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ABSTRACT: In an earlier paper; we presented a Monte Carlo simulation technique in the canonical ensem- 
ble to model the static properties of polymer melts confined between two impenetrable plates. In this 
paper we consider the effects of variations in polymer chain length and plate separation on the detailed, 
microscopic conformations of polymer chains in the film. Three plate separations, corresponding roughly 
to RG (the unperturbed radius of gyration of chains), 2RG, and 10RG, were examined for chains with 100 
connected beads (i.e., nb = 100). Also, polymers of three different nb(s, 50, 100, and 200, were studied at 
the same plate separation, 51 segment diameters, to examine the effects of changes in polymer chain length. 
We find that the influence of a surface on chain conformations in a polymer melt are restricted to only 
those segments that are confined to within approximately twice the segment diameter from the surface, 
independent of chain length and plate separation. All other segments assume random conformations and 
orientations. This feature, as well as the detailed comparison of the "train sequences" at the surfaces, is in 
surprisingly good agreement with the predictions of the mean-field lattice theory. The bead-density pro- 
file, as obtained from the simulations, exhibits enhanced packing near the surfaces that is apparently inde- 
pendent of plate separation and chain length. The only effect of decreasing plate separation is manifested 
in more symmetric chain shapes due to an increased presence of bridging conformations. On the other 
hand, the preference of chain ends to be located at the surface is enhanced with increasing chain length 
but remains unaffected by plate separation. Implications of these results on the surface forces in a melt 
and the variation of surface tension of a polymer melt with molecular weight are also discussed. 

1. Introduction 
The behavior of polymeric systems confined into thin 

films is a situation that has numerous practical conse- 
quences. The use of polymers as lubricant films and as 
thin dielectric layers in microelectronic devices and the 
stabilization of colloidal suspensions with adsorbed poly- 
mer chains represent typical examples of this problem. 
Previously: we presented the results of an off-lattice Monte 
Carlo simulation of a polymer melt with the segment den- 
sity corresponding to a polyethylene melt at a tempera- 
ture of 400 K. We considered a monodisperse polymer 
with 100 (nb) connected beads confined into a film of 
thickness, D = 51 segment diameters (zlORG, where RG 
is the unperturbed radius of gyrations of the chains.) In 
this paper we extend these calculations by performing 
two more sets of simulations for systems consisting of 
chains of q, = 100: these are for plate separations cor- 
responding roughly to R G  and 2RG of the unperturbed 
chains. We examine the effects of changes in plate sep- 
aration on the properties of single chains and beads as 
functions of their positions relative to the surface. In 
addition, we also consider the properties of two other 
confined, monodisperse melts a t  the same plate separa- 
tion (51 segment diameters): one comprising of chains 
of length n b  = 50, while the other has chains of length 
200 beads, and the effects of variations in chain length 
on the microscopic chain properties in the film are exam- 
ined subsequently. 

2. Model 
The model simulated and the Monte Carlo technique 

employed have been described in detail in ref 2. Hence 
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Figure 1. A schematic representation of the system that was 
simulated by the Monte Carlo scheme. 

we provide only a brief description here. The basic sys- 
tem that was considered in these simulations was a box 
of dimensions N,, Ny ,  and N ,  units in the x, y ,  and z 
directions, respectively. Periodic boundary conditions were 
assumed in the x and y directions as illustrated in Fig- 
ure 1. The faces of the box in the z direction were con- 
sidered to be impenetrable and hence corresponded to 
neutral walls. A polymer molecule was assumed to be a 
necklace of nb connected beads. The bond length was 
set to be equal to the diameter of a bead, 6, which in this 
case corresponds to 4.6 A (see below). It was assumed 
that there was no energetic interaction between covalently 
connected beads, while all other neighbors interacted with 
a truncated 6-12 Lennard-Jones potential 

= 0 (rij I ro) (1) 
Here, rij denotes the separation between beads i and j ,  Q 

and t are the distance and energy parameters associated 
with the potential model, respectively, and r,, is the dis- 
tance at  which the potential is truncated. As in the ear- 
lier work' u was assigned a value of 4.6 A, c = 100 call 
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Table I 
Systems Simulated in This Work 

Macromolecules, Vol. 23, No. 8, 1990 

chain plate box size overall 
length" separationb ( x ,  y dimensIb density' 

100 51 50 X 50 0.98 
100 11 50 X 50 0.91 
100 6 50 X 50 0.83 
50 51 50 X 50 0.98 

200 51 50 X 50 0.98 

a Chain length is in units of number of beads, nb. All distances 
are in units of u. e Bead density is expressed in units of beads/u3. 

Table I1 
Chain Statistics in the Central Region as a Function of 

Polymer Chain Length'" 

chain length (R2)1/2 ( R G 2 )  C ,  (R2)/(RG2) 

50 8.64 (0.19) 3.52 (0.06) 1.49 (0.07) 6.01 (0.45) 
100 12.40 (0.41) 5.09 (0.12) 1.54 (0.12) 5.94 (0.67) 
200 18.14 (1.69) 7.54 (0.41) 1.60 (0.30) 5.79 (1.07) 

a (R2) ' / '  and (RGZ)'/' are in units of u. All data obtained from 
the center of film of thickness 510. e Numbers in brackets are the 
standard deviations associated with each quantity. These stan- 
dard deviations arise since each of these quantities assume a range 
of values that may be characterized as a distribution. 

mol and the potential truncation distance, ro, was set equal 
to a. The chains were assumed to be freely jointed oth- 
erwise; Le., no additional potentials were utilized to describe 
the preference of the chains to exist in specific confor- 
mations. The total density corresponding to this system 
was roughly 1 bead/a3 which is comparable to the den- 
sity in molten polyethylene at  400 K (assuming that each 
bead corresponds to roughly 3.5 methylene units). The 
simulations were conducted at  400 K. In Table I we list 
the dimensions of the simulated systems and the appro- 
priate density conditions that were employed in this work. 
The systems in consideration were studied under condi- 
tions of constant temperature, volume, and total num- 
ber of particles. The simulations were then conducted 
in the Canonical ensemble through the use of a Metrop- 
olis importance sampling technique.' 

