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Abstract

In a previous study of tangent site chains near a surface, the

inhomogeneous density profiles were found through Density Functional

theory. In the current study, the surface tensions of these systems are

found from the results of the previous study

integration. The calculated surface tensions

found directly through computer simulation.

through a thermodynamic

are then compared to those

Both the surface tension and

surface excess for polymeric systems are shown to qualitatively differ from

those of atomic systems, although certain similarities are seen at high

densities.
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1. Introduction

The presence of a

liquid away from its bulk

surface perturbs

value at the same

the density distribution of a

pressure. The specific nature

of the perturbation depends upon the details of the site-site and site-wall

interactions as well as upon details of the chain connectivity. A simple

instance of such an inhomogeneous system is the case where all

interactions, both site-site and site-wall, are modeled as hard and

repulsive. This is the model explored in the present paper, and, with it, the

purely entropic contribution to surface structure is investigated.

Under such conditions, the density profile of polymer chains

represents a delicate balance between two types of entropy: many-particle,

“packing” entropy (which enhances the site density near the wail), and

single-chain entropy (which depletes the density near the wall). Of course,

for monatomic liquids, there is no molecular contribution to entropy, and,

consequently, the monatomic densities are always elevated near a hard

wall relative to

Density

the bulk density.

functional (D??) theory has been used to study the

inhomogeneous liquids, and the details of the treatment have been

discussed previouslyl’2. Here, we extend the study to -treat surface excess

and surface tension in addition to the inhomogeneous density calculated

in the above cited work. Our predictions are then compared to the results

of recent simulations3’4.

The remainder of the paper is organized as follows. In section 2, the

system model is introduced. The density functional theory is briefly
.

outlined in section 3. In section 4, the results of DF theory are compared to
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Monte &rloand MD simulations. Results are also shown using a greatly

simplified integral equation approach referred to as “Wall PRISM” theory5.

2. System Model

The density functional calculations in the current study are

intended to mimic the inhomogeneous density profiles which result from

the presence of a hard wall on a melt of hard 20-mer, linear, pearl-necklace

chains at varying densities. Since, in a system of pearl-necklace (PN)

chains, all sites interact with all other sites as hard spheres, and since all

bonds are of fixed length with no bond angle potential, all structural and

thermodynamic properties of the model are entropic in nature.

A subtle aspect of the current study concerns the statistics of the

individual chains. At low density a PN chain will be swollen with its

radius of gyration scaling, R~, as chain length, N, to the

the density is increased, the scaling will become that of a

power). Since our application of DF theory treats a high

3/5 power, and as

random walk (1/2

density melt as a

collection of non-interacting chains in an external field (tuned to mimic

the packing effects on the density profile), the scaling of the PN chains far

from the wall will be that of low density chains with R~ scaling as N3’5. In

other words, within the DF theory for the PN model, the chains in the

middle of the slit pore (where the external, medium induced, potential is

zero) will behave as if they were chains with zero intermolecular

interactions but having intramolecular excluded volume interactions. For

sufficiently long chains one would expect this to affect the density profiles.
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Without going to higher level DF theories, the random walk nature

of the high density melts can be built into the chain model used in the DF

theory. In particular, the structure of PN chains in the melt can be well

described by ideal chains where all interactions between a site and all

others on its backbone beyond its second nearest neighbor (NN) are turned

off. For instance, the interaction between the first and third sites on a

chain would be that of hard spheres while that between the first and

fourth sites would be set to zero. All the chains in the current DF study

are of the NN type, and, of course, far from the wall exhibit N1’2 random

walk scaling of R~. In our previous work on both PN and NN chainsl’z the

molecular weight scaling of R~ in the bulk liquid had only a small effect on

the density profile near the wall.

For all chains in the current study, the bond length, /, is rigid and ,

is equal to the site diameter, a. Consequently, a is taken as the unit length

in our study, / =cT=1. No bond angle potentials are imposed, and,

consequently, the chains should be viewed as freely jointed to within the

restrictions of the non-bonded, site-site potentials.

