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ABSTRACT: A variable-density lattice model is developed for the prediction of structure and thermodynamic
properties at free polymer melt surfaces and polymer melt/solid interfaces. The model combines ideas from
Scheutjens and Fleer’s interfacial theory of polymer solutions and from the equation of state theory of Sanchez
and Lacombe. Its derivation is based on the thermodynamic concept of availability. The model is implemented
to study free surfaces of macromolecular liquids. The variation of surface tension with chain length and
temperature is accurately predicted. The relative magnitude of enthalpic and entropic contributions to surface
tension is correctly assessed. Surface tension values, obtained by using the Sanchez-Lacombe equation of
state parameters, are lower than experimental, mainly because long-range segment—segment interactions are
not accounted for in the lattice model. The density profile at a free surface is sigmoidal and approximately
15 A thick for all chain lengths. Sparse, perpendicularly oriented chain tails protrude into the highly attenuated
surface region. Chains are flattened immediately below this region. As one moves further into the melt,
conformations narrow down to their asymptotic unperturbed characteristics, over a length roughly equal to
the root mean squared end-to-end distance of chains.

1. Introduction

The surface and interfacial properties of polymers, in
the condensed amorphous state, are important in a variety
of technical areas. The role of polymers is becoming in-
creasingly significant in manufacturing mechanical com-
ponents with controlled friction and wear characteristics,
in manipulating the wettability of surfaces by aqueous and
organic fluids, and in developing new biocompatible ma-
terials. The science and technology of lubrication relies
heavily on the interfacial behavior of polymers, as most
lubricants are macromolecular liquids. The quality of
products obtained through polymer-processing operations,
such as extrusion and film blowing, is profoundly affected
by s;lrface-related dynamic phenomena (e.g., melt frac-
ture?).

0024-9297/89/2222-4578$01.50/0

To judiciously select and efficiently design materials for
these and similar applications, we need to understand the
relationships between polymer chemical structure and
macroscopically manifested interfacial properties at the
molecular level. Adsorptive segment-solid interactions,
or the lack thereof in polymer/gas systems, as well as
entropic constraints at a phase boundary, cause the con-
formation of polymer chains to deviate from what it is in
the bulk. Perturbations in local structure, in turn, govern
thermodynamic, transport, mechanical, and optical prop-
erties in the interfacial region.

The adsorption of polymers from solution on solid
surfaces has been studied in considerable detail. A con-
crete and particularly successful lattice model for this
situation was developed by Scheutjens and Fleer.! Much

© 1989 American Chemical Society
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less attention has been devoted to the behavior of bulk
polymers at interfaces, however. Previous theoretical ap-
proaches can be roughly divided into two categories: ef-
forts to elucidate surface structure and efforts to predict
surface tension. Weber and Helfand* considered the
structure of an infinite molecular weight polymer melt near
a nonadsorbing plane barrier. More recently, a Monte
Carlo simulation of the free surface structure of a polymer
melt was performed by Madden® using an efficient pseu-
dokinetic algorithm to sample configuration space. As
regards the prediction of surface tension, we mention here
a successful treatment by Poser and Sanchez,f which
combines the Cahn—-Hilliard theory of nonuniform systems
with a lattice-based equation of state, developed by San-
chez and Lacombe.? Despite these efforts, there exists
today no unified theoretical approach that can both pro-
vide realistic estimates of polymer surface tension and a
detailed, consistent picture of interfacial structure.
Moreover, the solid/polymer interface problem is largely
unexplored. A theory is needed that can explicitly in-
corporate segment/surface interactions and their effects
on interfacial structure and properties.

We have recently introduced a simple, constant-density
lattice model of the thermodynamics and structure of bulk
homopolymers at interfaces.” Here we develop a more
refined model that incorporates density variations in the
interfacial region. Our intention is to complement the
Poser~Sanchez theory® with a new approach that (a) takes
full advantage of the information content of the lattice
model and invokes no continuum concepts foreign to a
lattice representation; (b) is based on a rigorous thermo-
dynamic analysis of the interfacial region that employs
solely equation of state parameters; (c) provides a detailed
picture of interfacial structure at the molecular level, in
addition to observable thermodynamic properties; (d) is
applicable to polymer/solid interfaces as well as to free
polymer surfaces.

The material presented in this paper is organized under
three headings. Section 2 is a brief outline of the theo-
retical development, which applies to both polymer melt
surfaces and polymer melt/solid interfaces. In Section 3,
we use the theory to explore the free surface structure and
tension of alkanes and polymer melts. Some important
points are summarized in Section 4.

2. Theory

The system examined in this work is a monodisperse
homopolymer melt, lying between two flat surfaces, in
contact with unconstrained bulk polymer (Figure 1).
Three phases are distinguished: the solid (nonpolymer)
phase s, the interfacial polymer phase f, and the bulk
polymer b. For studying free polymer surfaces, the solid
phase is substituted by an energetically neutral gas phase.
In the latter case, the planar polymer film f is inherently
metastable; in the absence of external fields, it would break
and incoporate itself into the bulk polymer surrounding
it, to minimize surface area. Nevertheless, if the film
thickness is large enough, its middle region is indistin-
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guishable from bulk polymer, and the model becomes
representative of a single polymer surface.

Our approach rests on the following assumptions:

1. The solid surfaces are molecularly smooth and en-
ergetically homogeneous. Their extent in the x- and y-
directions is effectively infinite, and end effects are ne-
glected. The solid phase is impenetrable by polymer and
completely incompressible.

2. The polymer is composed of monodisperse, linear
chains. In both phases f and b, the polymer is represented
as a simple cubic lattice, whose sites are filled by chain
segments (beads) and voids. The bulk polymer phase is
infinite in extent. The density of the polymer phase can
adjust to changes in temperature and pressure, as well as
to the special energetic and entropic conditions prevailing
at the interface, through changes in the local concentration
of voids.

3. Inlaying down chains in the model polymer lattice,
the Bragg-Williams approximation of random mixing is
used to account for excluded volume effects in a layerwise
fashion.! Configurational entropy is obtained by using the
simple “Flory”? (or large coordination limit) approxima-
tion. A layerwise mean field approximation is also used
in calculating the energy of segment—segment interactions
and intramolecular energy.

Adsorptive interactions are active only between seg-
ments adjacent to a solid surface and sites on that surface.
A potential energy w,gq is contributed by each adsorbed
segment. The molecular picture we invoke is consistent
with that of Sanchez and Lacombe.? The nature of the
fluid is expressed through three parameters: the chain
length r, the attractive energy between adjacent segments
Waa, and the segmental volume v* or, equivalently, by r,
T#*, and P*, where

War  p, _ BT
2k’ v*
We will be using the Sanchez-Lacombe parameters in
all that follows. In addition, conformational contributions
to the intramolecular energy will be considered in some
calculations (see Figure 2). For symmetry with eq 1, we
introduce the temperature T,* in lieu of the energy w;g:

T = —2

(1)

Was
R @

Developing a model for our system amounts to deriving
an appropriate expression for “free energy” and minimizing
this free energy function to impose the conditions of
equilibrium.

