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ABSTRACT: The behavior of polymers (modeled as a pear] necklace of n = 20 freely jointed hard spheres)
between hard walls is studied by using a canonical ensemble Monte Carlo method. Simulation results for
the density profiles and configurational properties are presented for wall separations varying from 4 to 16
hard sphere diameters and for volume fractions of 0.1, 0.2, and 0.3. It is found that the chains are depleted
at the wall at the lower density but enhanced at the wall (relative to the center of the pore) at the higher
density. The density of end sites of the chain at the wall is higher than it is for middle sites. Near the wall
the chains are found to be flattened against the wall; in the large pore the fluid in the middle of the pore
is uniform. In the bulk region, the distribution of sites about the center of mass is Gaussian; near the wall
it is asymmetric and sharply peaked. In the smallest pore the chains are almost two dimensional. The
force on the walls as a function of wall separation is calculated by using a superposition approximation to
obtain the density profile for a fluid in small pores from the density profile for a fluid in a large pore at the
same chemical potential. At high densities the force is an oscillatory function of wall separation with a

period of oscillation of about one bead diameter, but at low densities it is monotonic and attractive.

1. Introduction

In an earlier paper* we investigated the behavior of
mixtures of short chains (model alkanes) and hard spheres
(model methane) confined between plates. In this arti-
cle we extend the work to pure polymers confined between
plates, a problem that is of practical and theoretical inter-
est, which has been the focus of analytical,>”> computer
simulation,®!® and experimental investigations!%'® in
recent years. One objective of this work is to determine
if the behavior of long chains is qualitatively different
from the behavior we observed earlier for short-chain mol-
ecules between plates.! Another objective is to gain insight
at the molecular level into the behavior of polymers
between surfaces.

In this article we use continuous-space Monte Carlo
simulation to study the behavior of polymers confined
between flat plates. Each polymer molecule is modeled
as a pearl necklace of 20 freely jointed hard spheres, long
enough to behave like polymer molecules but short enough
to allow for intensive computer study. The choice of 20
as a sufficient length for polymeric behavior is sup-
ported by recent surface forces apparatus measurements
on polybutadiene,'® which reported a transition from
alkane-like to polymer-like behavior at a chain length of
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n = 20. The walls of the pore are taken to be hard walls
impenetrable to the centers of the sites on the chains.
By modeling the walls and segments as hard bodies, we
eliminate enthalpic effects and focus instead on the
entropic effects associated with chain confinement. We
might emphasize that, unlike that of bulk fluids, the struc-
ture of confined fluids is sensitive to the attractive part
of the interactions, especially at low densities. In other
words, enthalpic effects, which we eliminate, can be impor-
tant in real systems.

The simulations of chains between hard walls are per-
formed by using a modified version of an algorithm devel-
oped by Dickman and Hall® and later used by Yethiraj
and Hall.! The wall separation is varied from 40 to 16¢
(where o is the hard-sphere diameter). Three volume
fractions, 0.1, 0.2, and 0.3, are considered. At ambient
conditions, the volume fraction of polyethylene is approx-
imately 0.31.1° We report the density profiles of the fluid,
the conformations of the chain in large and small pores,
and the force on the walls as a function of the wall sep-
aration. We find that the behavior of 20-mers between
walls is qualitatively similar to the behavior of short chains
that we reported earlier.! At low densities, the chains
are depleted at the wall relative to the middle; at high
densities the chains are enhanced at the wall relative to
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the middle. Near the wall the chains are flattened like
pancakes against the wall; in large pores the fluid in the
middle of the pore is essentially uniform. Chains are
almost two dimensional in the smallest pore. In the pore
center, the distribution of chain sites about the center of
mass is Gaussian. Near the wall the distribution is sharply
peaked and asymmetric.

To estimate the force on the walls as a function of wall
separation we use the superposition approximation used
by van Megen and Snook'” to calculate the density pro-
file for a fluid in a small pore from the density profile of
a fluid in a large pore at the same chemical potential.
We find that this force is an oscillatory function of the
wall separation at high densities but non-oscillatory and
attractive at low densities. This is contrary to the exper-
imental observations on polybutadiene melts,'® where the
force was found to be a repulsive and monotonically decay-
ing function of the separation between the walls, but con-
sistent with more recent experimental observations on
poly(dimethylsiloxane).'®

In section 2 we present our Monte Carlo method, in
section 3 we discuss density profiles and chain confor-
mations, and in section 4 we discuss the solvation forces
between the walls.