In the first set of simulations three different plate sep- 
arations (D) were considered for chains of nb = 100. These 
were 60, l l u ,  and 51a. (For comparison, the unper- 
turbed R G  of the chains is ca. 5.10.~) Subsequently, we 
studied a system consisting of chains of n b  = 50 at  a plate 
separation of 51a, and also a system comprised of chains 
of nb = 200 at  the same plate separation. In all cases, 
10 different equilibrium structures were obtained and all 
results reported represent averages over these 10 struc- 
tures. 

3. Results and Discussion 
3.1. Chains in the Central Region. For the thick- 

est film, corresponding to a plate separation of 51a, there 
exists a region in the middle of the film where the poly- 
mer chains assume their unperturbed conformations.' We 
have computed the root-mean-square (RMS) end-to- 
distance, ( R 2 )  ' I 2 ,  the RMS radius of gyration, ( R,') '/', 
and characteristic ratios, C,, for these unperturbed chains 
a t  the three different chain lengths examined. These 
results are reported in Table 11. It  may be noted that 
the characteristic ratios, C,, are essentially independent 
of chain length and, within the standard deviations inher- 
ent with the calculation of this quantity, agree with the 
value of 1.38 computed analytically for the unperturbed 
chains.' Additionally, it may be seen that the ratio, ( R') / 
(RG') is nearly equal to the expected value of 6 in all 
cases.6 This verifies that the chains in the center of the 
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Figure 2. Relative density of chain ends as a function of abso- 
lute, normalized distance, E ,  from the plates. Chain end den- 
sity has been normalized by the value expected in an unper- 
turbed bulk. All data are for chains of nb = 100 with (0) for D 
= 51u, (A) for D = 110, and (0) for D = 6a. 

film, in all cases, are unperturbed and bulklike. An impor- 
tant conclusion of these results is to establish the equi- 
librium nature of the structures generated. 

3.2. Polymers of q, = 100 at Different Plate Sep- 
arations. We begin by examining the results obtained 
on the polymer melt film comprising of chains of 100 
connected beads a t  three different film thicknesses: 60, 
l l a ,  and 51a. All properties were examined as a func- 
tion of their absolute, normalized z distance from the 
wall, E = lz - zwl/a, where z, is the z position of the sur- 
face. Note is made of the fact that the results that are 
to be reported in this section are obtained by averaging 
data over bins of thickness l a  in the z direction. In con- 
trast, our earlier work' and also results to be presented 
for polymers of different chain lengths (see section 3.3) 
are data obtained by averaging over bins of size 2a. This 
smaller bin size has been employed in this case to obtain 
detailed information for chain properties even in the small- 
est plate separations (Le., for D = 6a). 

In Figure 2 we examine the density of chains ends (nor- 
malized by the value expected in an isotropic phase), 
p&), as a function of their absolute, normalized dis- 
tance from the wall, 5.  This quantity, p, ( [ ) ,  will assume 
a value of unity in an isotropic phase. In all the three 
cases examined, the density of chain ends a t  the surface 
is higher than the isotropic value. Also, within the accu- 
racy of the simulation results, this enhancement at  the 
surface is essentially independent of the plate separa- 
tion. 

As has been explored in earlier work,2 the density of 
chain ends reaches its isotropic value when one proceeds 
a distance ca. 2R, from the surface. This can be veri- 
fied by examination of the results corresponding to D = 
51a in Figure 2. In the other two plate separations, how- 
ever, the density of ends never reaches its isotropic value 
since the films are only RG and 2RG thick, respectively. 
Further examination of Figure 2 shows that as one 
decreases the film thickness, it appears as if the regions 
in the middle are squeezed out leaving behind only the 
outer sections of the profile. Surprisingly, almost no syn- 
ergistic effects are noted. Some of these features were 
also observed previously in the lattice simulations of ten 
Brinke et al.4 However, their simulations, which were 
conducted a t  a polymer filling of only 80%, showed much 
smaller enhancements of the end density a t  the ~ u r f a c e . ~  
For example, in corresponding units, ten Brinke et  ale4 
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Figure 3. Relative density of centers of mass as a function of 
their absolute, normalized distance, sc from the plates. Cen- 
ter of mass density has been normaliz3 by the value expected 
in an unperturbed bulk. All data are for chains of nb = 100 
with (0) for D = 51a, (A) for D = 110, and (0) for D = 6a. 
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report that the end density a t  the surface is 1.08, inde- 
pendent of chain length and plate separation. In com- 
parison, Figure 2 shows that the end density a t  the sur- 
face, as obtained from an off-lattice simulation, is ca. 1.4 
times larger than in an isotropic melt. Since there are 
no density restrictions that are built into an off-lattice 
simulation, they allow one to obtain estimates for the 
properties of an interfacial system that are more reliable 
than information that can be obtained from a lattice cal- 
culation. In the rest of this paper, a t  several junctures, 
we will attempt to examine the applicability and short- 
comings of lattice calculations in this context and also 
compare these results to the predictions of the more real- 
istic off-lattice simulations. 