Since density can vary in the polymer phase, pressure
appears as a variable. Let Py be the pressure in the bulk
polymer phase. Pressure in the film of Figure 1 is aniso-
tropic.#' The question thus arises, what pressure should
one use in defining a “free energy” for the system? The
answer is provided in Modell and Reid’s superb textbook
of thermodynamics.!! By consideration of a system con-
taining interfaces, at equilibrium with a constant-tem-
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perature and constant-pressure reservoir, it is shown there
that the appropriate “free energy” quantity is the availa-
bility T, a generalized Gibbs energy, defined in each phase
by the temperature and pressure of the reservoirs. In our
system, the bulk polymer phase plays the role of a constant
temperature and pressure reservoir, at 7 and P,. Then!?

T,=0,+PV,-TS, (a=5sfb) 3)

Our first objective is to develop expressions for the
availability of the interfacial polymer (T and of the bulk
polymer (T,) by a statistical mechanical analysis of the
lattice model.

Availability of the Interfacial Film. An expression
for T; can be obtained by using the formalism of the iso-
thermal-isobaric ensemble to describe a system of n; chains
in the interfacial region, together with a maximum term
approximation for the partition function. Detailed de-
rivations have been presented elsewhere.’® Only a brief
outline of the theoretical formulation is given here. In the
notation of ref 7, the distribution of conformations in the
interfacial region is found to obey the form

= exp(-£ + r In L)|w, exp(—¢,/kT)} exp[ Zr, Aln (1 -
(»Ol) + 2X<‘Pt) + (611 + 6; Zm)o‘lx + Xs)}] (4)

where ¢; is the volume fraction of polymer in layer ; and
the “site volume fractions” {¢;) are defined as in ref 1. The
interaction parameters x and x, are dimensionless mea-
sures of cohesive and adhesive interactions:

_ W T*
XTTr T T

Az 1 2T * - T*
Xs = =7\ Was ~5Wan ) = A T (5)

The quantity ¢, denotes conformational energy, and £ is
a Lagrange multiplier, associated with the constraint that
the sum of all n, must equal n;. The prefactor exp[-¢ +
r In L] in the distribution, eq 4, is conformation-inde-
pendent. The factor w, exp(~¢,/(kT')) is purely intramo-
lecular, i.e., proportional to the probability of occurrence
of conformation c¢ in the isolated unperturbed state. The
last factor can readily be cast into the form of a product
over all layers, to which the successive segments of a chain
belong under the conformation ¢.' It incorporates all
contributions from inter- and intramolecular long-range
effects and from chain-surface interactions. The availa-
bility of the interfacial polymer is calculated as!?

(1/kT)T(T,Py,nsd,h) =
ndr-DA-lnz)+ [-E+ (r-1) In L)} +

2L (xale) + In (1= @) + 2mL(Pw*/RT) (6)

The mlcroscoplc degree of freedom L (equivalently, the
surface area 4 wetted by the n; interfacial chains on each
plate) is included among the arguments of T;. This degree
of freedom is to be fixed by imposing the condition of
minimal total availability. At equilibrium, only four of the
five arguments of T in eq 6 are independent.

Conformation Propagation and Segment Balance
Equations. The simple product form of the distribution
of conformations in the film region, eq 4, permits the
self-consistent determination of the volume fraction profile
{¢d, given the factor ¢ + (r — 1) In L and the molecular
characteristics of the system. It is convenient to introduce
the “free segment probabilities”! P;, defined by

In P, =1n (1-¢) + 2x(¢g) + (01 F Si9m)(xs + NMix) (7)
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“End segment probabilities”! P(i,s), proportional to the
likelihood that a subchain s segments long (starting any-
where in the lattice) has its sth segment in layer i, are
similarly introduced. In the absence of conformational
contributions to intramolecular energy, the quantitites
P(i,s) can be obtained from the {P} profile via the recursive
eq 35 of ref 7. The inclusion of chain stiffness can be dealt
with through a more elaborate, second-order recursive
“conformation propagation” scheme, following the ideas
introduced by Di Marzio and Rubin!4 and Leermakers et
al.l® Considering a chain as a sum of two subchains,
sharing a common segment, the following self-consistency
“segment balance” conditions are derived:

¢, =expl-t+(r-1)In L]— ZP(L,S)P(z r-s+1)Y(i,s)
;s =1
1=<i1<m) (8

The coefficients Y(i,s) deal with the conformational energy
contribution from the junction between the two subchains;
they are functions of the end segment probability matrix.!®
For a given value of the prefactor exp{—£ + (r - 1) In L],
the segment balance eq 8, together with the recursive
conformation propagation equations and the definitions,
eq 7, comprise a nonlinear system that can be solved for
the m volume fractions ¢;, 1 < < m. Thus, closure of the
model amounts to determining the quantity ¢ + (r - 1)
In L, an intensive property of the interfacial polymer.

Availability of the Bulk Polymer. An expression for
the availability of the bulk polymer can be derived within
the framework of the isothermal-isobaric ensemble, fol-
lowing Sanchez and Lacombe.? For a “flexibility
parameter” of 2! (backstepping allowed) and a “symmetry
number” of 1, the availability of n;, chains in a bulk phase
at T and Py, where the volume fraction of polymer is ¢,
is

1 4
E_Y_-,Tb(TJDb’nby‘pb) =
1-¢,
nAr-1)A-Inz)-lnr-rgx+r In(1-
PbU r
o) Tlneo, + = — = (r—2) In (\; + N7p, + A7y)
RT ¢,

e}

The last term in braces in eq 9 is the contribution to free
energy due to intramolecular stiffness; 7, and 7y are
Boltzmann factors associated with the penalty of a gauche
(L) or a “backstepping” (V) placement of a pair of con-
secutive bonds, relative to trans!® (see Figure 2). The
separation of intermolecular and excluded volume from
short-range intramolecular contributions to the availability
in eq 9 stems from invoking the “random coil hypothesis”
in the bulk.

Model Closure: Full Equilibrium. It remains to
impose the condition of stable thermodynamic equilibrium
between phases s, f, and b. We consider the thermody-
namic system of Figure 3. This consists of equal and
opposite portions of the two slabs of phase s at temperature
T, each of surface area @ and each containing n,/ Ny, mol
of solid or gas; of the interfacial polymer in between (n;/ Ny,
mol) at temperature T; and of a quantity of the sur-
rounding bulk polymer (n,/ Ny, mol) at temperature T and
pressure P,. The total polymer in the system

= n; + ng, = const (10)

is fixed, as is n,. The quantitites n; and ny, are not fixed
a priori; the polymer is allowed to distribute itself between
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analysis.

the film phase and the bulk according to the requirements
of equilibrium. The infinitely extending (assumption 2)
bulk polymer phase b acts as a heat (constant T'), work
(constant Py), and mass (constant chemical potential)
reservoir for the interfacial polymer f. The film thickness
is kept constant and equal to h. The control surface of
Figure 3 intersects each plate along a plane, at which
properties are indistinguishable from those of a bulk s
phase.