2. Simulation Method

Monte Carlo simulations are performed in the canon-
ical ensemble (number of molecules, volume, and tem-
perature constant). The simulation cell is a rectangular
parallelepiped bounded on two sides by hard structure-
less walls. The walls are placed a distance Ho apart in
the 2 direction and are assumed to be impenetrable to
the centers of the sites (beads) on the chains. Periodic
boundary conditions are employed in the directions par-
allel to the wall, that is, in the x and y directions. In all
the simulations, N = 40 chains consisting of n = 20 tan-
gent hard spheres are used. The periodic length L is
adjusted to achieve the desired density. The periodic
length varies from 9.34¢ (at the highest density and H =
16) to 32.36¢ (at the lowest density and H = 4).

In a straightforward application of the Metropolis al-
gorithm,'® successive configurations are generated by mov-
ing one chain; the move is accepted if the new configu-
ration is free of overlap and rejected otherwise. To gen-
erate new configurations we use two types of moves, the
translate—jiggle move of Dickman and Hall® and the slith-
ering snake (reptation) move.2’ In the translate-jiggle
move, the test chain is subjected to a random transla-
tion followed by a “jiggling” in which all segments undergo
a smaller displacement that is normalized so that all bond
lengths are maintained at . The magnitudes of the dis-
placements are adjusted so that 30-35% of all these moves
are accepted. In the slithering snake move, one of the
end beads of the chain is chosen randomly and then
removed and replaced randomly at the other end of the
chain. Both the moves are believed to sample all of con-
figuration space,!° thus the combination of the two should
also. The type of move used at each step is chosen ran-
domly and with equal probability.

The simulation consists of three phases, initial config-
uration generation, equilibration, and averaging. Table
I summarizes the number of moves required for equili-
bration and averaging for all the simulations performed.

Initial configurations are generated by using a contin-
uous-space analogue of the growth algorithm used in lat-
tice simulations.®*? First, N hard spheres are randomly
inserted into the simulation cell, and then these spheres
are grown into chains. Each cycle consists of two steps:

Macromolecules, Vol. 23, No. 6, 1990

Table I
Summary of Simulations Performed

relaxation moves X 1078 equilibrium moves X 1078

» H=4 H=8 H=16 H=4 H=8 H=16
0.1 2 4 4 10 10 10
0.2 3 5 9 10 11 12
0.3 3 6 24 12 16 53

an attempt to move a randomly chosen chain, followed
by an attempt to add a bead to another randomly cho-
sen chain (provided this chain is not already fully grown).
The process is continued (regardless of the outcome of
each step) until all the chains are fully grown. Growing
of an initial configuration (all of which consist of 40 20-
mers) requires approximately 31 000 cycles at the high-
est density and 2250 cycles at the lowest density. In our
earlier work!® we generated initial configurations by ran-
domly inserting chains into the simulation cell; we find
that growing chains is about 100 times faster.

After the initial configuration is generated, the system
is equilibrated to ensure that the measured properties
are independent of the initial state. Symmetry of the
density profiles about the center of the pore is used to
determine if the system is relaxed. In addition the sys-
tem is assumed to be relaxed only if all the sites have
moved at least 2¢ from their original position. Typical
relaxation times are on the order of 1.5 X 10° to 3.75 X
10° attempted moves per chain.

The density profile is recorded by dividing the region
between the walls into a number of equal-sized bins. After
a certain number of moves (the number varies between
50 and 100) the number of sites in each bin is recorded.
{(We call this an “accumulation step”.) The density pro-
file is obtained by averaging the number of sites in the
bin over the length of the run. Center of mass and indi-
vidual site profiles are obtained in a similar manner except
that bigger bins are required as the number of individ-
ual sites and chain centers of mass is smaller than the
number of chain sites. We also monitor the mean-
square radius of gyration, the mean-square end-to-end
distance, and the distribution of sites about the center
of mass, as a function of the position of the center of
mass. Properties are averaged over 10-50 runs consist-
ing of at least 1 million moves each. The variation of
the averages of each of these runs is used to determine
the standard deviation errors in the simulation. Errors
in the total site density profiles are about 2%. Errors
in the center of mass and individual site density profiles
are about 5-8%.