3.2.1. Chain Properties as Functions of Their Cen- 
ter of Mass Position. Having examined the density of 
ends near the surface we proceed to analyze the distri- 
bution of centers of mass of the chains in the film along 
the z direction. The center of mass in the z direction is 
the z component of the average vector position of all the 
beads in a chain2 In Figure 3 we plot the density distri- 
bution of centers of mass, p C M ( [ C M ) ,  as a function of their 
absolute, normalized distance from the plates, (= 
lzCM - z,l/a), for the three different plate separations 
that have been examined. As usual, the densities have 
been normalized by the value expected in an isotropic, 
bulk phase. As reported in the earlier work,2 the center 
of mass density in the thickest film (Le., 51a) is depleted 
in the immediate vicinity of the surface and reaches its 
peak value at a distance of roughly 3a from the walls. 
This quantity approaches its isotropic value when one 
proceeds roughly 2 R G  from the surface, which corre- 
sponds to the distance at  which the melt does not feel 
the presence of the surface any longer. The results 
obtained in the case of the two other plate separations 
(6a and l l a )  conform to these general trends. As observed 
in the density of chain ends one eliminates the bulk regions 
of the density profiles in the films as the two plates are 
squeezed together. It should be noted that the maxi- 
mum value of P C M ( ~ C M )  increases slightly as one reduces 
the film thickness. Almost no additional effects are noted, 
suggesting that, a t  least a t  these distances, the presence 
of one plate does not modify significantly the interface 
at  the other wall. This is an unexpected result since the 
interface for single-chain properties has earlier been shown 
to be roughly 2RG in thickness,' and the plate separa- 
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Figure 4. z component of the radius of gyration of chains as 
a function of the absolute, normalized center of mass distance, 
Fc , from the plates. All data are for chains of nb = 100 with 
(Orfor D = 51a, (A) for D = lla, and (0) for D = 6a. 

tions in two of the simulated systems are comparable to, 
or smaller than, this dimension. These results, again, 
are qualitatively in good agreement with the correspond- 
ing quantities obtained by ten Brinke et al.4 However, 
as observed in the computed end density, their calcula- 
tions systematically predict features that are less pro- 
nounced than in our computations. 

In addition, we have also examined the center of mass 
density along the x and they directions in all three cases. 
It is expected that these densities should assume a value 
of unity everywhere since there are no constraints in these 
directions. This was the obtained result, within the stan- 
dard deviations associated with the calculation of these 
quantities, providing another check of the reliability of 
these calculations. 

Having examined the densities of the centers of mass 
of chains in the film the next quantity that was calcu- 
lated was the second moment of the distribution of the 
chain segments about the center of mass. This is the 
mean-squared radius of gyration [ R G 2 ( x c ~ , y c ~ , z c ~ ) ]  of 
the chains. Previously,2 it was found for a confined poly- 
mer melt of a single chain length (nb = 100) and plate 
separation (51a) that the z component of R G ,  R G , z ,  near 
the surface, was smaller than its bulk value, while the 
average of the n and y components, RG.x-y ,  was larger 
than its isotropic value. Also, one had to proceed roughly 
2RG from the surface before the z and the x-y compo- 
nents of the radius of gyration assume their isotropic val- 
ues. We now examine the effects of plate separation on 
these results. In Figure 4 we plot R G , L  for chains of nb = 
100 at  the three different plate separations as functions 
of the absolute, normalized distance of the centers of mass 
of the chains from the walls, tCM. 

The R G , Z  of all chains near the surface are signifi- 
cantly smaller than the corresponding value in an isotro- 
pic phase. These results are, in addition, apparently inde- 
pendent of plate separation. As expected, the R G , z  val- 
ues in the two narrower films do not ever reach their 
isotropic values. The essential conclusion from this fig- 
ure is that chains in the vicinity of the surface are squeezed 
in a direction perpendicular to the wall. The interface 
therefore corresponds to a region where chain structure 
evolves gradually from nearly two-dimensional shapes 
(small R G , z )  to an isotropic, three-dimensional form. 

The trend observed for R G , x - y  is not illustrated here 
since its behavior is relatively uninteresting. As noted 
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Figure 5. Absolute values of the z component of the third 
moments of the chains as a function of the absolute, normal- 
ized center of mass distance, tCM, from the plates. All data are 
for chains of nb = 100 with (0) for D = 51u, (A) for D = l l a ,  
and (0) for D = 6u. 

earlier,' RG x-y of chains in the immediate vicinity of the 
surface are Zarger than the isotropic value. The polymer 
chains near the wall are thus swollen in a direction par- 
allel to the surface. The total radii of gyrations of the 
chains were also examined. Consistent with earlier re- 
sults,' it was found that this quantity is independent of 
the position of the center of mass of the chains. The 
implication of these results on the conformations of chains 
in the interface will be discussed later (section 3.3.1). 

The RG results presented above suggest that chains in 
the vicinity of the surface assumed asymmetric shapes. 
One appropriate tool to examine this asymmetry is the 
z component of the third moment of the spatial distri- 
butions of segments of a chain about its center of mass. 
For isotropic chains, all noneven moments should iden- 
tically be equal to zero. In Figure 5 we plot the absolute 
value of the z component of the third moment of the 
chains, ( I ( S Z ) ~ I ) ,  as a function of tCM of the chains for 
the three different plate separations that have been exam- 
ined. For the largest plate separation, 51a, the chains 
nearest the surface have small third moments. Thus, these 
chains are essentially symmetric with small tails extend- 
ing into the isotropic melt. Chains that are roughly one 
RG from the surface are the most asymmetric, as evi- 
denced by a large value of ( I ( S Z ) ~ ~ ) .  The chain struc- 
tures asymptotically become symmetric, as evidenced by 
a 0 value for the third moment when one proceeds roughly 
2RG from the surface. The results from the two other 
plate separations are then examined in the context of 
these conclusions. 