Using eq 6 and 9, we can write the total availability of
our thermodynamic system as

T(Typb,n,stdyh;nfa%) = Tf(TrEb’nfad;h) +
Tb(T,Pb,n—nf,%) + TS(T,Pb,nS,d,(Ss) =
nC(T,Py,(ng /) h) + (n = npTp(T,Py,p) +

T(T,Py,n,,4,8,) (11)

In eq 11 it has been recognized that the intensive quantity
T¢ can only depend on n; and d through the intensive ratio
ng/d. By assumption 1, the thermodynamics of phase s
is completely decoupled from that of the polymer (incom-
pressible solid or highly attenuated gas); T, Py, n,, 4 and
0, will be related exactly as they would be in the absence
of polymer. The total amounts of all components in the
thermodynamic system of Figure 3 are constant, and the
system is capable of interacting with a constant temper-
ature and pressure reservoir. At equilibrium,!! T must be
at a minimum with respect to (a) the amount of polymer
between the plates n; and (b) the volume fraction of
polymer in the bulk phase ¢,.

Condition b leads directly to the Sanchez-Lacombe
equation of state for the bulk polymer;213.16

va*+(1 1) +In(l-¢) +xa2=0 (12
RT - oot Inll = @) + xap = )

Condition a is equivalent to
R
dé

= nf(Tf - Tb) (13)
T,Py.ng,h

By use of eq 6 and 9, it can be cast into the form

~t+(r-InL=In(g/r)-2rxe,—-rln(l-¢) -
(r—2)In (\; + A + M7y) (14)

Equations 12 and 14 provide closure to our full equilibrium
model. For a given temperature T and pressure P, in the
bulk phase, the volume fraction ¢, is determined by solving
eq 12. The factor —¢ + (r — 1) In L is then immediately
calculable from eq 14. Knowing this factor, we can obtain
the volume fraction profile {¢} in the interfacial region by
the conformation propagation and segment balance
equations, as described above. Furthermore, molar
availabilities in the interfacial region are obtainable
through eq 6 and 9. It should be pointed out that, in the
absence of chain stiffness, our model is analogous to the
original solution model of Scheutjens and Fleer,! with voids
playing the role of solvent molecules and with the bulk
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volume fraction fixed by the Sanchez-Lacombe equation
of state.!?

Surface Tension and Adhesion Tension. In the
system of Figure 3, we define interfacial tension v in terms
of the difference between the total availability of phases
s, f, and b and the availability that the same amount of
matter contained in the system would possess, if it be-
longed entirely to bulk s and polymer phases under the
ambient conditions T and Py:

276 = nfo(T7Pbah) + anb(T,Pb) + n’sTs(T’beas) -
nely(T,Py) — nyTo(T,Py) — n Yy (T,Py) =
nf[Tf(T,Pb,h) - Tb(T,Pb)] + ns[Ts(T,Pb,és) - st(T,Pb)]
(15)

The factor of 2 in eq 15 accounts for the presence of two
f/s interfaces. The subscript sb denotes a bulk s phase
of infinite extent in all three directions.

Consider now the system depicted in Figure 3 with all
polymer in phases f and b replaced by vacuum. By as-
sumption 1, the s phase in this new, vacuum-filled system
will have exactly the same surface area @ and the same
molar availability T, as in the original system. By defi-
nition, then, the difference T (T,P,,5,) — To,(T,Py) is related
to the surface tension of pure s (against vacuum) by

2796 = ns[Ts(Ter,as) - st(T7Pb)] (16)
Combining eq 15 and 16, we obtain
2(y = vo)a = ng[ (T, Py,h) — Ty(T,Py)] (17)

In solid/fluid systems, the quantity —(y - v,) is sometimes
referred to as the “adhesion tension”.!” If the s phase is
a solid, eq 17 provides a route for obtaining the adhesion
tension from fundamental molecular information. If the
s phase is a gas, then vy, = 0, and ¥ on the left-hand side
of eq 17 gives the surface tension of the pure polymer. It
can be shown!® that our definition of the adhesion tension
in terms of availability is consistent with definitions used
in previous theoretical work.!%18

Combining eq 17, 6, and 9, we obtain the following ex-
pression for the adhesion (surface) tension at a polymer/
solid interface (free polymer surface) in terms of the
volume fraction profile {¢;}:

Pror +m( 1) In (1
m\ =7 El[ 1—; ¢, +In(l-

@) + X@i(%)] (18)

_RT
7_75_—&:

By combining eq 18 and eq 12, one is led to an expression
for ¥ — v, that is identical with the surface tension ex-
pression of Scheutjens and Fleer for polymer solutions (eq
23 of ref 1 (1985)).

Interesting analogies exist between our lattice model and
continuum approaches to the surface behavior of polymeric
liquids. In the continuum limit, the sum in eq 18 reduces
to an integral over half the volume of the f phase. The
term x¢;{¢;) gives rise to a “nonlocal” contribution of the
form x¢? + A x(1*)20V%. The set of conformation prop-
agation equations becomes a partial differential “diffusion
and reaction” equation in the reduced end segment prob-
ability p(z,t). Also, the set of segment balance equations
reduces to an integral self-consistency relation between ¢(z)
and p(z,t).1%% In the limit of very long chains, this in-
tegrodifferential system can be used to express V2¢ in
terms of ¢ and the squared gradient (V¢)% The right-hand
side of eq 18 is thus cast into an integral involving (V)2
The coefficient in (V¢)? in this expression for surface
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tension involves “enthalpic” terms, reminiscent of the
Poser—Sanchez® theory; additionally, it contains “entropic”
terms due to the conformational restriction of chains at
the surface, which are analogous to the entropic correction
proposed by Rabin.2!

Another interesting connection can be made between eq
18 and the “mechanical definition” of surface tension.810.22
Consider the model system with s = gas phase, as the
number of layers m — «. From eq 18, we can write the
polymer surface tension as

Y= _Rgé(Pb - Pg)) = L(P, - Prix  (19)

RT o
where Pr; is defined by
Pru*
RT

If we accept that the Sanchez—-Lacombe equation of state
is followed locally within the interfacial region, then we
can identify Py, as the component of pressure in the
transverse (x or y) direction; in this direction, the density
of the system is “smeared”, and volume fluctuations are
not constrained by the layerwise discretization of the
lattice. Taking eq 19 to the continuum limit m — «

v= f [P~ Prl2)] d2 (21)

= —(1 - %)@- -In(1-¢) ~xgle) (20

where the limit +< corresponds to the unconstrained bulk
polymer and the limit ~ to the bulk gas phase, in which
no polymer is present. Equation 21 constitutes the
“mechanical definition” of surface tension and points to
the internal consistency of our variable-density approach.

Structural Features. The molecular detail of our
lattice model allows obtaining a variety of structural fea-
tures from its solution. Techniques for calculating some
of these features, developed in ref 7, can readily be ex-
tended to the variable-density case.’® Structural features
to be studied in the following include the bond order pa-
rameter S;, the average width n of a chain passing through
layer i, and the volume fraction ¢;(s) of segments of order
s in the film.