Simulations were performed on a Cray X-MP with a
CPU time per attempted move of approximately 0.0021 s.

3. Density Profiles and Conformational
Properties

The simulations were performed for 20-mers at over-
all volume fractions of 0.1, 0.2, and 0.3, each at pore widths
of H = 4, 8, and 16.

This section is subdivided into two parts. In section
A we discuss the interplay between packing and entropic
effects, and in section B we discuss the conformation of
chains in the pore.

A. Entropic/Packing Effects. The density pro-
files are governed by a competition between entropic and
packing effects.! The chains near the wall experience a
decrease in configurational entropy, which makes the region
near the wall entropically unfavorable. On the other hand,
the chains near the wall suffer collisions with the chains
away from the wall, which tends to move the chains near
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Figure 1. Local density profiles near the wall at (a) H = 4 and
(b) H = 16.

the wall closer to the wall (packing effect). At low den-
sities entropic effects dominate, while at high densities
packing effects dominate.

The competition between entropic and packing effects
can be observed in parts a and b of Figure 1, which show
the density profiles for volume fractions of 0.1, 0.2, and
0.3 at wall separations of H = 4 and H = 16, respec-
tively. The ordinate in these figures is the total volume
fraction of chains normalized to the average value in the
cell. (The profiles for H = 8 are very similar to those for
H = 16 and have therefore been omitted.) At the lowest
volume fraction (n = 0.1) entropic effects are important
and we observe a depletion of chain sites near the wall.
At the highest volume fraction (n = 0.3) packing effects
are important and we observe an enhancement of chain
sites at the wall. The profiles at the higher density are
similar to the profiles of hard spheres at a wall and the
oscillations are due to the packing of the chains against
the wall. At the intermediate volume fraction, both
entropic and packing effects are equally important. As
a result, the chains are depleted at the wall, but the pro-
file is oscillatory. The profiles are flat in the middle of
the large pore (Figure 1b) where the fluid does not feel
the walls; in the small pore (Figure 1a) the profiles are
never flat because the fluid feels the walls everywhere in
the pore. These enhancement/depletion effects have been
previously reported in simulations of short chains.!® The
packing of chains at high densities has been seen in the
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Figure 2. Center of mass profiles at (a) H = 4 and (b) H = 16.

simulations of Kumar et al.° and Bitsanis.!! The pack-
ing effect cannot be observed in lattice simulations!®!?
because the segments of the chain are restricted to the
sites of a regular lattice. However, lattice simulations®’
do show the transition from depletion at the wall to
enhancement at the wall as the volume fraction is
increased.

The entropic/packing effects are observed at the molec-
ular level as well as the site level described above. Parts
a and b of Figure 2 depict center of mass profiles at H =
4 and H = 16, respectively. The center of mass profiles
are normalized to the average center of mass density in
the cell. Near the wall the center of mass density is low
because for a chain center of mass to approach the wall
the chain has to be in a severely flattened (entropically
unfavorable) conformation. As the density is increased,
however, the packing of chains at the wall pushes the
chain centers nearer the wall. At H = 4 the chain cen-
ters much prefer the middle of the pore to the region
near the wall; at H = 16 the profiles go through a maxi-
mum at about 1-3¢ from the wall and are level in the
middle of the pore where the fluid is isotropic. At the
lowest density the maximum in the profile is at a dis-
tance approximately equal to the root-mean-square radius
of gyration, R.°, of bulk chains at this density. This can
be explained it we model the chains as large hard spheres
of radius R°! an approximation that is not too bad at
low densities. One would expect a maximum in the pro-
file at the distance of closest approach of the big spheres,
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ie.,atz/o =~ R.°, and this is what is observed in the chain
simulations at low density. At higher densities the chains
interpenetrate each other so the “effective” large hard
sphere model is no longer appropriate. The packing of
the chains causes the maximum in the profile to be pushed
toward the wall as the density is increased. The profiles
in Figure 2 are similar to the profiles of 8-mers reported
in an earlier paper at similar densities’ and are consis-
tent with the simulations of others.>"*!213 We do not
believe the oscillations in the center of mass profile at
the highest density to be real; the error bars are about
as large as the amplitude of these oscillations. All our
other data support the conclusion that the fluid in the
middle of the pore is isotropic.