Similar behavior is observed very close to the surface 
in the thinner films. Hence, we conclude that the sepa- 
ration of the plates does not play a significant role on 
the structure of molecules in the immediate vicinity of 
the surface (i.e., for ECM < 2). In contrast, the magni- 
tude and the positions of the peaks in the distribution 
are strongly affected by the thicknesses of the polymer 
film. The absolute value and position of this peak are 
seen to decrease from values of ca. 5 at tCM = 5 (D = 
510) to ca. 2 a t  tCM = 3 (D = l l a )  and subsequently to 
ca. 1 at  tCM = 2 (D = 6a). Chain shapes in thin films, 
on average, are thus more symmetric than chains in thicker 
films. An explanation of this result is that chains show 
increased "bridging" between the surfaces as the plate 
separation is reduced, leading to structures that are more 
symmetric. In summary, it is emphasized that the third 
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Figure 6. Order parameters of the chains as a function of the 
absolute, normalized center of mass distance, tc , from the plates. 
All data are for chains of nb = 100 with (O)?or D = 51u, (A) 
for D = l l u ,  and (0) for D = 6u. 

moment is the only quantity that has been examined to 
this point that is affected significantly when the plate 
separation is reduced. 

The moments of the distributions of chain segments 
about their centers of mass establishes the spatial distri- 
butions of the chain segments. Although the third moment 
indicates that the chains in the thinner films are more 
symmetric in shape, it however is not indicative of the 
average orientations of the chains (relative to the sur- 
face) in the interface. A commonly adopted technique 
to characterize the alignment of molecules is to compute 
the order parameter of the chain. The direction cosine 
of the j th  segment of the chain relative to the z axis, cos 
e.,,, is first computed. This is obtained by determining 
the dot product of the unit vector joining the centers of 
the j and j - 1 beads of the chain with the vector defin- 
ing the z axis. The order parameter of a chain, sc, is 
then determined through the equation 

(2) 

where the ensemble average is taken over all beads of a 
chain. In Figure 6 this order parameter is plotted against 
the absolute, normalized distance of center of mass of 
the chain from the surfaces for the three different plate 
separations examined. I t  can be seen that, for all the 
plate separations, the chains closest to the surface have 
negative order parameters of the order of -0.1. Thus, 
these chains are aligned preferentially parallel to the sur- 
face. In the thickest film chain orientation becomes asymp- 
totically isotropic, as deduced by a 0 value of sc, when 
one proceeds roughly 2RG from the walls. In the two 
thinner films, however, all the chains are oriented paral- 
lel to the surface, a fact that could potentially be veri- 
fied experimentally through a measurement of the bire- 
fringence of a thin sample, for example. The results shown 
in Figure 6 thus confirm the observations that have been 
made earlier regarding the overall conformations of chains 
in the vicinity of the impenetrable surfaces. Also, these 
results indicate that, as observed earlier, the presence of 
one surface does not significantly modify chain proper- 
ties a t  the other surface even for the thinnest films exam- 
ined. 

The essential theme of the results obtained on single- 
chain properties for different film thicknesses, there- 
fore, is the apparent lack of significant influence, even 
at  small plate separations, of one surface on the proper- 

3(C0S2 e j r ) i  - 1 
2 sc,i = 



Macromolecules, Vol. 23, No. 8, 1990 Off-Lattice Monte Carlo Simulations of Polymer Melts 2193 

0.5 1 .o 1.5 2.0 2.5 3.0 

5 
Figure 7. Bead density profiles as a function of their abso- 
lute, normalized distance of the layer from the plates. Bead 
densities have been normalized by the value expected in an iso- 
tropic, bulk phase. All data are for chains of ab = 100 with (0) 
for D = 51a, (A) for D = 110, and (0) for D = 6a. 

ties obtained a t  the other surface. Although chains in 
the vicinity of the surfaces remain oriented parallel to 
the walls, there is evidence that chains participate in the 
formation of "bridges" between the two surfaces, leading 
to more symmetric structures as the thickness of the film 
is decreased. The consequences of this statement will 
be examined further in the following sections. Addition- 
ally, we have shown that one has to proceed roughly 2RG 
from the plates before chain properties assume their iso- 
tropic values. On the basis of single-chain properties, 
therefore, the interface is ca. 2Ro thick. 

3.2.2. Properties of Chain Segments as a Func- 
tion of Their Distance from the Wall. The results 
that have been presented to this point, i.e., single-chain 
properties, are qualitatively similar to the correspond- 
ing results that have been obtained from lattice cal- 
culations.* Off-lattice calculations, in addition, allow one 
to probe single-layer, many-chain properties which deter- 
mine the thermodynamic properties of the system (like 
surface pressure and interfacial tensions) in a manner 
that is more accurate than a lattice calculation. This is 
due to the fact that a lattice model is inherently limited 
due to the periodicity that is assumed in its formulation. 

To obtain an understanding of the thermodynamic prop- 
erties of the confined melts, we first computed the den- 
sity of beads in a layer (normalized by the value expected 
in an isotropic phase with density that is equal to the 
average value in the film) as function of the absolute, 
normalized distance of the layer from the surfaces. These 
results, which also represent the radial distribution func- 
tion between the beads and the wall, are illustrated in 
Figure 7 for the three different plate separations that 
were examined. There are three striking features appar- 
ent in this figure: 

(i) The bead density immediately adjacent to the sur- 
face is larger than the value expected in an isotropic phase. 
This is a consequence of the presence of the hard wall 
that naturally precludes the presence of any molecules 
with centers less than a/2 from it. In addition, the effect 
of the surface results in oscillations in the bead density, 
an effect that persists to a distance of ca. 20 from the 
surface. 

