain moleculesprofiles ofg,p(r). At T=100 K, the first peak splits into two
which is formed through parallel orderid@:?>A domain is  peaks and an additional peak appears between the second
defined in the following way. Two chain molecules belong toand the third peaks. The reason for this is that the equiva-
the same domain if the following two conditions are satis-lence between the direction of tleeaxis and that of thd
fied: (i) [re—rt|<ro, and(ii) aj;<ag, wherer, is the posi- axis breaks down as a result of the transition from the hex-
tion vector of the center-of-mass of tlign chain molecule agonal phase toward the orthorhombic phase. We then cal-
and «;; , which satisfies & a;;</2, is the angle between culate the lattice constants at various temperatures from the
the principal axis with the smallest moment of inertia of thesimulation data of the center-of-mass positions of chain mol-
ith chain and that of thgth chain. In our calculations, we set ecules between 1500 and 2000 ps. In Fig. 10, the lattice
ro=1.50 anday=10°. We show, in Fig. 8, the time evolu- constants, b, and their ratica/b are plotted as a function of
tion of the largest domain size at T=400 K. Up tot temperature. Figures &) and 1@b) indicates that the pa-
~120 ps, only small domains whose sizes are smaller tharametera decreases with the decrease of temperature while
10 can be observed. The largest domain siztarts to in- the parameteb stays almost constant compared with the
crease sharply dt=120 ps and grows in a stepwise fashion variation ofa in this temperature region. From Fig. (£D it

2D radial distribution function g,5(r)

a1
e

(d) T=400K

S = N WA O = N WA O =N WA O = DNW AN
T T T LI S |

|

(=]

3. Parallel ordering
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FIG. 10. Lattice constant®) a, (b) b, and(c) the ratioa/b vs temperature
T. A dashed line inc) indicates the hexagonal valus.

is found that chain molecules are packed hexagonally at

=400 K as mentioned abovésee Fig. 2. The ratioa/b

decreases as the temperature decreases, which indicates t

S. Fujiwara and T. Sato

v central chain
.

" (b)

L L
[\ Kot

shell number /

FIG. 11. Average fluctuation@) along thea axis Aa, (b) along theb axis
Ab, and(c) along thec axis Ac vs shell numbet at various temperatures.
A dashed line if(c) indicatesc/2, wherec is the equilibrium lattice constant
along thec axis.

11(a) and 11b)]. At T=400 K, the average longitudinal
Ilé?tuation Ac reaches about seven times the value of the

the change from the hexagonal phase toward the orthorhondverage transverse fluctuatiara or Ab. A dramatic in-

bic phase takes place as the temperature decreases.

2. Translational motion

crease in the longitudinal chain motion is also observed in
the pseudohexagonaR() rotator phase of the-alkane tri-
cosane by Ryckaeet al®*3*|t is also found that both the
transverse fluctuation and the longitudinal fluctuation in-

In this subsection, we investigate the translational mocrease remarkably in the outer three shellls 4~6) while
tion of chain molecules at various temperatures. In order t@hey stay almost constant in the inner shells 0~ 3). This
measure the extent of the translational motion, we define th%su't indicates that the chain molecules have much mob|||ty

average fluctuations along individual axes in each dhad

1 ) 1/2
Aa(l):{mel—thshelln_l«ac _<ac>) >} , (9)

1 ) 1/2
Ab(l):{mel%mhelln_l«bc _<bc>) >} , (10)

1 ) 1/2
AC(I):[melthshelln_l«CC _<CC>) >} , (11)

wherer'=(ag' by ,cg’

in a few shells on the free surface. A=300 K, the average
longitudinal fluctuatiom c in the inner shells is smaller than
c/2(=dgycos@y2)~0.125 nm, wherec is the equilibrium
lattice constant along theaxis. On the other hand, the fluc-
tuationAc becomes larger thari2 even in the inner shells at
T=400 K. Itis quite understandable that the chain molecules
can easily move in the longitudinal direction when the aver-
age longitudinal fluctuatiom\c exceedsc/2. Considering
that the chain molecules are packed hexagonally, we come to
the conclusion that the chain molecules become longitudi-

¢) is the position vector of the center nally mobile in the case of hexagonal packing.
of mass of thanth chain moleculen, denotes the number of

chain molecules involved in tHeh shell,(---) represents the 3. Conformational defects
time average between 1500 and 2000 ps, and the zeroth shell As mentioned in Sec. IlIB2 above, the contributions
means the central chain. In Fig. 11, we show the averagfom the gauchepairs with the same sign fon=1,p, (1),

fluctuationsAa, Ab, andAc as a function of the shell num-

and from those with the opposite sign for=2,p_(2), are

ber | at various temperatures. This figure tells us that theboth remarkable. We here investigate what types of confor-
longitudinal chain motion increases dramatically as the temmational defects contribute significantly tp, (1) and
perature increaséfig. 11(c)] while the transverse chain mo- p_(2). Before calculating the fraction of several types of

tion is not so sensitive to the temperature variatifigs.