3. Modeling the Free Surface of Macromolecular
Liquids

Chain-Length Dependence of Surface Tension. Our
purpose in this section is to apply the theoretical devel-
opment outlined in section 2 to free surfaces of macro-
molecular liquids. In modeling a free surface, the semi-
infinite nonpolymeric domains s represent gaseous phases
at T and P,. The volatility of the liquid is neglected. This
is an excellent approximation for high molecular weight
polymer melts. In short-chain liquids, a vapor exists in
the bulk gas phase. As the density of this vapor will or-
dinarily be on the order of 10° times lower than the bulk
liquid density, its effects on surface structure and tension
are neglected. Density is assumed to drop to exactly zero
as one traverses the surface in the z-direction. The z value
at which this happens defines the location of the (con-
ceptual) planes separating phase f from the s phases. Note
that a more elaborate formulation of the free surface
problem, including the vapor phase in equilibrium with
the liquid, would well be possible within the framework
of our lattice model.

By definition, a free liquid surface is characterized by
T* = 0. The free surface problem in a melt of freely
jointed chains can thus be formulated exclusively in terms
of the three Sanchez-Lacombe equation of state parame-
ters r, T*, and P*.
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To test the performance of our model in predicting the
chain-length dependence of surface tension, we applied it
to the homologous series of normal alkanes. Values of the
parameters r, T*, and P*, chosen so as to fit experimental
density and vapor pressure data, are provided in ref 2.
Note that the chain length r does not correspond exactly,
and is not even proportional, to the actual number of
carbon atoms in a molecule; limitations of the lattice
representation have been absorbed into the parameters r,
T*, and P*. Note, also, that the Sanchez-Lacombe r can
assume noninteger values; on the other hand, our inter-
facial lattice formulation demands an integer r. To rec-
oncile this difference, two runs were performed for each
of the cases studied here, using as r the two integers
bracketing the Sanchez-Lacombe value. Thermodynamic
properties were calculated by linear interpolation between
the results of these two runs. A single-variable Newton-
Raphson analysis was used for the numerical solution of
the equation of state, eq 12, for ¢,. The system of inter-
facial equations was solved for the {¢;]} profile by
straightforward multivariate Newton—-Raphson analysis,
based on an analytical Jacobian.” The amount of polymer
per unit area in the f film is related to the average volume
fraction @ in the film by

1m n *
2= 1%, =5‘(1 e ) 22)

mi=1 2 mNy,

The strong nonlinearity of the free surface problem is
manifested in a multiplicity of solutions. For given T, P,
r, T*, P* and m, there are several {¢;] profiles that satisfy
the model equations, each corresponding to different  and
v. For n-hexane, for example, one can use r = 8, T* = 476
K, P* =298 MPa, T, = Ty =0,and m = 20. At T = 293
K and P, = 1 bar, one locates solutions with @ = 0.802 (y
=11.127 mN/m), = 0.765 (y = 10.872 mN/m), @ = 0.723
(v = 10.856 mN/m), ¢ = 0.680 (y = 10.873 mN/m), ¢ =
0.637 (v = 10.894 mN/m), and & = 0.594 (y = 10.915
mN/m). In all these solutions, the volume fraction ¢;
becomes indistinguishable from ¢, in the middle region of
the polymer layer. In the vicinity of the gas phase, the
volume fraction profiles differ among the various solutions;
this difference, however, is much more a difference in
position than in shape. The profiles are, to a good ap-
proximation, superposable by translations along the 2 axis.
This is reflected in the small differences between the v
values characteristic of the different solutions. In view of
this, the observed multiplicity of solutions appears to be
due to the artificial discretization imposed by the lattice
model, rather than to point to the existence of physically
different metastable surface states. All results reported
here are based on the stablest among the multiple solu-
tions; this is the solution of lowest total availability, or,
equivalently, of lowest surface tension. A zero-order con-
tinuation scheme in r, T*, and P* was used for the nu-
merical solution. The {¢;] profiles of higher homologues
were obtained from that of n-hexane at the same 7 and
P, through a series of “chemical transformations” from
each homologue to the next one, using the last determined
volume fraction profile as an initial guess.

Model predictions for the surface tension of alkanes at
20 °C and 1 bar, obtained by using a freely jointed chain
representation, based solely on the Sanchez-Lacombe
parameters, are plotted against experimental values in
Figure 4 (open circles). Two observations can be made on
the basis of these results:

(a) A linear relationship exists between predicted and
experimental surface tensions. Some deviation from the
least-squares line is observed in the case of hexane and



Macromolecules, Vol. 22, No. 12, 1989

18
C17
C14, o
T gl Tmm TL=250K Cl2e®
~ Cio @
pd ./
3
E 14 + C
G c
< 6 T,=0, T =0
£ 12} 4
o °
o n—alkanes: T=293K, P=1 bar
10 ; : s
16 20 24 28

Yexperimental (mN/m)

Figure 4. Predicted surface tensions plotted against experimental
values in the homologous series of normal alkanes, at 7' = 20 °C
and P, = 1 bar. Open circles: variable-density model with no
intramolecular energy contribution. Filled circles: variable-density
model with Ty, = 250 K and Ty = «. The parameters r, T*, and
P* recommended in ref 2 (1976, Table I; 1978, Table I) were used
in both cases. Experimental data are from ref 23, Table 51.4.
Least-squares lines have been drawn through the points.

Table I
Temperature Dependence of Surface Tension of Linear
Polyethylene at 1 bar

predicted® _T/dv/8T
temp t, °C  exptl® v, mN/m ~, mN/m expt® model®
136 28.85 19.68
146 28.49 19.32 0.84 0.79
155 27.77 18.99 0.89 0.83
165 27.33 18.61 1.01 0.88
173 26.64 18.31 1.27 0.92
182 26.04 17.97 0.81 0.97
192 25.76 17.59

¢Read from ref 25, Figure 2. Measurements reported in that
reference were performed by the pendant drop method on samples
of linear polyethylene (Alathon 7050, Du Pont) of melt index 20,
containing approximately 0.2 methyl groups per 100 carbon atoms
(estimated? weight-average molecular weight 38000). ®Variable-
density model calculations, obtained by using the Sanchez-La-
combe parameters r = 1.22r,, T* = 649 K, and P* = 426 MPa for
linear polyethylene (ref 2: 1978, Table II; 1977; Table I) and neg-
lecting chain stiffness (T, = Ty = 0). In defining r,, a skeletal
methylene (-CH,-) is used as the monomer unit. All calculations
were performed on a monodisperse melt of r, = 100-unit chains.
¢ Estimated by finite differences from entries in the three first col-
umns of Table I as ~(T/y)(3v/0T)|p, = [(¢; + 273.15)/(t;4y -
ti)1[(yi-1 = vis1)/v:] where i = 2 (1) 6 is the row index in the table.

heptadecane. Note that liquid heptadecane is metastable
at 20 °C; the experimental value of ¥ used in Figure 4 is
an extrapolation. The linearity between theoretical and
experimental v values indicates that the scaling of surface
tension with molecular weight is correctly predicted.
Surface tensions within a homologous series of macromo-
lecular fluids have been successfully correlated? as

Y =v. - K/ M3 (23)

The experimental and predicted alkane surface tensions
of Figure 4 can be fitted with eq 23 with correlation
coefficients of 0.998 and 0.996, respectively.