(ii) The asymptotic value of the normalized bead den- 
sity far from the surface is larger than unity for the two 
smaller films. This is a manifestation of the fact that 
the first a/2 from each surface is inaccessible to the mol- 
ecule segments. Hence, there is an enhancement of the 
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Figure 8. Order parameters of the chain segments as a func- 
tion of their absolute, normalized distance, E ,  from the plates. 
This single curve represents data for chains of ab = 100, at three 
plate separations that have been examined. 

normalized density in the volume that is occupied by the 
centers of the beads. 

(iii) The density of beads immediately adjacent to the 
surface determines the net pressure exerted by the film 
on the impenetrable, hard surface and hence the force 
experienced by two plates immersed in a polymer melt. 
I t  is seen in Figure 7 that the appropriately normalized 
quantity, &,(Z), is essentially independent of plate sepa- 
ration. This calculation hence suggests that the net pres- 
sure exerted by a polymer film on a surface, within the 
accuracy of the simulation, is independent of plate sep- 
aration in all cases that have been examined in this work 
(i.e., for films of thicknesses larger than RG). Such films 
thus exert no net force on plates immersed in a melt, a 
result that is in excellent agreement with lattice cal- 
culations** and e~periment .~ The one point to be empha- 
sized is that these results are contingent on the applica- 
bility of the normalization condition used in the calcula- 
tion of pb(z). 

To further characterize the conformations of macro- 
molecules in the interface, we have calculated the order 
parameter of molecular segments, s,([), as a function of 
the distance of the layer from the wall.' In Figure 8, 
this quantity is plotted against the absolute, normalized 
distance of the layer from the surface, 5.  Only one curve 
is shown since the order parameters for the three differ- 
ent plate separations are virtually identical on the scale 
of the graph. Hence, we draw an important conclusion 
that segment ordering in the vicinity of the surface is 
unaffected by the thickness of the film. Figure 8 also 
shows that only those segments that are immediately adja- 
cent to the wall are anisotropic in their average orienta- 
tions. Close to the wall s,(.z) is negative (ca. -0.2), sug- 
gesting that segments in the immediate vicinity of the 
surface are strongly aligned parallel to the surface. At  a 
distance of ca. 1.5a from the wall, however, the order 
parameter is positive: these segments must thus be aligned 
preferentially perpendicular to the surface. The order 
parameter, s,([), assumes its isotropic value of 0 as soon 
as one proceeds ca. 2u from the surface. As pointed out 
previously,* these simulation results are in good agree- 
ment with the mean-field lattice calculations of Hel- 
fand," which predicts that s, = -0.22 in the first layer, 
0.02 in the second layer, and 0.0 in the third and the fol- 
lowing layers. 

In summary, we have, through the use of many-chain, 
single-layer statistics, demonstrated that the effects of a 
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Table I11 
Order Parameter Computed Using Eq 3 Compared to the 

Order Parameters of Chains As Obtained from the 
Simulations’ 

center of mass positionb pL(iCM) S, 

1.5 0.356 -0.046 -0.053 
3.5 0.510 -0.021 -0.028 
5.5 0.092 -0.007 -0.011 
7.5 0.030 -0.002 -0.003 

Representative results for chains of nb = 100 and D = 51u. 
Center of mass positions are in units of u. Data were obtained by 

averaging results over layers of thickness 20. Hence the data point 
1.50 represents averaging the appropriate data in a layer that spans 

surface on the orientations and structure of a polymer 
melt extends to a distance that corresponds to roughly 
2 0  from the surface. Alternately, this result asserts that 
even strong perturbations to a melt system are screened 
out over distances that are comparable to the monomer 
size, which is also the correlation length in uncon- 
strained systems, an unexpected result. 

3.2.3. Discussion. The off-lattice simulations yield 
results that are devoid of the limitations associated with 
a lattice model. In particular, many-chain, single-layer 
properties (like bead density and segment order pro- 
files) obtained from such simulations are more realistic 
for the systems of interest. As pointed out earlier,2 the 
bead density profile is important in determining the net 
force experienced by two plates immersed in a melt. Lat- 
tice calculations, due to their geometric constraints, can- 
not be expected to provide reliable estimates for this quan- 
tity. Our calculations indicate that, to a first approxi- 
mation, for all cases examined, there will be essentially 
no forces exerted on two impenetrable plates immersed 
in a melt. (In our calculations the minimum film thick- 
ness examined corresponded to the RG of the chains.) 

Another important conclusion that can be drawn from 
the simulations regards the conformations of macromol- 
ecules in the interface. Figure 6 suggests that chains near 
the surface are aligned preferentially parallel to the wall, 
as implied by a negative order parameter, and that this 
effect persists for all chains whose centers of mass are 
located within 2RG from the surface. Figure 8, however, 
implies that only those chain segments within the first 
ca. 2a from the surface are anisotropic in their orienta- 
tions. The combination of the results from both these 
figures therefore suggests that chains near the surface 
assume anisotropic orientations only  due  t o  the seg- 
ments that are immediately adjacent to  the surface. Since 
the average span of a chain is ca. 2RG, this apparently 
explains the observed results for chain order parame- 
ters, which approach 0 only for those chains that have 
centers of mass farther than 2RG from the surface. 