We also investigate the effect of density on the pro-
files of the individual sites along the chain. Parts a and
b of Figure 3 show the individual site profiles for an end
site and a middle site at H = 4 and 16, respectively. The
profiles are normalized to the average volume fraction of
the sites in the pore. The competition between entropic
and packing effects is evident here. At the wall, both
the end sites and the middle sites are depleted for n =
0.1, the end sites are enhanced but the middle sites are
depleted for n = 0.2, and both the end sites and the mid-
dle sites are enhanced for » = 0.3. In all cases, the den-
sity of end sites at the wall is higher than that of the
middle sites. This is because it is entropically less restric-
tive to expose a chain end to the hard wall than it is to
expose the middle of the chain to the hard wall with the
ends sticking out on either side.?* The depletion of end
sites relative to the middle sites has been observed
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previously.® 710! In the larger pore (H = 16) the den-
sity of all the individual sites along the chain is about
equal in the middle of the pore, suggesting that the fluid
is isotropic there. This is not the case in the small pore
(H = 4).

B. Chain Conformations. In order to study the con-
formations of chains it is convenient to define the ith
component (i = x, y, z) of the mean-square radius of gyra-

tion, Rg,iz, and the mean-square end-to-end distance,
R?2 as
1 n
ngi2 = —-Z(rj,i - rcm'i)z (1)
nj=y
and

R;Z = ((r,,,,- - 7'1_,')2> (2)

respectively. In the above, r;; is the ith component of
the position of the jth site on the chain and r,; is the
ith component of the position of the center of mass. Recall
that the z direction is perpendicular to the walls, and
the x and y directions are parallel to the waters. If R_,?
is smaller than R, ,? the chains are more compressed in
the z direction than they are in the x direction.

We monitor the R,;> and R;* components as a func-
tion of the position of the center of mass by recording
the average square radius of gyration and square end-to-
end distance of the chains in each center of mass bin.
The components of the mean-square radius of gyration
are plotted as a function of the position of the center of
mass in parts a, b, and ¢ of Figure 4, which are at H = 4,
8, and 16, respectively. By symmetry the x and y com-
ponents should be equal (we used this symmetry condi-
tion to check our results) and we therefore plot the aver-
age of the x and y values as the parallel component. The
plots for the mean-square end-to-end distance show sim-
ilar trends and have therefore been omitted. Values of
R® (=L R?) and R,;? (=X R, %) in the middle of the large
pore (H = 16) are summarized in Table II.

We find that near the walls the chains are severely
flattened in the direction perpendicular to the walls. Near
the wall, the parallel component of the radius of gyra-
tion is much larger than the perpendicular component
for all pore widths and densities (see Figure 4). This
flattening of chains near the wall has been observed
before.®711713 At H = 16, the components are equal in
the middle of the pore where the fluid is bulklike, but in
the smaller pores (H = 4 and H = 8), the fluid is not iso-
tropic anywhere. Figure 4 shows that the flattening of
the chains becomes less pronounced as the density is
increased. This is because the chains interpenetrate each
other at high densities, resulting in a decrease in the size
of the chain.