(b) Although the scaling of surface tension with molec-
ular weight is captured correctly, the actual values of
surface tension are underestimated by the model. Model
predictions for alkanes are on the average 41% lower than
the corresponding experimental values. The error is
somewhat lower in the case of longer chain polymers (32%
for linear polyethylene and 28% for poly(dimethyl-
siloxane), Tables I and II).

The question arises, why does a representation that fits
bulk volumetric data? within 1% lead to an underesti-
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Table 11
Temperature Dependence of Surface Tension of
Poly(dimethylsiloxane) at 1 bar

predicted® ~(T/7)(@v/8T)
temp t, °C  exptl® y, mN/m vy, mN/m expt® model®

30 19.79 14.19

60 18.02 13.12 0.99 0.92

89 16.62 12.05 1.18 1.11

116 15.05 11.05 1.37 1.30

146 13.61 9.94 1.37 1.54
173 12.51 8.97

®Read from ref 25, Figure 2. Measurements reported in that
reference were performed by the pendant drop method on Dow
Corning Silicone 200 fluids of viscosity 106 and 6 X 10* ¢St (esti-
mated® molecular weights 410000 and 180000, respectively).
Surface tension results were identical between the two molecular
weights, within the experimental error of £0.3 mN/m. No infor-
mation is given on sample polydispersity. ® Variable-density model
calculations, obtained by using the Sanchez~Lacombe parameters r
= 5.12r, T* = 476 K, and P* = 302 MPa for poly(dimethyl-
siloxane) (ref 2: 1978, Table II; 1977, Table I) and neglecting chain
stiffness (Ty, = Ty = 0). In defining r,, -Si(CH,),0- is used as the
monomer unit. All calculations were performed on a monodisperse
liquid of r, = 50-unit chains. ¢See footnote ¢ to Table 1.

mation of surface tension? One possible reason could be
that intramolecular conformational energy (chain stiffness)
was neglected in the calculations. To test this hypothesis,
we repeated the model calculations on normal alkanes,
using a characteristic temperature for gauche placement
equal to Ty, = 250 K and a characteristic temperature for
backstepping equal to Ty = «. In this case, the system
of model equations!® was solved by Brown’s method,?’
without analytical derivatives. The value of 77, is con-
sistent with the experimental difference? of roughly 0.5
kcal/mol between trans and gauche minima. Surface
tensions, predicted in the presence of chain stiffness, are
plotted in Figure 4 as filled circles. They are 8% higher
than the corresponding predictions for freely jointed
chains. This rather small improvement indicates that
neglecting conformational energy is not the primary reason
for underestimating surface tension. The primary reason
lies in the modeling of segment-segment interactions. In
our lattice representation, an infinite-range van der Waals
type nonbonded interaction is substituted by a square-well
potential, active only between nearest-neighbor segments.
In Sanchez and Lacombe’s equation of state work, this
substitution is compensated for by appropriate fitting of
parameters. These parameters, however, are no longer
satisfactory in an intrinsically inhomogeneous and aniso-
tropic system, such as the surface. Here, omission of po-
tential tails leads to an underestimation of surface tension.
At this point, one could revise model parameters (mainly
the characteristic temperature T*%) so as to enforce
agreement with experiment. Interestingly, such a revision
has been undertaken in the surface tension model of Poser
and Sanchez.® In order to use the Cahn—Hilliard for-
malism, these authors substitute the original lattice
square-well potential with a Sutherland-type potential,
which yields the same cohesive energy density in the bulk;
the attractive part of this potential consists of a smooth,
inverse-power expression. The exponent in that expression
is effectively treated as a fourth adjustable parameter by
Poser and Sanchez, to ensure accurate estimates of surface
tension. Although such a revision of parameters is possible
within the framework of our variable-density model, we
chose not to implement it here, as it is essentially foreign
to the lattice picture we invoke. Also, since accounting for
intramolecular energy effects, at a substantial computa-
tional cost, does not alter our predictions significantly, we
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chose to set T, = Ty = 0 in all subsequently reported
calculations for long-chain systems. To use our lattice
approach as a quantitative predictor of surface tension,
one should apply correction factors of 1.70, 1.46, and 1.38
in the case of normal alkanes, polyethylene and poly(di-
methylsiloxane), respectively.

A final point, worth mentioning here, is that the esti-
mates of v, obtained by our variable-density lattice ap-
proach, are coordination number dependent. If one in-
troduces a hep (z = 12) in place of a simple cubic (z = 6)
lattice to represent hexane, keeping the values of r, 7%, and
P#* constant, the predicted surface tension increases by
22%. Extrapolation to a lattice of infinite coordination
number would give y values close to the experimental
values. Such an extrapolation is not implemented here.
A simple cubic lattice is used in all calculations as the
simplest possible model, whereby interfacial structure and
thermodynamics can be investigated simultaneously and
self-consistently.

Temperature Dependence of Surface Tension. An
interesting aspect, that can readily be explored with our
variable-density lattice approach is the temperature de-
pendence of surface tension. This provides a measure of
the relative significance of entropic and enthalpic con-
tributions to surface thermodynamic properties.

By definition of the surface tension, we can express the
differential of internal energy in the system f + b + 5 as!®

Al = Gydn + TdS - P,dV - (Py - Py)ddh + 2vyda
(24)
Introducing the total availability T as the second Legendre

transform of U with respect to S and V, and using a
Maxwell relation on dT, we can write

v = Venthalpic + 'Yentropic (25)
where
1 3(T+P,V)
Yenthalpic — 5 '——a'A__— (26)
2 a n.T,Pph
ay

(27)

'Yentropic = TBT Py
At large enough separations £, which are of interest here,
v is an intensive property, dependent on T and Py, only,
and representative of a single free fluid surface. Equation
27 is simplified to

9y

Y entropic = TaT (28)

Py

Observe that ¥ emropic» @s defined by eq 28, is an intrinsically
negative quantity. We will use the dimensionless ratio

Y entropic _ T oy

5 v aT

as a measure of the entropic contribution to surface ten-
sion, relative to its total value. Note that this ratio is
positive but not a priori constrained to take on values less
than unity.

Surface tensions, predicted at various temperatures for
a monodisperse, linear polyethylene of molecular weight
1400, are compared against experimental data in Table I.
The molecular weight used in the calculations is lower than
that of the experimental samples. Nevertheless, it is high
enough for the reduced quantity (T/v)(dv/dT )|p, to be
practically molecular weight independent. The predicted
values of v are lower than experimental values by 32%,
as discussed above. Nevertheless, the effect of temperature

(29)

Py
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Figure 5. Temperature dependence of surface tension in linear
polyethylene. Surface tension, reduced by its value at 136 °C,
is plotted as a function of temperature. Open symbols: model
predictions. Filled symbols: experimental measurements. The
broken and solid lines have been drawn by linear regression
through the predicted and experimental points, respectively. The
figure is a graphical representation of the data in Table 1.
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Figure 6. Temperature dependence of surface tension in poly-
(dimethylsiloxane). Surface tension, reduced by its value at 30
°C, is plotted as a function of temperature. Open symbols: model
predictions. Filled symbols: experimental measurements. The
figure is a graphical representation of the data in Table II.

on surface tension is very successfully predicted by the
model. To demonstrate this, we reduce both theoretical
and experimental surface tensions by their values at 136
°C and plot the ratios thus formed against temperature
in Figure 5. The model and experimental curves coincide
within the accuracy of the measurement. This implies that
entropic contributions to surface tension are correctly
assessed by the model. To test this hypothesis, we form
the dimensionless entropic contribution ~(~Yentropic/¥) (€q
29) by finite differentiation of the second and third col-
umns of Table 1. Results are listed in the fourth and fifth
columns of the same table. Within the accuracy of the
data, experimental and model values for the relative sig-
nificance of entropic effects are in excellent agreement.
Note that the contribution of entropy to v increases with
increasing temperature.