To verify the assertion presented above we have per- 
formed a simple calculation. Following Figure 8 it was 
assumed that only the segments in the first 2a thick layer 
from the wall had a nonzero order parameter. The bead 
density weighted average segmental order parameter in 
this 2a thick layer was computed. (This is termed sSsurface.) 
Then, the fraction of segments in this volume that belong 
to chains having centers of mass in different lattice lay- 
ers, pb(tCM), was calculated. This result has been reported 
earlier2 and is also presented in Table 111. The order 
parameter of chains in this approximation, sc’, was then 
computed through the equation 

0.5-2.5~. 

sc‘ = Pb(FCM)Sa,surface/PCM(FCM) (3) 
where pCM(tCM) is the center of mass density a t  an abso- 
lute, normalized distance of FCM from the surface (Fig- 

’ ... 
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Figure 9. Relative density of chain ends as a function of abso- 
lute, normalized distance, E ,  from the plates. End density has 
been normalized by the value expected in an unperturbed bulk. 
All data are for a plate separation of D = 510 with (A) for chains 
of nb = 50, (0) for nb = 100, and (0) for nb = 200. 

ure 3). In Table I11 we compare the order parameter of 
chains computed in this fashion with the corresponding 
quantities obtained directly from the simulation. It is 
seen that the calculated order parameter (following eq 
3) are in quantitative agreement with the results obtained 
from the simulation. We have performed the same cal- 
culation on the two other plate separations that have been 
simulated in this work, and the results in both these cases 
are also in excellent agreement with the exact results. 

This calculation therefore has important conse- 
quences on the conformation of macromolecular melts 
near surfaces. We conclude that the only apparent effect 
of the surface is to perturb the segments within the first 
2a from it. All other segments assume completely iso- 
tropic, or random, orientations. Perturbations caused on 
single-chain properties thus follow purely from the seg- 
ments in the immediate vicinity of the surface. 

3.3. Effects of Polymer Chain Length. In this aspect 
of the work we have examined the effects of variations 
in polymer chain length, a t  a constant value of plate sep- 
aration (D = 51a), on the macroscopic properties observed 
for these confined systems. Three different chain length 
polymers were examined: these were of nb 50, 100, and 
200. As usual, we begin by examining the normalized 
density of ends as function of the absolute, normalized 
distance from the surfaces (t).  This is illustrated in Fig- 
ure 9. As in earlier calculations (ref 2 and section 3.2), 
the density of ends a t  the surfaces is larger than the cor- 
responding value in an isotropic bulk. In addition, the 
density of ends reaches its isotropic value when one pro- 
ceeds ca. 2RG from the surfaces. These results confirm 
the trends that have been reported earlier2 and verify 
that the appropriate correlation length for this property 
is the unperturbed radius of gyration of the chains. 

The more interesting aspect that emerges from this 
study is that the enhancement of density of ends imme- 
diately adjacent to the surface is larger for longer chain 
lengths. We have been able to fit this amplification of 
end density a t  the surface to the nb of the chains through 
the simple expression of the form 

In [p,(z = 0) - 11 = -0.45 - 100/nb (4) 
The rationale for selecting the form in eq 4 over others 
is that it predicts an asymptotic value for the enhance- 
ment of end density at  the surface with increasing chain 
length. The form of eq 4 is, in part, motivated by the 
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Figure 10. Relative density of chain centers of mass as a func- 
tion of their absolute, normalized distance, tC , from the plates. 
Center of mass density has been normalized by%e value expected 
in an unperturbed bulk. All data are for a plate separation of 
D = 510 with (A) for chains of nb = 50 and (0) for nb = 100. 

lattice calculations of T h e o d ~ r o u , ~  who suggests that the 
end-density enhancement at  the surface does indeed have 
a finite, asymptotic value for polymers of infinite nb. Since 
we have shown in section 3.2 that the density distribu- 
tion of ends for a single chain length species is indepen- 
dent of plate separation, eq 4 presumably represents a 
general expression for the enhanced density of end beads 
a t  the surface, independent of D. Equation 4 represents 
a new finding and is not in agreement with the lattice 
results of ten Brinke et a1.: who suggest that the enhance- 
ment of end density is independent of chain length and 
plate separation. In this context it is emphasized that 
the relationship presented in eq 4 is valid strictly only 
in the range 50 I f lb  I 200, although it is likely to be 
applicable for longer chains. However, it will fail a t  low 
fib, a fact that can be easily verified if one employs a flb 
value of 1. 

Following ten Brinke et  al.? we assume that the pref- 
erential partitioning of end beads to the surface is a man- 
ifestation of the favorable free-energy change associated 
with moving an end from the bulk to the surface. We 
may then write 

(5) 
where U, is the appropriate free-energy change in mov- 
ing an end bead from the bulk to the surface. We can 
simplify this expression using eq 4 and write the follow- 
ing equation that expresses the adsorption free energy 
of a chain end as a function of fib. 

Ua/kBT = -In [1+ 0.64 exp(-lOO/nb)] ( 6 )  
For chains of infinite length this suggests that the free 
energy of an end a t  the surface is roughly -1/2k,T smaller 
than in an isotropic phase. The entropic advantage of 
placing an end bead a t  the surface rather than in the 
bulk is thus highlighted by this simple calculation. 