The decrease in chain size with increasing density in
bulk fluids is predicted by scaling theories.?* For semi-
dilute solutions, scaling theories predict that R? ~ 725,
We compare our simulations to these theories by using
average R? values in the middle of the large pore and by
plotting In (R2/6) versus In 5. The slope of this curve in
the semidilute regime will give up the exponent of n. Fig-
ure 5 is a plot of In (R%/6) versus In 5. (Also included
are some preliminary results of simulations that will be
reported elsewhere.) The transition from the dilute to
semidilute regime occurs at a volume fraction n* =~ 6n/
(rR?), which is at about #* ~ 0.16. We therefore fit a
least-squares line to the last four points; the line has a
slope of —0.224, which is close to the scaling theory pre-
diction.
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Table II
R and R? in the Bulk
7 Rgz Rz
0.1 6.56 = 0.03 41.49 £ 0.35
0.2 6.05 % 0.06 37.37 £ 0.64
0.3 5.65 = 0.10 34.74 £ 0.95

We also monitor the distribution of chain sites about
the center of mass. For every chain in each center of
mass bin, the distance of each site from the center of
mass in the x, ¥, and z direction was calculated. Histo-
grams were maintained in the x, y, and z directions of
the number of sites belonging to a chain that were at
various distances less than half a chain length from the
center of mass. We thus obtained the average distribu-
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tion of sites about the center of mass in the x, v, and z
directions as a function of the position of the center of
mass. These are plotted in Figures 6 and 7. In the fig-
ures, f(u) (u = x, y, ) is the normalized probability den-
sity that a site will be found at a distance u - u,,, from
the center of mass. The distribution of sites in the x
and y directions was found to be almost equal, and the
average value is plotted as f(x). f(z) is the distribution
of sites in the z direction.

We can compare the site distributions observed to a
Gaussian site distribution. Strictly, the distribution of
segments about the center of mass is Gaussian only as
n — «;23 however, we shall see that this is a very reason-
able approximation in the bulk region of our system. For
a Gaussian chain, if we assume the site distributions in
the x, y, and z directions are independent of each other,

we have
(-8}~ (__3_x_2_)
) (21ng2) P 2R} ®

for a chain in three dimensions and

1 \v2 2
() el5) o

for a chain in two dimensions.

In the large pore the distribution of sites about the
center of mass depends strongly on the distance of the
center of mass from the wall. The distribution in the
direction perpendicular to the wall (the z direction) is
Gaussian in the middle of the pore but is asymmetric
and sharply peaked near the wall. Parts a and b of Fig-
ure 6 show the distribution of sites about the center of
mass in the direction perpendicular to the walls at H =
16 and for 5 = 0.1 and 0.3, respectively. Three distribu-
tions are shown in the figure: a distribution for which 0
< 2z, < 1, a distribution for which 1 <z, <2, and a
distribution in the pore center. The wall is to the left of
the curves in the figures. Also shown is the Gaussian
distribution given by eq 4, which uses bulk R.2 values
obtained from our simulations. In the middle of'z the pore
the site distribution is Gaussian, while near the wall the
distribution is sharply peaked and asymmetric, being more
compressed in the direction toward the wall than the other.
This asymmetry in the distribution near the wall is more
marked at the higher density (Figure 6b) than at the lower
density (Figure 6a). At the higher density (Figure 6b)
the distribution of sites shows more than one maximum,
which roughly correspond to the maxima in the total den-
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sity profile (see Figure 1b). The coarseness of the cen-
ter of mass bins used in these measurements, however,
prevents us from drawing any further conclusions on the
relationship between these maxima. The site distribu-
tion in the direction parallel to the walls is always bell
shaped. However, near the wall the curves decay much
slower than in the bulk. This can be seen in parts ¢ and
d of Figure 6, which show the site distribution in the
direction parallel to the walls at H = 16 and for n = 0.1
and 0.3, respectively. Again, three distributions are shown
in the figure: a distribution for which 0 < z_,, <1, a dis-
tribution for which 1 <z, <2, and a distribution in the
pore center. The longer range of the distributions for
chain centers near the wall is a consequence of the chains
being flattened near the walil. Also plotted in the figure
is the Gaussian distribution for two- and three-
dimensional chains, which use bulk Rg"’ values obtained
from our simulations. For chains near the wall, the dis-
tribution is closer to the two-dimensional Gaussian than
the three-dimensional Gaussian. In the bulk, the fluid
is isotropic and the site distribution is the same in both
the parallel and perpendicular directions.