The temperature dependence of surface tension in
poly(dimethylsiloxane) is examined in Table II, along the
same lines. In this case, the better quality of the exper-
imental data facilitates comparison between theory and
experiment. Surface tension, reduced by its value at 30
°C, is plotted in Figure 6. The experimental and model
lines in that figure are practically indistinguishable. Ex-
perimental and model estimates of the entropic contri-
bution to surface tension, listed in the last two columns
of Table II, are in excellent agreement.

The general conclusion from these calculations is that
although our variable-density model underestimates sur-
face tension, it correctly captures the relative significance
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Figure 7. Density profiles at the free surface of macromolecular
liquids, as predicted by the variable-density model. (a) Normal
decane with r = 12, T} = 250 K, Ty = =. (b) Poly(dimethyl-
siloxane) liquid, of molecular weight 3720, with r = 256, T, = Ty
= (. The Sanchez-Lacombe parameters T* and P* have been
used in all calculations.

of its enthalpic and entropic components. Interestingly,
the entropic contribution to surface tension in long-chain
liquids is less successfully predicted by the Poser-Sanchez
theory,® although that theory does a better job than our
lattice model in fitting room temperature surface tension
values. This is because the Poser-Sanchez approach is
purely a density approach. It does not explicitly take into
account the constraints imposed on conformations at a
surface. This leads to a substantial overestimation of
surface entropy.?! On the contrary, our lattice model in-
corpates a detailed consideration of the distribution of
conformations in the surface region.

Density Distribution. We present here results on
surface structure, obtained for two representative systems:
(a) normal decane, modeled by using r = 12 and the
Sanchez-Lacombe T* and P*, with explicit consideration
of conformational energy (T, = 250 K, Ty = «); (b) a
monodisperse poly(dimethylsiloxane) liquid of molecular
weight 3720, modeled exactly as described in Table II, with
Ty, = Ty = 0. By comparing these two systems, we will
probe the effects of chain length on surface structure.

In Figure 7, local density profiles

p(2) = p; = ¢(M /rv*) (30)

are plotted as a function of vertical position

2= (i - %)z* (31)

The plane beyond which no chain segments are detected
is used to define the origin for measuring z.

Density profiles are sigmoidal, rising from a value of
practically zero to their asymptotic bulk value over a
distance on the order of 15 A. The thickness of the surface
region, over which density variations are observed, is quite
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Figure 8. Bond order parameter profiles S; at the free surface
of (a) normal decane and (b) a 50-unit poly(dimethylsiloxane) of
molecular weight 3720. See also caption of Figure 7.

insensitive to chain length. Density distributions become
more diffuse with increasing temperature. The profiles
in Figure 7 are in general agreement with those predicted
with the theory of Poser and Sanchez® as well as with a
recent Monte Carlo simulation of a free melt surface.’

Bond Orientation. As a measure of orientation effects
induced by the surface, we introduce the bond order pa-
rameter’ in layer i

1 nflq + nf}

S = 5(3nﬂli_1 + nf + 2nf; - 1) (32)

In eq 32, n) (nk) symbolizes the number of bonds per
surface site that emanate from layer i in a direction per-
pendicular (parallel) to the surface. Order parameters of
1 and -1/2 correspond to situations of perfectly perpen-
dicular and perfectly parallel bond orientation with respect
to the surface. Bond order parameter profiles at the free
surface are plotted in parts a and b of Figure 8 for n-decane
and PDMS, respectively. In the highly attenuated surface
region, consisting of the three top layers (compare Figure
7), the prevalent bond orientation is perpendicular to the
surface; the few chains that participate in that region prefer
directing their backbones along the z-axis to lying down
parallel to the xy plane. In the fifth lattice layer, which
is the first at which segment density is appreciable, the
prevalent bond orientation becomes weakly parallel to the
surface. It subsequently relaxes to its isotropic bulk
characteristics within two or three layers. Profiles for the
short-chain n-decane and for the long-chain PDMS are
similar; the minimum in the fifth layer seems to be
somewhat deeper in the short-chain case. An increase in
system temperature is accompanied by a substantial de-
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Figure 9. Chain shape profiles at the free surface of (a) n-decane
and (b) a 50-unit poly(dimethylsiloxane). The quantity n stands
for the average number of segments that a chain passing through
layer i occupies in that layer.

crease in bond orientation effects.

Chain Shape. The average width of chains partici-
pating in the various layers of the model lattice is plotted
against layer number in parts a and b of Figure 9 for
n-decane and PDMS, respectively. In the highly attenu-
ated surface region, chains are very narrow (elongated in
the z direction). They become pronouncedly flattened as
one moves into the region of appreciable density. (A
maximum in n,; is observed at z = 15.9 A in the case of
n-decane and at z = 18.1 A in the case of PDMS.) Deeper
in the fluid phase, the flattening disappears gradually, as
conformations relax to their unperturbed bulk charac-
teristics. The length, over which this flattening effect
disappears, is clearly larger in the higher molecular weight
system; it is commensurate with the end-to-end distance
of an unperturbed coil. Temperature affects the distri-
bution of chain shapes less than bond orientation. Con-
formations in the high molecular weight PDMS system,
in particular, are rather insensitive to changes in tem-
perature.

Distribution of Chain Ends and Middle Segments.
As an additional measure of surface structure, we examine
the spatial distribution of segments as a function of their
topological position in the chain backbone. Numbering
chain segments from s = 1 to s = r, we will use the symbol
pi(s) to denote the local mass density (in g/cm?) of seg-
ments of order s in layer i. With the simple homopolymer
architectures examined, the following symmetry condition
is satisfied:

pi(s) = p(r—s+1) (1=2i<m1=<s=<r) (33)
The dimensionless ratio p;(s)r/p; measures the extent to

which the distribution of s-type segments departs from the
overall mass distribution in the interfacial region. If the
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Figure 10. Spatial distribution of chain ends and middle seg-
ments in (a) n-decane and (b) in 50-unit poly(dimethylsiloxane).
The dimensionless ratio p;(s)r/p; is a measure of the local density
of segments of order s relative to the overall local segment density
(irrespective of segment order) in layer i. Values of s = 1 and
s = r/2 correspond to chain ends and middle segments, respec-
tively.

contents of layer i constitute a random mixture of segments
of all orders, then the ratio p;(s)r/p; will equal 1 for all s,
Values of this ratio greater (less) than 1 indicate a con-
centration enhancement (depletion) of segments of order
s in layer i.