3.3.1. Chain Properties as a Function of Center 
of Mass Position. We begin by examining the normal- 
ized density of centers of mass of chains as a function of 
their absolute, normalized distance from the surfaces. As 
an illustration, in Figure 10, we plot the center of mass 
distribution for chains of nb = 50. In comparison to the 
chains of f lb  = 100, the peak height of the shorter chains 
is lower, while chains of flb = 200 (whose results are not 
shown) demonstrate a higher peak. In addition, this peak 

P,(Z = 0) = exp(-Ua/kB'i3 
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Figure 11. A universal plot of the z component of the radius 
of gyration of chains in the immediate vicinity of the surface. 
Data plotted in the form of RGs,rsp [sR,, /R ] vs vCM [=t 
RG]. Data from all plate separations and ciain lengthssave 
been included, and the line is the prediction of eq 7. Data points 
are for chains of nb = 100 with (0) for D = 51a, (A) for D = 
lla, and (0) for D = 6a, plus those for a plate separation of D 
= 51a with (+) for nb = 50 and (x) for nb = 200. 
occurs a t  a distance of ca. 3a from the surface. Again, 
one has to proceed ca. 2RG from the surfaces before this 
density assumes its bulk value. 

We then proceeded to examine the z and the x-y com- 
ponents of the radius of gyration (RG) of the three dif- 
ferent chain lengths as a function of tCM. The qualita- 
tive features that were found for chains of length 100 are 
also observed in this case. The z component of RG for 
chains with centers of mass near the surface is small, indi- 
cating that these chains are squeezed into essentially pan- 
cake-like shapes. Also, it is found that RG,E asymptoti- 
cally approaches its bulk value as one proceeds to a dis- 
tance that is comparable to 2RG from the surface. 

An interesting aspect of the RGs data obtained for poly- 
mers of different n<s and plate separations is that they 
follow an apparently universal behavior when plotted in 
the form RG,,/RG vs [cMa/RG. Here, RG is the unper- 
turbed radius of gyration of the chains. In Figure 11 it 
seen that the data from all the plate separations and chain 
lengths fall on an essentially universal curve. We have 
fitted this data with a simple equation 

(7) 
This correlation is illustrated in Figure 11 as a line and 
can be seen to provide a remarkable fit to the Monte 
Carlo results. We have thus established the existence of 
a certain universal behavior of polymer chain properties 
in the vicinity of a surface. Equation 7 suggests that RG 
is the appropriate correlation length for single-chain prop- 
erties in the vicinity of the wall, consistent with previ- 
ous  argument^.'.^ 

We have also examined the x-y component of Rc in 
the vicinity of the surface. These results are not reported 
here because they are relatively uninteresting, except in 
that they illustrate that coils in the vicinity of the wall 
are swollen in a direction parallel to the surface. 

The z component of the third moments of the chains 
and the chain order parameters were also studied to delin- 
eate the asymmetric shapes and anisotropic orientations 
of chains in the vicinity of the surface. The general trends 
observed for chains of length 100 are also seen in this 
case, and therefore these results are not examined here 
in detail. We, however, note that the order parameter 
of chains also seem to follow a universal curve (indepen- 
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dent of D and the nb of the chains) when they are exam- 
ined as a function of ScMu/RG. The relationship was of 
the form 

s, = (-1/2Rc) e ~ p ( - 3 ~ ' ~ S ~ ~ u / R , J  (8) 
Apart from multiplicative prefactors it is seen that the 
dependence of the order parameter on absolute, normal- 
ized distance from the surface has the same functional 
form as eq 7. 

In summary, it was found that single-chain properties 
near a surface as a function of polymer chain length showed 
essentially the same trends as have been observed 
earlier.' The order parameter and radius of gyrations of 
chains were found to obey universal behaviors with the 
absolute, normalized distance of their centers of mass 
from the plates scaled by RG/ u. 

3.3.2. Properties of Chain Segments as a Func- 
tion of Their Distance from the Wall. To study the 
effects of the surface on the segments of different chain 
length polymers in the interface we also computed the 
many-chain, single-layer properties that have been referred 
to in section 3.2.2. These included the bead density and 
also the segmental order parameters as a function of the 
absolute, normalized distance of the layer from the wall. 

It was found, within the standard deviations inherent 
in the calculation of these quantities, that the bead den- 
sity profile and also the segmental order parameters did 
not vary with the chain length of the polymer in consid- 
eration (see Figures 7 and 8). These results are consis- 
tent with the arguments presented in other contexts which 
suggest that chain properties asymptotically converge to 
a limit at long chain lengths, a result that indicates the 
relative unimportance of end effects in truly macromo- 
lecular  system^.^ Since the bead density at the surface 
is independent of chain length, it implies that there is 
no force exerted on two plates immersed in a melt due 
to variations in polymer chain length. This statement 
has important consequences in understanding the effects 
of polydispersity in the polymer sample on its surface 
behavior. Our results suggest that, to a first approxima- 
tion, a distribution of chain lengths in a sample should 
have almost no effect on properties such as the pressure 
exerted by the confined melt on the plates. 

The results obtained for the segmental order parame- 
ters also suggest that the anisotropic orientations of chain 
segments are restricted to the immediate vicinity of the 
surface. To verify this conclusion, we have computed 
the order parameters of chains in a fashion described in 
section 3.2.3 (i.e., following eq 3). In all cases, reliable 
predictions for the chain order parameters could be 
obtained by assuming that segments in the first ca. 20 
from the surface alone exhibited anisotropic orienta- 
tions. All other segments were allowed to assume ran- 
dom orientations in these calculations. The conclusion 
of these arguments is that the structure proposed for the 
interface in confined melts in section 3.2 are verified by 
these results. In addition, this structure is apparently 
independent of the chain length of the polymer in con- 
sideration, implying that end effects do not play a dom- 
inant role in this context. 

3.3.3. Discussion. 3.3.3.1. Comparison with Mean- 
Field Lattice Theory. From our simulations, we have 
shown that only those chain segments near the wall are 
oriented preferentially parallel to the surface. To exam- 
ine this aspect, we graphically illustrate a three-dimen- 
sional view of a molecule that has its center of mass close 
to the wall (Figure 12). All beads that are immediately 
adjacent to the surface (i.e., within one u from the sur- 
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Figure 12. A typical, three-dimensional structure of a poly- 
mer chain near the impenetrable surface. The wall lies below 
the chain, and all beads within lu from the wall are filled. 

