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Abstract

A Monte Carlo simulation on a high coordination lattice employing the RIS scheme for short-range interaction and a Lennard–Jones
potential for long-range interaction was carried out on C120 polyethylene thin film adsorbed at an impenetrable solid wall as well as free-
standing films at 443 and 343 K, respectively. The interaction between the solid wall and polymer chains was given by a step-like function
whose well depth ise . Threee values,26.0,22.0, and 0.0 kJ/mol, were tested in order to study the influence of the solid wall on the static
and dynamic properties of the film. Significant density increase near the solid wall with the strongest interaction was observed, giving rise to
the contraction of film thickness, which is in accordance with experimental observation. The presence of the solid wall reduces the interfacial
width relative to the free-standing film and the extent of the reduction shows a tendency to grow with the strength of the interaction and
lowering temperature. The population of chain end groups is significantly depressed near the attractive solid wall. The chain mobility as a
whole in the normal direction toward the film surface is retarded near the free surface and the solid wall, while the bead mobility is dependent
on the nature of interactions.q 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Three kinds of boundaries can be imposed on a polymer
film; free surfaces on both sides, a free surface on one side
with a solid boundary on the other, and solid walls at both
sides. The case of one free surface with a solid boundary has
attracted the most attention as it is ubiquitous in many prac-
tical applications such as adhesion and coating. It is gener-
ally believed that increased chain mobility near the free
surface regions and conversely, decreased chain mobility
near a solid surface, make the chain properties in a thin
film differ from those of the bulk. The overall properties
of a film, however, would not be affected when the film
becomes too thick to be perturbed by its boundaries.

Much of the deviation from bulk properties comes out
along the direction normal to the surface of a thin film.
There have been many experimental efforts to observe the
change of properties of the thin film, which includes a
significant change in chain mobility near a solid surface
[1], increase and/or decrease of the glass transition tempera-
ture [2], change in thermal expansion [3,4], broader relaxa-
tion spectrum compared to that of the bulk [5], chain end

segregation in the surface region [6–8] and so on. It is quite
obvious that the nature of the interactions at a polymer/solid
surface and polymer/free surface becomes important in a
thin film. The dramatic influence of the interaction on prop-
erties has been shown in the totally different behaviors of
glass transition temperature, increase [3] and decrease [9],
of polystyrene thin film on a hydrogen-terminated silicon
surface and silicon native-oxide surface, respectively.
However, the detailed behavior upon changing the interac-
tion at the molecular level has not been understood. Another
important issue in a thin film supported on a solid surface is
the length scale over which the effects of two different
surfaces extend. In the molecular dynamics simulation of
Mansfield and Theodorou [10], the interfacial thickness in
the free surface region of atactic polypropylene was calcu-
lated to be roughly 7 A˚ based on the density profiles, which
corresponded to the length scale of a few monomer units. By
the Brillouin light scattering study on a freely standing poly-
styrene thin film, Forrest et al. [11] found the interfacial
width to be around the end-to-end distance of the chains
in the sample. Frank et al. [1] observed retarded mobility
in a series of thin films whose thickness is less than 1500 A˚ .
They concluded the retardation results from the fixed
contact of polymer chains to the solid surface, and the length
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scale up to the contour length of the polymer chain would be
affected by the solid surface. Hu and Granick [12] observed
the effect of the solid surface could extend up to 5 or 6Rg

length scale, whereRg denotes the radius of gyration.
Recently, Lin et al. [13] showed the effective range of the
attractive solid wall on the interdiffusion process is between
300 and 400 A˚ , or 3 and 4Rg. From these observations, it is
generally expected that the effective range of a free surface
is related to the dimension of the single chain. A solid wall
produces a more complicated situation, with dependence on
the nature of the interaction between the solid wall and
chain molecules.

In this study, a lattice Monte Carlo simulation was used to
understand the details of the chain dynamics in a thin film of
amorphous polyethylene upon changing the short-range
interaction between the polymer and a structureless solid
wall from simple exclusion to attraction. The lattice version
of the molecular system used in this simulation represented
a monodisperse polyethylene film composed of 40 chains of
linear C120H242. The size of each chain is not large enough to
possess complete entanglement. The simulation technique
has proven to be quite successful to visit specific questions
of long time scale behavior without losing molecular details
in the areas of self diffusion of polyethylene melts [14] and
cohesion between two polymer melts [15].