3. Theory

The density functional theory employed here is an extension to

polymers of the molecular theory of Chandler, McCoy, and SingerG. Since

this extension has been discussed in detail elsewherel’z’7, only a brief

discussion of thz theory follows. In this approach, the true, many-chain

system confined between two walls is mimicked by non-interacting chains
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between walls. The effect of the other chains in the system is

approximately accounted for by a self-consistently determined, medium-

induced external field, ‘M(r). This field forces the

have the same density profile, p(r), as that of the

As is usual in density functional theories, this

packing effects is expressed as a functional of the

The solution method begins by guessing

noninteracting chains to

fully interacting system.

field which corrects for

density profile.

the density profile and

finding the medium induced field through the particular functional form

chosen for U~(r). The density profile can then be computed with a Monte

Carlo simulation of a single chain under the influence of the medium

induced field. The resulting density profile is

force the density far from the wall to be the

multiplied by a

desired density

constant to

of the bulk

system. This loop is then repeated until the density profile used to

calculate the field is identical to the profile yielded by the Monte Carlo
. ,,

simulation.

The field type, which was the most accurate of the ones considered

previouslyl’z, was the Martynov-Sarkisov (MS) field:

(3.1)

where @r)=p(r)-p~Ul~; P~U~kis the density far from the wall; and c(r) is the

direct correlation function found in a bulk liquid of density p~Ul~. In the

current paper, we restrict our attention to this field type.
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The direct correlation function contains two important

information about the bulk system. First, its integrated value is

the isothermal compressibility through the relationship

()I ap flN

K=; = ~=p(l-Npt(0))

pieces of

related to

(3.2)

where 2(0) is the k=O component of the Fourier transform of c(r). Second,

the range of c(r) is, to good approximation, the diameter of the hard sites.

Consequently, the direct correlation function can be approximated

in a number of ways. In the current study, we restrict our attention to

results of the “PRISM-Tail” approximation of c(r); however, the “corrected

PY-PRISM”, the “slant” and the “square well” approximations, discussed

in Ref. 2, yield similar results.

Polymer reference interaction site model (PRISM) theorys centers on

the generalized.,

definition of c(r),

h(r)

Ornstein-Zernike equation.

and is given by

This can be viewed as a

(3.3)

where “x” indicates a convolution integral;” h(r)= g(r)- 1; g(r) is the inter-

chain pair correlation function; and co(r) is the intra-chain pair correlation

function. _

The PRISM-Tail uses a closure of the form2’9
. .
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g(r) = O forr<a

c(r) = C(c-)(’)x for r 2 ~
(3.4)

with x varied after each PRISM iteration to force the c(r)’s integrated

value to be consistent with its equation of state value.

After finding c(r) and the density profile

excess, Ilp ), is calculated through its definition:

‘Bulk

‘(pBulk ) = J (P(z) ‘pBulk )dz

(see Ref. 2), the surface

(3.5)
o

where Z~Ul~is a distance sufficiently far born the wall that p(z) has adopted

a constant value of p~ULLand z=O indicates the distance of smallest site-

center to wall separation. The surface

excess through the Maxwell relation

tension, y, is related to the surface

(3.6)

where V is the volume, A is the surface area, P is the pressure, T is the

temperature, and N is the number of polymer sites. After some

manipulation, one finds that

(3.7)

In this calculation, the equation of state is found by the fitting of a

functional form-to simulation results2.
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4. Results and Discussion

As shown by the results of previous work2 in figure 1, Density

l?unctional theory is capable of reproducing the structure of simple

polymers near a surface. At low bulk densities, the density is seen to be

depleted near the wall because the impenetrability of the surface

decreases the configurational entropy of a single chain relative to a bulk

\. system. As the bulk density is increased, however, favorable entropic

effects due to many-chain-packing begin to dominate resulting in an

enhancement of the density near the wall. At high density the profile

becomes qualitatively more like that of an atomic liquid.

It should not be supposed, however, that a high-density polymer has

a density profile similar to an atomic liquid at the same packing fraction,

~, where, in our case ~-– np~Uka3/6. In figure 2, such a comparison is made.

Clearly, chain-connectivity depresses the atomic-liquid-like structure

causing the polymer to appear to be similar to an atomic fluid at a lower

packing fraction.

In the current paper we are primarily interested in surface tension.

From the above discussion, we expect the PN polymer surface behavior to

be like that of an atomic hard sphere liquid at high densities (although

perhaps at an offset density) and to differ from that of the atomic system at

low densities. From figure 1, one would expect this switch to occur at a

reduced density, pB.Ik d, between 0.30 and 0.64.

The surface excesses, as found

are shown in figure 3. The PN chains

by integrating the density profiles,

show the expected depression of the
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surface excess at low bulk-densities which results from single-chain-

entropy. Between reduced densities of 0.3 and 0.4 the surface excess

becomes linear, much like the atomic hard sphere .case

shown.

