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ABSTRACT: Monte Carlo (MC) lattice simulation studies have been performed for a compressible polymer 
melt over a wide range of cohesion energies or densities. The free surface of the melt was examined with 
respect to its concentration profile, surface thickness D,  and surface tension u. For various reduced 
intersegmental energies, e (e < 0) ,  we found that u is proportional to and that D varies linearly with 
(e,  - e)-1/2, where e, is a critical value of the reduced intersegmental energy; both relations are analogous to 
those for a polymer-polymer interface. The surface thickness for a representative system was calculated to 
be in the range D = 1.5-4.0 nm. Relative to the values found with the equation-of-state theory for surface 
tension of Sanchez and Poser and with the functional integral approach of Hong and Noolandi, we observed 
somewhat lower densities and thicker interfaces for given cohesion energies. The observed surface profiles 
are also symmetric rather than asymmetric as predicted by these theories. Our equation for the dimensionless 
parameter urd versus T d  provides realistic values for the surface tension and its temperature coefficient 
using parameters obtained from data for the bulk polymers. The microscopic analysis of the interface from 
the MC simulation results revealed a surface enrichment by chain ends, a layering of coil centers beneath 
the surface, a continuous variation in intersegmental contacts, and a strong deformation of coils in the 
interface. We also found a slight variation of coil dimensions in the bulk for different temperatures and 
cohesion energies. 

Introduction 
The nature of a free polymer surface and of a polymer- 

polymer interface plays an important role in many 
applications involving adhesion, friction, wettability , and 
coating. The effort to understand and control processes 
involving these applications would benefit from a better 
understanding of events at the molecular level.’ 

There are few simulation studies of the free surface of 
a polymer melt;24a and few such studies have considered 
compressible systems of variable ~olume.~fj  In this con- 
tribution we report simulations of a compressible polymer 
melt with a free surface that result in the determination 
of the surface tension and the surface thickness from the 
calculated surface profiles. In these simulations, the 
variation in these quantities was correlated with changes 
in cohesion energy, temperature, and density. Attention 
was also paid to the microstructure of the surface region 
in terms of segment-segment or segment-void contacts 
and of the densities of chain ends and coil centers of mass 
across the surface profile of the melt. 

At the molecular level,7 a polymer-polymer (P/P) 
interface is understood in greater detail than is a free 
surface, partially because only the composition varies 
across the interface whereas a free surface also involves 
a density variation, a feature that complicates analysis. 
We have performed MC simulations of the free surface 
and, for the phenomenological interpretation of the data, 
have used results derived for the P/P interface in the strong 
segregation (immiscible) limit,7-9 an appropriate approx- 
imation. In addition, we have compared the present 
simulation results for surface profiles and surface tension 
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to equation-of-state theory (EOS) predictions.lOJ1 

MC Simulations 

For MC simulations of low molecular weight liquids, 
the surface tension u can be found by using the standard 
re1ationl2 

where rij is the distance between molecules, Z i j  is its z 
component, u’(rij) is the gradient of the potential energy 
between the molecules, and the summation is taken over 
all pairs of molecules in the sample area L2. In the bulk, 
the term 3Zi?/rij averages out to rij, so the total contribution 
to c arises only from pairs of molecules near the interface. 
On a cubic lattice, we can analyze separately the contri- 
butions from the x and y directions (parallel to the surface) 
and the z direction (perpendicular to the surface). In the 
x and y directions, after averaging, all contributions in the 
summation cancel out, because the density gradient is in 
the z direction. Thus, only the latter is relevant and leads 
to the term -2ziju’(zjj) in the double summation in eq 1. 
In reformulating the continuum approach to that of a 
lattice with nearest-neighbor interactions and a lattice 
spacing equal to unity we approximate the gradient u’(rij) 
by u’(ri,) = - E .  

By using this approximation and the equilibrium 
densities of segments over the entire surface profile derived 
from MC lattice simulations of nearest-neighbor inter- 
actions, we can sum over the layers of the surface profile 
rather than over individual molecules and obtain 

(2) 

where +(z) is the equilibrium volume fraction of occupied 
sites at the respective z coordinate of the profile obtained 
from the MC simulation, t (E < 0) is the nearest-neighbor 

mi2 = 2t C4(Z)[4(2+1) - 4(z-l)l 
2 
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segment-segment cohesive interaction energy, and a is 
the length of one side of a lattice site. In the simplified 
case of asteplike profile in which the reduced concentration 
drops at some given value of z from 1 to 0, only one term 
in the summation remains finite, and eqs 1 and 2 reduce 
to uu2 = -2t, as required. 