2. Computational details

2.1. Bulk structure

The bulk structure of an amorphous C120 was prepared for
use in generation of the model of the thin film. The mono-
disperse melt of 40 chains of C120 was mapped onto the
periodic second nearest neighbor diamond (2nd) lattice
whosexyz dimension was 23× 21 × 27, in units of the

step length, 2.5 A˚ , on this lattice. The density is 0.72 g/
cm3. The 2nd lattice is produced by discarding every 2nd
lattice in the diamond lattice. As our lattice employs a
coarse-grained version of each ethylene monomer, this
mapping generated 60 beads for each C120chain. This lattice
has a coordination number of 12, and is identical with the
hexagonal closest packing of uniform hard spheres. The
coarse-grained structure, high coordination, and a specially
devised energetics have provided a great deal of efficiency
in simulating polymer properties without losing molecular
detail [14–17]. In this simulation, one Monte Carlo step is
defined as the simulation length when every bead has
attempted one move, on an average.

The single bead move was performed with the restriction
of a self-avoiding random walk, so that a chain on the 2nd
lattice cannot pass through itself [18]. Additional terms in
the Hamiltonian control the short-range [19] and long-range
[20] interactions. The initial structure was relaxed at 443 K
using two million steps of Monte Carlo simulation, employ-
ing only RIS [21] potential scheme for the Metropolis algo-
rithm. Further relaxation was achieved with five million
steps of Monte Carlo simulation employing both the RIS
potential and long-range interactions obtained from the
lattice description of the Lennard–Jones potential. The
energetics used in this simulation has been described in
detail elsewhere [18–20,22].

2.2. Freely standing film

The expansion of the periodic boundary condition along
one direction (z) of an amorphous cell is a successful way to
generate a freely standing thin film in molecular dynamics
[23] and Monte Carlo simulations [17]. The thin film struc-
ture of C120 was generated by the expansion of the periodi-
city along thez-direction to 120 units, followed by another
ten million Monte Carlo steps of relaxation at 443 K, with
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Fig. 1. The density profiles of the freely standing amorphous polyethylene thin films of 40 chains of C120 at 443 K (solid line) and 343 K (dotted line) in the
direction normal to the surface.



the same short-range and long-range interactions as in the
bulk case. Equilibrium was confirmed by the total energy
fluctuation during the simulation. The final equilibriated
structure at 443 K was chosen to be the starting geometry
for the simulation at 343 K. At this temperature, ten million
steps of Monte Carlo simulation was done for relaxation and
equilibriation.

2.3. Solid substrate

The solid substrate was incorporated by introducing an
external bead-wall interaction term. The solid substrate was
located atz � 0 of the final structures obtained from the
freely standing film generation. Beads were not allowed to
move fromz� 0 to 2 1, which means the substrate was
considered as an impenetrable wall. The adsorption sites
located at the wall come from the same lattice geometry
as that of the 2nd lattice in thexy-dimension. The total
number of available sites is 23× 21. A step-like external
function whose well depth ise was applied to all the beads
in the layer withz� 0. Three cases ofe � 2 6.0, 2 2.0,
and 0.0 kJ/mol were used in this simulation. Hereafter,

strong interaction, medium interaction and non-interaction
will refer to aforementioned interactions. Then, the total
energetics during the trial of a bead for move in this simula-
tion can be expressed by

DEij � DE�RIS�ij 1 DE�long-range�ij 1 DE�bead-wall�ij :
�1�

The simulations were done at two temperatures, 443 and
343 K, for ten million Monte Carlo steps with the Metropo-
lis algorithm with all the three energy terms in Eq. (1).

3. Results and discussion

3.1. Bead density profiles

Fig. 1 shows the bead density profile for freely standing
films at 443 and 343 K. At 343 K, a small contraction of film
thickness compared to 443 K produced a stiffer interfacial
density profile and an increase of density in the middle of
film. The free surface regions were fitted to the following
analytical function [24].