In the small pore (H = 4) the chains are severely flat-
tened. Parts a and b of Figure 7 show the site distribu-
tion profiles at H = 4 in both the z and x directions, for
n = 0.1 and 0.3, respectively. The distribution in the z
direction is far from being a three-dimensional Gaus-
sian. This is particularly evident in Figure 7b. Similar

behavior has also been observed in the simulations of
Bitsanis.!' In Figure 7a we see that the distribution in
the parallel direction is almost satisfied by the Gaussian
for two-dimensional chains. Clearly, the chains are almost
two dimensional in the small pore. At the higher den-
sity, the chains interpenetrate and are therefore not two
dimensional. Again, the distribution at the higher den-
sity displays maxima that roughly correspond to the max-
ima in the total site density profile (see Figure 1a).

4. Solvation Forces

Israelachvili and co-workers'*!® have experimentally
measured the force on two surfaces due to a chainlike
fluid confined between them. Using their surface force
measurement apparatus they measured the force between
two crossed cylinders that were immersed in the fluid.
Since these were equilibrium measurements, the fluid
between the surfaces was in chemical equilibrium with
the surrounding fluid. The statistical ensemble that cor-
responds to the physical situation above is the grand canon-
ical ensemble in which the chemical potential, volume,
and temperature are constant. In grand canonical ensem-
ble simulations, the force as a function of wall separa-
tion at fixed chemical potential can be calculated directly
from the density profile of the fluid at various values of
the wall separation.!”

Simulation of chains in the grand canonical ensemble
is notoriously difficult, because, in addition to moving
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the molecules, successive states are created by randomly
changing the number of molecules in the system with a
probability related to the chemical potential. This requires
the random insertion of molecules into the fluid. Since
successful insertion of chains into a chain fluid without
overlap is unlikely, the method is not used. The prob-
lem of performing grand canonical ensemble simula-
tions to calculate the forces between fluid-containing walls
as a function of their separation was circumvented by
van Megen and Snook.)” They invoked a superposition
approximation to estimate the density profile of a fluid
in a small pore at a fixed chemical potential given knowl-
edge of the density profile of the fluid at a single wall at
the same chemical potential.

In the superposition approximation the density pro-
file, p,(2), in a pore of width h is given by'?

pp(2) = p1(2) + py(h—2) — py (5)

where 2 is the distance along the pore (whose walls are
at z = 0 and z = h), p;(2) is the density profile of the
fluid at a single wall (or in very large pore), and p,, is the
bulk density of the fluid at a single wall. van Megen
and Snook’s force calculations using the superposition
approximation!” showed qualitative agreement with force
calculations using grand canonical ensemble simulations
performed later by the same authors.2* The canonical
ensemble simulations were at a higher density thus rul-
ing out an exact comparison.
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Figure 8. Solvation force as a function of wall separation: 7
= 0.1 (filled circles) and 7 = 0.3 (open circles).

For a chain fluid between hard walls at a separation
h, the force is simply related to the density at the wall®
by

Fy/2ART = np(0) 6)

where F, /A is the force per unit area on a single wall,?®
p(0) is the chain density, and n is the chain length. The
solvation force per unit area is given by F, = Fy, - F,""
where F, is the force per unit area when the walls are
infinitely far apart. From the superposition approxima-
tion (eq 5) the force on the walls as a function of the wall
separation is found to be

F,/2ART = n(p,(h) - pp) (M

Note that we cannot use our simulations at H = 4, 8§,
and 16 to obtain the force as a function of wall separa-
tion because these are at different chemical potentials.
We assume, however, that H = 16 adequately represents
the case where the walls are infinitely far apart, and we
use the profiles in Figure 1b to obtain p,(2).