The relative local density profiles p;(s)r/p; in n-decane
and PDMS are plotted in parts a and b of Figure 10 for
segments of order s = 1 (chain ends) and segments of order
s = r/2 (middle segments). A tendency for chain ends to
preferentially concentrate in the highly attenuated surface
region is evident in n-decane. Of the few segments that
participate in the first layer of this model alkane surface
at 20 °C, 69% are chain ends (i.e., model segments of
orders s = 1 or s = r), even though end segments represent
only 17% of the total chain mass. Conversely, middle
segments avoid the highly attenuated surface region. Their
density distribution displays a shallow peak in the sixth
lattice layer. Deeper in the fluid, where overall density
assumes its bulk value, segments of all orders are randomly
distributed. The surface enhancement in chain ends ac-
tually becomes dramatic for the high molecular weight
PDMS. Here, 51.5% of the total population of the first
layer consists of chain ends, even though end segments
represent only 0.8% of the total polymer mass. There are
both energetic and entropic reasons for this enhancement
in ends. Exposing a chain tail to the highly attenuated
surface region is accompanied by a smaller loss of cohesive
energy than exposing a middle segment, together with the
loop of segments neighboring it on both sides. On the
other hand, the conformational restriction associated with
placing a chain tail adjacent to a plane surface is less severe
than that resulting from pushing an entire train of internal
segments against the surface. In both the n-decane and
PDMS systems, the distributions of segments of given
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Figure 11. Pictorial representation of molecular structure at the
free surface of a melt.

order become less inhomogeneous with increasing tem-
perature.

The density, orientation, and conformation measures
depicted in Figures 7-10 provide a self-consistent picture
of free surface structure at the molecular level. A sim-
plified representation of this structural picture is at-
tempted in Figure 11. Sparse, hair-like, perpendicularly
oriented tails reach out from the mobile mass of chains at
the extremities of the polymer. Conformations are flatt-
ened, as surface chains try to take advantage of cohesive
interactions in regions of appreciable density. The con-
formation assumes unperturbed characteristics as one
moves into the bulk. This structural picture is quite
consistent with molecular dynamics simulations of spon-
taneous cavitation in an n-octane-like fluid by Weber and
Helfand.?® Their work, which is based on an accurate
representation of molecular geometry, and is free of the
simplifying assumptions introduced in our lattice treat-
ment, clearly shows a tendency for hydrocarbon chains to
align perpendicular to a spherical vacuum/liquid interface,
with their ends pointing toward the vacuum phase and
their conformational distribution significantly enriched in
trans states relative to the bulk.

4. Concluding Remarks

We have outlined a variable-density lattice model of
polymer melt surfaces and polymer melt/solid interfaces.
The model was designed to predict surface thermodynamic
properties (surface tension, adhesion tension) and struc-
tural features at the molecular level, based on parameters
determined independently from volumetric behavior in the
bulk. Conformational energy (chain stiffness) effects can
also be incorporated. We have applied the model to free
surfaces of normal alkanes, linear polyethylene, and
poly(dimethylsiloxane).

Surface tensions are underestimated by 28-40%, if the
Sanchez-Lacombe equation of state parameters are used
to represent these macromolecular systems. This is due
primarily to the omission of the intersegmental interaction
potential tails in the lattice model. The scaling of surface
tension with molecular weight, however, is successfully
predicted. Also, the temperature dependence of surface
tension is captured very accurately by the model. This
means that the relative significance of enthalpic vs entropic
contributions to surface tension is correctly assessed.

The model provides a detailed and self-consistent pic-
ture of polymer structure at the molecular level. At a free
polymer surface, the density falls from its bulk value to
a value of practically zero along a sigmoidal profile that
spans a thickness of ca. 15 A. Sparse, perpendicularly
oriented chain tails protrude into the highly attenuated
surface region. Conformations become flattened as chains
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enter the region of appreciable density and gradually as-
sume their unperturbed bulk characteristics over a distance
commensurate with the mean squared end-to-end length.

We do not intend to convey the impression that the
Sanchez-Lacombe equation of state and the interfacial
model derived herein are perfect. First, the Sanchez-La-
combe model provides only an approximate, mean-field
representation of the actual thermodynamics of a lattice
fluid. Madden et al.®® have recently addressed this
question through Monte Carlo simulation; they find that
the actual volumetric and phase behavior of a lattice fluid
with given r, T*, and P* departs significantly from the
prediction of the Sanchez—Lacombe model for the same
parameter values and can only be reproduced by this
model if r, T*, and P* are treated as adjustable parameters.
Then, a discrete lattice is only an approximate repre-
sentation of continuum systems. Problems associated with
the omission of potential tails, and with the coordination
number dependence of obtained results, have been pointed
out in the discussion of our results. Nonlocal contributions
to the free energy of the polymer film phase, which may
be quite important,’! are incorporated in our interfacial
model only in a rudimentary way. Moreover, Dickman and
Hall32 have recently shown that the lattice-based Flory
approximation for the insertion probability of chains, on
which the Sanchez-Lacombe and Scheutjens-Fleer for-
mulations are based, leads to an underestimation of
pressure in hard-core chain fluids. Some limitations of the
Sanchez-Lacombe equation in fitting data from polymer
melts at high pressures have been pointed out by Dee and
Walsh.3® Despite these weaknesses, one must acknowledge
that the Sanchez-Lacombe model performs very well in
correlating experimental data at ordinary pressures.?
Moreover, it is remarkable that the Sanchez-Lacombe
picture of the polymer as a mixture of chains and voids
can be coupled to a Scheutjens and Fleer type treatment
of interfaces in a coherent statistical mechanical analysis
that permits the detailed exploration of both thermody-
namic and structural features, without invoking any phe-
nomenological concepts foreign to the lattice representa-
tion. The formulation presented herein is thus useful in
quickly exploring the salient features of polymer surfaces
and polymer/solid interfaces and in deriving semiquan-
titative estimates of surface and interfacial tension. De-
tailed atomistic approaches to interfacial behavior that are
free of the approximations involved in this treatment can
be developed at a substantially higher computational cost.