f�z� � fbulk{1 2 tan h�2�z2 h�=w�} =2 �2�
wheref is the density,z the direction normal to the film
surface,h the location of the interface, andw the interfacial
width. Three variables,fbulk, h, andw, were used for the
fitting parameters. As shown in Fig. 2, the fitting with Eq.
(2) to the interfacial profiles at both temperatures is
adequate, givingx2 values less than 0.001 Table 1 contains
the optimized parameters obtained from the fitting for the
freely standing films and the solid supported films at both
temperatures. From theh andfbulk values, the freely stand-
ing film at 443 K was found to have 3.3% expansion in the
film thickness and 1.9% decrease in the bulk density
compared to the film at 343 K. If the average densities are
taken from thez� 2 20.0 to 1 20.0 Å in Fig. 1, the bulk
densities are 0.736̂ 0.021 and 0.720̂ 0.012 g/cm3 for
343 and 443 K respectively, giving a 2.3% decrease in the
bulk density as the temperature rises from 343 to 443 K. The
difference in the densities at 343 and 443 K is comparable
with the standard deviation in the estimate of the density,
which implies a large uncertainty in an estimate of the ther-
mal expansion coefficient. However, it is worthwhile to note
the approximate size of the thermal expansion coefficients
deduced from the estimate. The thermal expansion coeffi-
cient was calculated to be 1.9× 1024/deg based on thefbulk

of the fitting and 2.3× 1024/deg from the average density in
the middle of the film. Both values are in the range of
experimental values [25] for liquid state and solid state,
which are 5.313× 1024/deg and 2.013× 1024/deg,
respectively.

Fig. 3(a) depicts the bead density profiles of the films
supported by the impenetrable walls withe � 26.0,
22.0, and 0.0 kJ/mol attractive potentials between the
solid walls and beads at 443 K. From the inset of Fig.
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Fig. 2. The fitting of interfacial profiles of freely standing films at 443 K
(open circle) and 343 K (filled circle) to Eq. (2).

Table 1
The optimized parameters from the curve fitting using Eq. (2) for the
density profiles of the freely standing films at 443 and 343 K

h (Å) w (Å) fbulk (g/cm3)

443 K
Free-standinga 35.97^ 0.17 12.97̂ 0.54 0.732̂ 0.009
0.0 kJ/mol 84.88̂ 0.10 12.28̂ 0.33 0.746̂ 0.004
2 2.0 kJ/mol 84.40̂ 0.12 12.15̂ 0.40 0.741̂ 0.005
2 6.0 kJ/mol 71.16̂ 0.09 11.30̂ 0.32 0.742̂ 0.004

343 K
Free-standinga 34.86^ 0.15 11.36̂ 0.52 0.746̂ 0.007
0.0 kJ/mol 83.90̂ 0.40 9.40̂ 1.54 0.762̂ 0.017
2 2.0 kJ/mol 83.79̂ 0.16 9.29̂ 0.63 0.771̂ 0.007
2 6.0 kJ/mol 83.75̂ 0.16 6.04̂ 0.56 0.741̂ 0.008

a For the freely standing film, the position ofz� 0 is defined as the center
of mass of the film.



3(a), the film thickness was obtained at the minimum deri-
vative points of the interfacial profiles near the free surface.
The thickness of the film for the strong, medium, and weak
interactions was found to be 71.0̂ 0.5, 82.9^ 1.0, and
84.8^ 1.0 Å, respectively. These values are quite similar to
the optimizedh values obtained from the fitting by Eq. (2),
as shown in Table 1. This dependence of film thickness on
the nature of the interaction can provide a basis in under-
standing the contradictory observations in the experimental

works [3,9] on the glass transition behavior, which were
done on polystyrene on hydrogen passivated silicon surface
and polystyrene on oxidized silicon surface. Though our
work does not give a direct information about the glass
transition, it shows the importance of the interaction
between polymer and solid surface on the film thickness.
For the strong interaction case, a significant increase of
density near the solid wall was observed, with an oscillatory
damping pattern up to 30 A˚ . The oscillatory pattern in the
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Fig. 3. (a) The density profiles of polyethylene thin films supported by a solid wall with interaction of2 6.0 kJ/mol (solid line),2 2.0 kJ/mol (dotted line),
and 0.0 kJ/mol (dashed line) at 443 K; (b) similar density profiles at 343 K. The insets in (a) and (b) show the derivatives of the density against thezcoordinate.
The minimum of each curve was used to define the film thickness.



density profile in confinement or near a hard wall is quite
common in lattice simulations [26]. This pattern can be
attributed to the artificially flat surface of the hard wall
and chain connectivity. The density increase in the strong
interaction case leads to the decrease in the total film thick-
ness compared to the thickness of a freely standing film. In
contrast, the weaker interaction cases do not show the
substantial increase of the density near the wall, because
–2.0 kJ/mol gives only a slightly higher density than the
0.0 kJ/mol interaction. The density profiles for the weaker
interaction cases are similar to that of the freely standing
film, meaning that cohesive interaction between the chains
is stronger than the weak attractions of the solid wall. This
result implies that the weak interaction is a de-wetting situa-
tion as it does not provide a sufficient number of contacts
with the solid surface. The adsorption energy per chain for
the weak interaction at 443 K was calculated to be only
0.3 ^ 0.3 kJ/mol, which is much smaller than that of the
strong interaction case, 26.8̂ 0.7 kJ/mol.