We plot the force (given by the left-hand side of eq 7)
as a function of wall separation in Figure 8 for » = 0.1
and 0.3. We find that at liquidlike densities (y = 0.3)
the solvation force is repulsive at low wall separations
and is an oscillatory function of wall separation with a
period of oscillation of approximately one bead diame-
ter. This is consistent with the experimental observa-
tions of Christenson et al.!* on linear alkanes with n <
16. At gaslike densities (y = 0.1) the solvation force is
attractive and monotonic as predicted by some mean-
field theories.!®

Israelachvili et al.,'® in their work on polybutadiene
melts, observed no oscillations but rather an exponen-
tially decaying repulsion. They observed this “polymer-
like” force variation for polymers with n = 20. The dis-
agreement between our simulations and these force mea-
surements could be due to one of the following: (1) our
model is extremely simple and does not consider disper-
sion and other forces between the molecules, (2) the super-
position approximation we use may not be very good for
chains, and (3) there might be branching in the poly-
mers used in the experimental measurements. We can
argue that our choice of intermolecular potential and the
superposition approximation should not affect the force
law qualitatively. The oscillatory force law is a conse-
quence of the packing of the molecules, a phenomenon
that is well described by the hard potential; the super-
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position approximation is not expected to introduce qual-
itative errors. Branching in the chains, however, should
have a marked effect. Branched chains cannot pack as
efficiently as linear chains, and in a melt they are likely
to be more entangled than linear chains. We therefore
believe that branching in the polymer is the most likely
reason for the discrepancy between simulations and exper-
iment. Israelachvili et al.!® suggested that the mono-
tonic force law they observed was due to the branching
in their chains. They did not, however, measure the degree
of branching in their polymer samples, They further stated
that similar force laws should also be observed for linear
chains, except that the chain length where the transition
from oscillatory to monotonic force laws occurs might be
higher. As mentioned earlier, the oscillatory force law is
a consequence of the packing of the molecules, an effect
that is observed in simulations of long (100 bead) linear
chains between walls.!® We therefore conclude that
branching in the chain molecules is most likely to be the
cause of the monotonic force law observed in experi-
ments. A more recent investigation!® suggests that the
monotonic force law observed by Israelachvilli et al.!® is
not an equilibrium phenomenon but rather a viscous drag
effect. The new measurements (on poly(dimethylsilox-
ane)) show an oscillatory force behavior at small separa-
tion of the surfaces. The effect of branching on the force
law, however, has not been investigated.

5. Conclusions

Canonical ensemble Monte Carlo simulations are per-
formed for a polymer fluid between walls. The polymer
chains are modeled as a pearl necklace of 20 freely jointed
hard spheres. The qualitative features of the density pro-
files are similar to those observed in our earlier simula-
tions of short chains.! It is found that the volume frac-
tion of the chains is lower at the wall than in the middle
of the pore for low volume fractions but higher at the
wall than in the middle for high volume fractions. This
behavior can be explained as a superposition of two fac-
tors: entropic effects and packing effects. We show that
in large pores, the fluid is isotropic in the middle of the
pore.

We see that at the walls of the pore the density of the
end sites along the chains is higher than that of the mid-
dle sites. Chains near the wall are flattened, though very
few chain centers of mass are found near the wall. In
small pores the chains are flattened in a direction paral-
lel to the wall and form a nearly two-dimensional struc-
ture. In larger pores, chains near the wall are flattened,
but the fluid is isotropic and “bulklike” in the middle of
the pore. The transition from the flattened structure near
the wall to the bulklike behavior in the middle is grad-
ual.

In the middle of the large pore, the distribution of the
chain sites about the center of mass is Gaussian. Near
the wall, however, the site distribution in the direction
perpendicular to the wall is peaked and asymmetric, decay-
ing faster in the direction toward the wall than in the
direction away from the wall. In the small pore, the site
distribution in the direction parallel to the wall is well
described by a Gaussian for two-dimensional chains, sug-
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gesting that the chains are two dimensional in the small-
est pore.

We use a superposition approximation to calculate the
force on the walls as a function of wall separation and
find that at liquidlike densities the force is oscillatory
with a period of oscillation of about one bead diameter.
This is consistent with the experiments on alkanes per-
formed by Christenson et al.'* and experiments on poly-
(dimethylsiloxane) performed by Horn et al.'® but not
with the experiments on polybutadiene melts performed
by Isrealachvili et al.’® At gaslike densities the force as
a function of wall separation is monotonic and attrac-
tive.

We might emphasize that, unlike bulk fluids, the struc-
ture of confined fluids is sensitive to the attractive part
of the interactions. Therefore these simulations are not
expected to adequately describe real systems except at
high densities, when packing effects dominate the struc-
ture.
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