conformational defects which contribute tp, (1) and
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TABLE Ill. Explanation of four types of conformational defects: double P(np,]) (a)
gauche triple gauche kink, and coupled kink. In the column of “Ex-

ample,” t and ¢ denote therans and thegauchestates, respectively. 0.06
Type Symbol Example 0.04
Double gauche DG1 -tgtg't--., oo tgTgte--
DG2 .tgtgte- 0.02 1
Triple gauche TG1 -tggfgtt-., --tgggt- 1
TG2 etgigig it - otgTggt 0 =
TG3 ---tg*gg*t---, ---tggTg Tt 1 34
Kink K S tgtgt - se g ol
Coupled kink CK ..-tg'tgTtgtt-- -, - -tgTtgTtgt- - - b
P(np,l) ®
p_(2), weprescribe the types of conformational defects. We '
define the following four types of conformational defects: 0.06 J
double gauche triple gauche kink, and coupled kink. De-
. . : : 0.04 |
tails of these conformational defects are explained in Table
[ll. The symbols DG1 and DG2, respectively denote double
- ; 0.02 A
gauchedefects composed of trgauchepairs with thesame
sign and with theoppositesign. Triple gauchedefects are } I?
classified into three groups: TG1, TG2, and TG3. Among 0 1 43
these conformational defects, DG1, TG1, and TG2 contrib- 56 7 3 0 !
ute top, (1) and TG2, K, and CK tep_(2). Weshow, in "D

Fig. 12, the average fraction of the conformational defect$!G. 13. The average spatial distribution functiBinp ) between 1500

between 1500 and 2000 ps which contributepto(1) and and 2000 ps as a function of; and| (a) for DG1 and(b) for K at T
o . =400 K.

p_(2) atT=400 K. This figure tells us that trgauchepairs

with the same Sign tend to form the dou@auchedefects our Case' and ngax is the maximum defect numbenmax

(DG1) and those with the opposite sign tend to form the kink= 16 for DG1, anch]®= 15 for K). Note that the conforma-
defects(K). The latter result is also observed in the above+jona| defects withnp=1 andny=n%* correspond to the

; ; ; 32 e DD .
mentioned MD simulation by Yamamott al: end defects. The spatial distribution functiinp,|) aver-

We then study the spatial distribution of the doubleaged between 1500 and 2000 ps is shown in Fig. 13 as a
gauchedefects(DG1) and the kink defect§K). The spatial  fynction ofng andl for DG1, and K aff =400 K. It is found

distribution functionP(np 1) is normalized as from Fig. 13a) that the doublegauchedefects(DG1) are
amex predominantly located at the chain ends in the outermost
S ZP(np,h)=1, (12) shell. This can be understood in the following way. When
np=1 (=0 N the doublegauchedefects(DG1) are located in the chain

wherenp denotes the defect number along the chain mol_lnterlors, chain molecules are prevented from packing later-

. A ally because of large deformation of chain molecules. Thus
ecule] ma represents the maximum shell numbgf4=6 in the energy loss due to the doulgauchedefects(DG1) lo-

cated in the chain interiors becomes large. When the defects
are located in the outermost shell, the energy loss due to the

1 appearance of the defed®G1) is considered to be small
(a) (b) since the outermost shell is a free surface where the con-
08 b — 1L ] straint by surrounding chain molecules is weak. Therefore
the doublegauchedefects(DG1) tend to locate at the chain
ends in the outermost shell. Figure(iBtells us that most of
£ 06 1 10 the kink defects are located in the outermost shell. In contrast
9 to the doublegauchedefects(DG1), the kink defects does
04| ir T not give rise to serious deformation of chain molecules even
; in the chain interiors. Therefore the energy loss is small even
02+ it 4 though the kink defects are located in the chain interiors.
IV. SUMMARY AND DISCUSSION
o 0 S

In this paper, we have carried out MD simulations of
short chain-molecule systems with free surfaces. By analyz-
types of conformational defects ing the microscopic processes of the structure formation and
FIG. 12. The fraction of the conformational defects averaged between 15051vestlg§\tlng the m,OIeCUIa_r moplhty and the conformational
and 2000 ps which contribut@) to p, (1) and(b) to p_(2) atT=400 k.  defects in the obtained orientationally-ordered structure, the
Symbols such as DG1 and TG1 are explained in Table IIl. following results have been obtained:

DG1 TGl TG2 K CK TG2

Downloaded 04 Apr 2001 to 133.75.88.29. Redistribution subject to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



9764 J. Chem. Phys., Vol. 110, No. 19, 15 May 1999 S. Fujiwara and T. Sato

(i) The orientationally ordered structure is formed at lowtively large and the layer structure breaks down.
temperature from a random configuration at high temperature  Molecular dynamics simulations of long chain molecules
by quenching. are under way in order to investigate the effect of the en-

(ii) The global orientational order sharply starts to growtanglement on the structure formation.
after a certain initial duration.
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