The interfacial density profiles near the free surface in
Fig. 3(a) are very similar, but the interfacial widths obtained
from the curve fitting using Eq. (2), as shown by the values
of w in Table 1, weakly depends on the interaction energy
between the wall and beads. The interfacial widths of the
films with solid wall are always smaller than that of the free
film and the favorable interaction results in a decrease of the
interfacial width. It should be noted that there are other
factors to affect the interfacial width, such as film thickness,
system size, and surface tension in the presence of the capil-
lary wave fluctuation [27–31]. In our study, the contribution
cannot be separated because our concern focuses on the
bead-wall interaction. Nevertheless, our findings qualita-
tively indicate that the interfacial width of the free film
which probably contains the contribution of the thermal
fluctuation largely decreases by the presence of a sold

wall and the size of the effect depends on the strength of
the applied potential between the wall and beads.

The same analysis of the films equilibrated at 343 K is
plotted in Fig. 3(b). A dramatic change in density profile
was observed for the strong interaction case. No significant
contraction in the film thickness compared to other weaker
interaction cases was observed. Instead there is a depletion
region around 10–35 A˚ which is larger than that at 443 K.
The bead density adsorbed onto the solid wall is similar to
that at 443 K, which produces 25.9̂0.5 kJ/mol of adsorp-
tion energy per chain. Near the solid wall, higher density
peaks were observed at every third lattice step (every 7.5 A˚ )
with depletion layers between the higher density layers.
This increased density at the wall as a result of the strongly
favorable bead-wall interaction leads to a depletion of
density in the adjacent layer because of the repulsive
long-range interaction between two neighboring beads sepa-
rated only by 2.5 A˚ . The highly extended local conforma-
tion running parallel to the solid wall was found at the peak
positions. From Fig.4, the ratios of the beads occupied by
thetttt local conformation to the total beads in the layers are
21.4, 17.5, 16.4, and 15.1% atz � 0, 3, 6, and 9, respec-
tively, which is larger than in the other layers. Fig. 4 also
shows the ratios corresponded to thetttttt, tttttttt, andtttttttttt
local conformations. The extended local conformations are
connected with each other within a layer and between
layers. As the ratio of the extended conformation is lower
in the bulk region of the film, crystallization of the whole
film is not achieved at 343 K. Instead, sequences of bonds in
the transconformation are induced by the attractive surface
in the higher density layers at the low temperature.

The interfacial widths at 343 K shown in Table 1 are
always smaller than those at 443 K for the corresponding
interactions, which implies that there exists an effect that the
thermal fluctuation near the free interface is suppressed at
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Fig. 4. The ratios of the bead occupied by thetttt (circle), tttttt (rectangle),tttttttt (diamond), andtttttttttt (triangle) local conformations to the total beads in the
layers with strong interaction at 343 K against lattice number. The position of the solid wall is indicated byz� 0.



the lower temperature. As at 443 K, the interfacial width
decreases by introducing a solid wall and the extent of the
decrease gets larger with the strength of the applied poten-
tial. Especially, the interfacial width for the strong attraction
case at 343 K is much smaller than other cases, which indi-
cates that the thermal fluctuation at the free interface can be
greatly suppressed by the combination of the low tempera-
ture and the strongly favorable interaction with the solid
wall.