Theinformation contained in figure 3, along with the

which is also

bulk equation-

of-state, can be used to calculate the surface tension through equation

(3.7). These results are shown in figure 4 for the DF theory calculation of

the atomic hard sphere and the PN chain fluids. Also shown in this figure

are the MD simulation results3 for the surface tension of PN chains

obtained directly from the stress tensor. Again at high density, the

surface tension of the polymer looks very reminiscent to that of the atomic

liquid. On the other hand, at low density, the surface tension of the

polymer becomes positive. This is a feature that arises fi-om the surface

depletion seen in figure 1, which, in turn, is a result of chain connectivity.

A much simpler, though less accurate, method to estimate the

density profile near a surface is the “Wall PRISM”

Ha115. This approach combines PRISM theorys with

theory of Yethiraj and

the growing absorbent

model of Henderson and coworkersl”. In this method one considers a

mixture between polymers and spherical particles. PRISM theory is used

to compute the pair correlation function between a site on a polymer “chain

and a spherical particle.

particle concentration,

In the limit of infinite particle diameter and

one obtains, with certain approximations,

density distribution near a flat wall. With a coordinate system having

zero

the

Z=o

defined to be midway between parallel hard walls, the density distribution

is computed from the relation
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‘Z+[

p(Z) = 27cj tS(t)dt ~ C “ (s)ds
o Iz-!l

(4.la)

where C*(z) is a one-dimensional analogue of the direct correlation

function which obeys a PY type closure

p(z) = o lzl>H/2

(4.lb)
.

‘c* (’z) = l/p~u@(()) -H72<Z<W2

Remarkably, the only information regarding the nature of the polymer

A
enters the theory through the bulk structure factor, S(k) (or S(r) in r-

space). Eqs. (4.1) are easily solved by Picard iteration.
.,-:

Wall PRISM results are shown as the dotted curves in Figs. (3) and (4)

for the surface excess and tension. It can be seen that Wall

works surprisingly well for this problem in view of the

approximations leading to Eqs. (4.1). One would expect Wall

to become less reliable for more realistic models consisting

PRISM theory

nature of the

PRISM theory

of overlapping

sitesll. Furthermore the introduction of intermolecular and polymer/wall

attractions would also cause difficulties for Wall PRISM theory.

Nevertheless, the simplicity of the theory and its ease of implementation

make it a useful approach for estimation the structure of polymers near

walls. Importan~ly, the Wall PRISM calculations also display a maximum

in the surface tension near a reduced density of 0.4.
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While this maximum in the surface tension is an unusual feature,

its dependence on the dividing surface causes it to be less unique than one

would, at first, expect. .- In equation 3.5, the dividing surface is taken to be

the point of closest approach; however, if the dividing surface is redefined

to be a distance A deeper into the wall, then the “new” surface excess, r~,W,

is related to the previous excess rO by

New = ro – pEi.@ .r (4.2)

Since a larger volume of the bulk liquid is subtracted, the surface

depletion is enhanced regardless of the molecular nature of the system.

From equation (3.7) the surface tension would then be

~yN,w = ~yo + ~PA

where “New” refers to the dividing surface defined at

(4.3)

A less than closest

approach and “O”, to it being defined at closest approach. Consequently, a

maximum in the surface tension of the atomic hard sphere” liquid would be

seen if the dividing surface were defined

other hand, a surface tension maximum

systems. In practice, this ambiguity

to be well into the surface. On the

with A=O is a feature of polymeric

in the definition of the surface

tension motivates the use of a standard system. In particular, the

difference between two surface , tensions at the same pressure is

independent of dividing surface.
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Figure Captions . .

1) Comparison of Yethiraj’s Monte Carlo simulations of tangent site

chains (symbols) with our DF results (lines). For clarity, the pCT3=0.830

curve has been shifled up by 0.5.

2) Comparison of p(z) for hard sphere monatomic (solid line) and tangent

site chain (dashed line) liquids. The bulk density is 0.83.

3) Surface excess from theory and simulation. Simulation: Yethiraj–

circles; Diggs and Van Swol – squares. DF theory: chains – solid line;

atomic – dashed. Wall-PRISM: dotted line.

4) Surface tension from theory and simulation. Simulation: Diggs and

Van Swol chains – squares. DF theory: chains – solid line; atomic –

dashed. Wall-PRISM: dotted line.
. ... .

..

..

----
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