Table IV 
Average Length of Surface Train Sequences As Computed 

from the Simulations' 
degree of polymerization sequence length 

50 3.85 
100 4.09 
200 4.25 

m 4.64 

Infinite molecular weight results computed from the results of 
Helfand" and Theodorou.' 

face) are filled. In brief, these molecules are nearly two- 
dimensional near the wall, which explains the observed 
behavior of the order parameter of the segments near 
the surface. However, they do not form compact struc- 
tures but rather favor the formation of ringlike or stretched 
structures. 

In addition, this structure is an apparently random com- 
bination of surface-train sequences and loops." It can 
also be seen that the loops and surface trains assume a 
variety of sizes. To characterize the train sequences we 
have calculated their average sizes and also the distribu- 
tions of train lengths. This distribution of surface paths 
(not shown here) indicates that the length of these train 
sequences follows two-dimensional random walk statis- 
tics closely, in good agreement with the simplified ana- 
lytical model of Ausserre.' The computed average length 
of these surface-trains are shown in Table IV. The aver- 
age surface-train length for chains of nb = 100 are appar- 
ently independent of plate separation and once again dem- 
onstrate that plate separation does not play an impor- 
tant role in determining the microscopic structure of the 
interface. In addition, the last row in Table IV repre- 
sents the average length of surface-train sequences as pre- 
dicted by the mean-field lattice theory for noninteract- 
ing, infinite nb  chain^.^^'^ There are two important fac- 
ets of these results that should be highlighted. First, the 
length of the surface sequences is dependent on the chain 
length of the polymer. However, it can be seen that the 
results of the surface-train length of the chains asymp- 
totically approach the lattice prediction as one increases 
the chain length of the confined polymer. In this regard, 
it should be noted that the segmental order parameters 
shown in Figure 8 are in good agreement with predic- 
tions of the mean-field lattice model of Helfand," which 
predict s1 = -0.22 in the first lattice layer, sg = 0.02 in 
the second lattice layer, and random orientations from 
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the third layer on. The summary of these results is to 
emphasize the relevance and applicability of mean-field 
lattice theories in this context, a completely unexpected 
result. 
3.3.3.2. Molecular Weight Dependence of Sur -  

face Tension. We can utilize the information pre- 
sented in sections 3.3.1 and 3.3.2 to deduce the variation 
of the surface tension of a melt with the nb of the chains. 
We have already shown that the free-energy change asso- 
ciated with moving an end from a bulk phase to the sur- 
face can be represented by eq 6. Also, the bead density 
at the surface is apparently independent of the separa- 
tion of the plates (Figure 7). Hence, the difference between 
the surface free energies of a finite chain length system 
and an infinite chain length system is the free energy 
associated with moving the appropriate number of ends 
to the interface. Thus, we can write 

ya  - (ya)-  = -U, X 

(moles of ends at  the surface/moles of beads) (9) 
where a is the average surface area of a chain segment 
and y the surface tension of the polymer melt. We may 
thus write for long chains, following eqs 4-6 that, 

ya - (ya),  = - k B T h  [1 + 0.64 exp(-lOo/nb)](2/nb)[l + 
0.64 exp(-lOO/nb)] (10) 

which in the limit of large nb reduces to 

ya - (?a)- a - k B ~ n ; '  (11) 
This result (eq 11) is consistent with the lattice calcula- 
tions of Theodorou5 and suggests that, in the absence of 
the variation of a with nb, the surface tension should pos- 
sess an nb-l dependence. For long chains it is expected 
that a, the surface area per chain segment, should be inde- 
pendent of nb. Thus, it is our prediction that surface 
tension of a polymer should approach its asymptotic value 
with increasing molecular weight in a fashion repre- 
sented in eq 11. 

However, this result is not consistent with experimen- 
tal findings12 which have suggested that this power law 
dependence should be nb-2f3, We note that these exper- 
imental results were obtained for low molecular weight 
samples and hence are expected to be influenced by end 
effects. To examine the behavior of eq 9 at  low molecu- 
lar weights we have studied its predictions over a range 
of chain lengths. Some representative results are shown 
in Figure 13. It  can be seen that for chains of 200 I nb 
5 1000 the power law dependence changes continuously 
but that it can be approximated in this regime by an 
nb-2/3 dependence. This power law changes continu- 
ously as one increases nb and approaches the nb-l depen- 
dence at  high molecular weights. These results are in 
agreement with the theoretical arguments that have been 
presented by de Gennes13 and the experimental results 
of Anastasiadis et al.14 for the variation of surface ten- 
sion of a polymer melt with nb. There is one essential 
point that has to be emphasized however: de Gennes' 
a rg~ments '~  are based on the fact that the enthalpic inter- 
act ion of the ends wi th  the surface are different  f rom 
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Figure 13. Prediction of eq 10 for the variation of reduced 
surface tension of a polymer melt, yr [=((ya).. - ( y a ) ) / k  T], 
with the nb of the chains. Lines of slope nb-2'3 and nb-'are 
also shown dotted. 

that of the other beads. In our calculations, however, all 
beads interact with the surface and with other beads iden- 
tically. Our predictions for the variation of surface ten- 
sion with nb is thus a manifestation purely of the entropic 
freedom of chain ends as compared to other beads. The 
enthalpic contributions, however, may have to be intro- 
duced (added) to explain quantitatively the variation of 
surface tension with molecular weight. 
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