3.2. End beads distribution

The distributions of end beads are shown in Fig. 5(a) and
(b) for 443 and 343 K, respectively. The distribution was
obtained by dividing the total number of end beads by the

total number of beads at certainz layers. The value for the
distribution in the bulk should be 2 (end beads)/60 (total
beads)� 0.033. The somewhat higher values very near
the free surface can be attributed to the known tendency
for segregation [6–8] of chain ends at a free surface.
When taken at the film thickness obtained from the deriva-
tives shown in the insets of Fig. 3(a) and (b), the end beads
distribution is in the range of 0.040–0.058, which is nearly
twice the bulk value. The values are 0.041^ 0.005, 0.040̂
0.005, and 0.042̂ 0.004 for the strong, medium, and non-
interacting cases, respectively, at 443 K. At 343 K, 0.044^

0.006, 0.058̂ 0.008, and 0.057̂ 0.007 were obtained for
the end beads distribution for the strong, medium, and non-
interacting cases. According to the neutron reflectivity study
of Zhao et al. [6], the population of chain ends in the free
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Fig. 5. (a) The distribution of chain ends for the polyethylene thin film supported by a solid wall with interaction of –6.0 kJ/mol (solid line),2 2.0 kJ/mol
(dotted line), and 0.0 kJ/mol (dashed line) at 443 K; (b) the distribution of chain ends at 343 K. The distribution was calculated by dividing the numberof end
beads by the total number of beads at eachz coordinate. Arrows indicate the chain ends distributions at the film thickness are obtained from the minimum
derivative of the density profile.



surface region was found to be twice that of the bulk value.
Therefore, our results are consistent with the experimental
observation.

The end beads distribution near the solid wall is highly
dependent on the nature of the interaction between the chain

and the wall. In the case of strong interaction, no end beads
enrichment near the solid wall was found. However, very
large enrichment of end beads, which is even larger than that
in the free surface region was observed for the non-
interacting case. The existence of end beads at the solid
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Fig. 6. (a) The center of mass diffusion constants in thexyzdirection (filled) and along thezdirection (open) normal to the film surface. The solid lines indicate
the strong interaction (2 6.0 kJ/mol) and the dotted lines the weak interaction (2 2.0 kJ/mol). The top panel depicts how the entire film is divided into several
bins.



wall does not provide the beads in the bulk region with
full physical contact to the solid wall. If there is an
enthalpy gain by the contact of any beads, which is
the situation of the attractive interactions, then chain
ends dislike the contact because the chain ends segrega-
tion reduces the total number of contacts. If there is an
entropy loss by the contact, which is the case of the
neutral solid wall as a result of confinement, then chain
ends are more likely to locate at the wall, giving rise to
a minimum number of total contact for all beads.
Schaub et al. [7] did a neutron reflectivity experiment
to study chain ends segregation on polystyrene with
low-energy oligotetrafluoroethylene. Their main concern
was the segregation in the free surface region, but their
data show there is no significant chain end segregation
near the silicon surface. Considering the favorable inter-
action between the silicon surface and fluoroethylene group,
the chain end group segregation seems to be affected much

more by the enthalpic effect than the entropic effect, which
was also observed in this simulation.

3.3. Center of mass diffusion along with z direction

In order to see the chain mobility along with thez direc-
tion, the entire film was divided into several bins with
12.5 Å thickness which is similar to the size of the radius
of gyration of C120polyethylene single chain. The top panels
of Fig. 6(a) and (b) show the division of the films for the 443
and 343 K cases. The overall center of mass diffusion
constant,Dxyz (filled), and thez directional center of mass
diffusion constant,Dz (open), were calculated in units of A˚ 2/
MCS based on the following equations.

Dxyz�
PN
i�0

{ rC:M:�t 1 i�2 rC:M:�0 1 i�} 2

6t�N 1 1� ; �3�

J.H. Jang, W.L. Mattice / Polymer 40 (1999) 4685–46944692

Fig. 7. (a) The bead flux profiles of the polyethylene thin film supported by solid wall with interaction of2 6.0 kJ/mol (solid line),2 2.0 kJ/mol (dotted line),
and 0.0 kJ/mol (dashed line) at 443 K; (b) the similar bead flux profiles at 343 K. The value for they-axis can be obtained by dividing the number of beads
which changed thez-coordinate by the total number of beads at az lattice coordinate in the sampling period, 2000 MCS.



Dz �
PN
i�0

{ zC:M:�t 1 i�2 zC:M:�0 1 i�} 2

2t�N 1 1� : �4�

Here,N denotes the total number of conformations for the
ensemble average. Two thousand conformations and four
million Monte Carlo steps were used forN and t.

The diffusion constants are plotted for strong interaction
(solid line) and medium interaction (dotted line) for chains
with their center of mass originating in each bin as shown in
the bottom panels of Fig. 6(a) and (b). As there is no reason
to assume that the conversion between MCS and real time is
independent of temperature, comparison should be
restricted to diffusion coefficients at the same temperature,
and should not extend to the comparison of diffusion coeffi-
cients at different temperatures.