Results from applying our variable-density model to
polymer melt/solid systems are reported in the following
paper in this issue.
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Symbols

a surface area

a* area of a mole of surface sites: a* = NL(I*)?
G Gibbs energy

h thickness of interfacial polymer film

i index for lattice layers

K constant in correlation, eq 23

k Boltzmann constant
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I* lattice edge length

L number of sites on each solid surface

m one-half of the number of layers in interfacial region

M chain molecular weight

n number of chains

nd number of bonds per surface site that connect
layers i and i + 1 and are therefore perpendicular
to the interface

nk; number of bonds per surface site that are parallel
to the interface in layer {

ne number of chains belonging to conformation ¢

Ny average number of segments per surface site that
a chain passing through layer { occupies in that
layer

Ny, Avogadro number

P pressure

P* Sanchez-Lacombe pressure parameter (character-
istic pressure, indicative of the cohesive energy
density of the polymer; equal to RT*/v*)

P, “free segment probability” in layer 7, defined in eq
7

P(i,s) “end segment probability” for an s-segment-long
subchain in layer i

r number of model segments in model chain

Tic number of sites occupied by conformation ¢ in layer
i

r number of chemical units (mers) in actual chain

(r1)¢2  root mean squared unperturbed end-to-end dis-
tance

R ideal gas constant

] index for segments and bonds along a chain

S entropy

S; bond order parameter in layer

t thermometric temperature

T thermodynamic temperature

T, temperature characteristic of short-range intra-
molecular energy associated with gauche place-
ment of a bond, relative to trans

Ty temperature characteristic of short-range intra-
molecular energy associated with bond back-
stepping, relative to trans placement

T* Sanchez-Lacombe temperature parameter (char-
acteristic temperature of segment-segment in-
teractions: T* = —(zwya/2k))

T* characteristic temperature of segment—surface in-
teractions: T* = —(wag/k)

U internal energy

v¥ volume of 1 mol of chain segments: v* = N (I*)®

1% volume

Waa energy of attractive interactions between segments
occupying nearest-neighbor sites in the lattice

Was energy of attractive interactions between adsorbed
polymer segments and surface sites

x coordinate axis parallel to surface

y coordinate axis parallel to surface

Y(i,s) intramolecular energy factor in segment balance
equations, eq 8

z lattice coordination number, z = 6; coordinate axis
perpendicular to interface

Greek Symbols

0% surface tension of pure polymer; interfacial tension
in polymer-solid system

Ys surface tension of clean solid

8 Kronecker &

N distance over which variations in solid structure at
the interfacial region are observed

€ intramolecular (conformational) potential energy
for a pair of adjacent bonds along a chain, rela-
tive to trans placement

€ total intramolecular (conformational) energy of a
chain in conformation ¢

o fraction of nearest-neighbor sites to a given site
lying in same layer as the considered site

A fraction of nearest-neighbor sites to a given site

lying in layer above (i.e., nearer the surface) the
layer of the considered site; fraction of nearest-
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neighbor sites to a given site lying in layer below
the layer of the considered site

£ Lagrange multiplier associated with chain balance
constraint

o polymer mass density

pi(s) contribution to density of polymer in layer i due
to segments of order s

T Boltzmann factor, corresponding to the energy of
a conformational state

@ polymer volume fraction

X segment-segment interaction parameter, defined
ineq5

Xs segment-surface interaction parameter, defined in
eq b

T availability (thermodynamic property, defined in
eq 3)

W, factor proportional to the number of arrangements
of conformation c on the lattice, defined in ref
7

Subscripts

polymer segment

unconstrained bulk polymer phase

interfacial polymer (film) phase

lattice layer index

gaucht(ai placement of a bond relative to previous
bon

normal component of pressure (perpendicular to
surface)

nonpolymer (solid or gaseous) phase

index for bonds and segments

bulk solid, in the absence of surfaces

surface site

transverse component of pressure (parallel to sur-
face)

backstepping placement of a bond relative to pre-
vious bond

index for phases

© infinite molecular weight

Z o

< Hngeo

Q

Special Symbols

- mean value over entire film phase
thermodynamic quantity

total (as opposed to molar or specific) extensive
thermodynamic quantity
() ensemble average
Registry No. Cg;, 110-54-3; C,, 142-82-5; Cq, 111-65-9; C,,
111-84-2; Cyq, 124-18-5; C,, 112-40-3; C,4, 629-59-4; C,7, 629-78-T;
polyethylene, 9002-88-4.
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ABSTRACT: A recently developed variable-density lattice model is used to predict the macroscopic wetting
and spreading behavior of a polymeric liquid on smooth solid surfaces. The force field exerted by the solid
affects structural features in the interfacial region. Near strongly adsorbing, “high-energy” solids, polymer
density is enhanced relative to the bulk. Conformations are pronouncedly flattened; they relax monotonically
to their unperturbed characteristics over a thickness commensurate with the root mean squared end-to-end
distance. Near weakly adsorbing solids, polymer density is depleted due to entropic restrictions, and structure
is reminiscent of a free polymer surface. A thermodynamic formulation is developed for predicting the forces
exerted between molecularly smooth solid surfaces immersed in polymeric liquids, at separations commensurate
with chain dimensions. The system considered is a monodisperse 50-unit poly(dimethylsiloxane) between
smooth flat plates or crossed cylinder surfaces of various adsorbing strengths. In the case of high-energy solid
surfaces, which are most representative of the mica actually used in surface force experiments, the model
predicts repulsive forces of negligible magnitude (on the order of 1 uN/m) due to the polymer. The model
indicates that the long-range repulsive forces observed recently with higher molecular weight polymer melts

are nonequilibrium (hydrodynamic) in nature.

1. Introduction

Understanding the structure and thermodynamics of
macromolecular liquids in the vicinity of solid surfaces is
important in technical areas such as adhesion, lubrication,
and polymer melt processing. A quantitative theory,
relating the chemical constitution of polymer chains and
the composition and topography of solid surfaces to ma-
croscopic interfacial properties, would be valuable as a tool
for the efficient design of multiphase materials containing
polymers. With the trend toward miniaturization that
prevails in present-day high-technology areas, the need to
understand interfacial properties at the molecular level
becomes imperative. Polymer phases are becoming so thin
that their behavior can no longer be satisfactorily described
by continuum approaches.

In a companion paper,! we have outlined a variable-
density, mean field lattice theory of polymer melt surfaces
and polymer melt/solid interfaces. We have also presented
some applications to free polymer melt surfaces. Our
purpose in this paper is to explore systems involving
polymer melt/solid interfaces. Such interfaces have
scarcely been examined theoretically, although, from the
point of view of applications, they are more interesting
than free polymer surfaces. The material presented herein
falls under three general headings. Section 2 addresses the
problem of predicting molecular organization and adhesion
tension at interfaces between a bulk polymer phase and
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a smooth solid. Section 3 is concerned with very thin
polymer films, formed between smooth solid surfaces im-
mersed in a macromolecular liquid. Forces between such
surfaces at separations commensurate with chain dimen-
sions have recently been measured; we apply our lattice
approach to predict these forces at thermodynamic
equilibrium. Results obtained in the bulk melt/solid in-
terface case and in the confined thin-film case are dis-
cussed in section 4.

2. Modeling the Polymer Melt/Solid Interface

Adhesion Tension. As described in the preceding
paper in this issue, our interfacial model combines ideas
from the equation of state work of Sanchez and Lacombe?
and from the Scheutjens and Fleer model of polymer ad-
sorption from solution on solid surfaces.®* The chemical
constitution of the polymer is summarized in three mo-
lecular parameters: the chain length r, the characteristic
temperature of cohesive segment—-segment interactions T,
and the characteristic pressure P*, from which segmental
volume can be extracted. Conformational energy (chain
stiffness) effects will not be considered in any of the cal-
culations reported in this paper. Attractive segment/solid
interactions, characterized in our lattice model by the
parameter T,*, play a decisive role in shaping the inter-
facial picture. All computations in this section were per-
formed with a film thickness h large enough that the
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