The overall mobility near the strongly attractive solid
wall is reduced to half that of the free surface region for
443 and 343 K. However, the medium interaction resulted
in an increase of the overall center of mass diffusion
constant near the solid wall at both temperatures and the
diffusion constants are even larger than that in the free
surface region. In a thermal equilibrium,2 2.0 kJ/mol
attractive interaction per site is not large enough to hold
the beads at the wall against the cohesive interaction
among the beads. There is more active dynamics near the
wall with the medium interaction. The strong interaction can
tightly hold of the beads at the solid wall, which produces a
retarded mobility near the wall.

The chains with the centers of mass located initially in the
bin number two in Fig. 6(b) showed an increased mobility at
343 K but did not for 443 K. According to the density profile
in Fig. 3(b), there is a reduced density region near the solid
wall. This reduced density provides more free volume lead-
ing to the increase of chain mobility.

In order to see the small scale movement of each bead
along thezdirection, a bead flux was calculated by checking
out the change of thez lattice coordinate of each bead during
the sampling period. The samples were taken at every 2000
MCS. As shown in Fig. 7(a) and (b), the bead movement in
the free surface region is fairly mobile relative to the move-
ment of the molecules as a whole. At 443 K, around 50% of
the beads find newz positions while the value at 343 K is
less than 30%. These values are increased to 62 and 45% in
the free surface region at 443 and 343 K, respectively. The
free surface regions for the increased bead mobility have a
depth of about 20 A˚ , while the higher temperature gives a
little bit longer scale than 343 K. The bead flux near the
strongly attractive solid wall is almost similar to the bulk
values showing an oscillatory pattern. However, with the
weaker interaction, the bead can move back and forth
along thez direction fairly freely even near the solid wall.
This indicates that there exists a very active movement at a
small scale near the weakly attractive solid wall, even
though the large scale movement like the center of mass
diffusion is greatly hampered.

4. Conclusions

The goal of this study is to provide an insight into how the
interaction between the solid wall and polymer chains
affects the static and dynamic properties of the film using
a recently developed Monte Carlo simulation. Using the
simulation tool, we were able to incorporate the energetics
from the solid wall directly into our simulation.

1. There is a significant contraction of film thickness with a
strongly favorable interaction in the equilibrium melt
state (443 K). The contraction is mainly because of the
bead adsorption onto the attractive solid wall. With the
strongly favorable interaction, the contraction is not
observed at 343 K, where higher density peaks appear
repeatedly near the solid wall alternating with depletion
layers. The layers corresponding to the higher density
peaks contain extended local conformations running
parallel to the solid surface. The runs of thetransconfor-
mation are connected to each other within a layer and
between layers. It is attributed to the significance of
single chain conformation induced by the attractive
solid wall as thegauchestate is not easily accessible
near the attractive wall region at the low temperature.

2. The presence of the solid wall reduces the interfacial
width compared to that of the free-standing film and
the width decreases with the strength of the bead-wall
interaction. At the lower temperature, the interfacial
width is smaller than those at higher temperature with
the same strength of the bead-wall interaction. One possi-
ble explanation is that there exists a broadening effect as
a result of thermal fluctuation, which can be suppressed
by the presence of the solid wall and by lowering the
temperature.

3. The chain ends tend to locate at the neutral or weakly
attractive wall as well as the free surface region. With the
strongly attractive wall, we do not observe the chain ends
segregation near the solid wall. The segregation would be
affected by a small change of the interaction. This means
that the chain ends segregation would have an enthalpic
origin.

4. The mobility of chains along thez direction normal to a
film surface is suppressed near the free surface and solid
surface by the confinement effect, while overall diffusion
tends to increase near a free surface and to decrease near
attractive solid wall. However, the local mobility for
each bead normal to the surface is more active in the
free surface or weakly attractive wall than in the bulk
state.

5. From the density profile and the local bead mobility, the
length scale over which the effect of a free surface
extends into the bulk region is around 20 A˚ , which is
, 2Rg scale. The free surface is affected by the presence
of the solid wall, the strength of the bead-wall interac-
tion, and temperature, even though the solid wall is
located 6–7Rg far from the free surface in our simulation.
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It should be noted that our simulation has employed the
artificial step-like function for the bead-wall interaction.
This employment has forced us not to compare our results
to the experimental results directly. Therefore, further study
will include the incorporation of more realistic energy
terms.
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