A natural extension of eq 2 for the free surface of a 
miscible polymer blend containing homopolymers of type 
A and B yields 

= 2 x { 4 A ( Z ) [ f A A ( 4 A ( z f 1 )  - bA(Z-1))  + 
z 

cAB(6B(Z+1) - $B(Z-l))l  + 4B(Z) [EBB(6B(Z+1) - 
$B(Z-l)) + tAB(4A(Z+1) - @A(Z- l ) ) l )  (3) 

where tij denotes the several nearest-neighbor i j segment- 
segment interaction energies and & denotes the respective 
volume fractions. 

However, for the A/B interface, an internal surface, 
exhibiting a continuous change in concentration from 
polymer A to polymer B, increasing2 produces the different 
result shown below, where the difference is only in the 
sign of the second term: 

QABa2 = 2 x { 4 A ( z ) [ t A A ( # A ( z + l )  - #A(Z- l ) )  + 
z 

EAB(#e(Z+1) - $B(Z- l ) ) l  - 6 B ( Z )  - 

&(Z- l ) )  + CAB(4A(Z+1) - $A(Z-1))1) (4) 
From eq 4, for a steplike surface profile (i.e., with a 
discontinuity from A to B at a given z ) ,  as with eq 2, we 
obtain ama2 = 2(-tu - tgg + %AB), as required. Note 
that further simplification to consider the A homopolymer 
alone yields the result Q A U ~  = -2t.4, as was obtained from 
eq 2. 

For low molecular weight liquids, eqs 2-4 are formally 
correct. For polymer chains, however, we need to introduce 
the multiplication factor (2 - 2)/Z in all three equations, 
which effectively takes only nonbonded contacts into 
account. Hence, instead of eq 2, we obtain 

where Z is the appropriate lattice coordination number. 
This, however, is essentially a combination of a mean- 
field (MF) and MC approach. A preferred way to calculate 
u from a lattice simulation is by using the relation 

which is a restatement of eq 1 for the polymer liquid on 
the lattice and which accounts properly for nonbonded 
contacts. The summation in eq 6 is performed over each 
chain segment i within the three-dimensional surface 
region (area L2) and averaging is performed over the many 
different multichain configurations, as in eq 1. Nnb(zi,zi+l) 
and Nnb(Zi,z&-l) are the number of nonbonded contacts of 
segment i at zi with sites zi + 1 and zi - 1 respectively. The 
difference in the number of nonbonded contacts, Nnbr  for 
a given segment in opposite directions along the z axis 
perpendicular to the surface takes the possible values -1, 
0,l .  Equation 6 will be used here for the analysis of surface 
tension; however, as will be shown, eq 5 is in fact a very 
good approximation. 

Mansfield et aL2 recently proposed another method to 
calculate Q from molecular simulations by applying an 
infinitesimal affine deformation of the surface area while 
keeping the total volume constant. 
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Figure 1. Profiles of occupied volume fraction y as a function 
of distance z from the wall for various cohesion energies in a 
polymer melt. Points are the result of the Poser-Sanchez (SP) 
theory for e = -0.45 (v) and -0.7 ( 0 ) .  
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Figure 2. Occupied volume fraction as a function of reduced 
cohesion energy in the bulk regime. 

The MC simulation method used in this analysis has 
been described in a previous cornmuni~ation.~~ The 
polymer melt is simulated by chain conformations on a 
cubic lattice with nearest-neighbor interaction energy e 
(here used as areduced cohesion energy, e = t / k q  between 
polymer segments. A short-range interaction in the 
vicinity of a hard wall combined with the imposed cohesion 
in the melt causes the system of chains to condense against 
the wall, thereby forming a polymer slab with three 
distinguishable regions: (i) a region close to the wall- 
polymer interface, (ii) the bulk, and (iii) the free surface. 
In this contribution, we report on investigations of the 
free surface of the melt lying parallel to the wall. A chain 
length of N = 30 segments per chain has been used; other 
details of the simulation procedure have been described 
p r e v i ~ u s l y . ~ ~  Because there is no restriction on the 
exchange of voids between the condensed phase and the 
external volume, except for that arising from the cohesion 
in the melt, the system is effectively at  zero pressure.'3 

Results and Discussion 
Surface Profiles, Surface Tension, and Surface 

Thickness. Figure 1 depicts profiles of the occupied 
volume fraction in the polymer melt a t  equilibrium as a 
function of distance from the wall (located at  z = 1) for 
various cohesion energies in the range -e = 0.45-0.7. 

The flat region in each profile depicted in Figure 1 
provides the density of the bulk polymer phase expressed 
in terms of an occupied volume fraction y as a function 
of e; these values are plotted in Figure 2. It  is observed 
that for lower cohesion energies, there are large variations 
of density with e, whereas a t  higher energies, an additional 
increase in cohesion does not bring a proportional increase 
of density because of a space-filling limitation. These MC 
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Figure 3. Surface tension uaYkTas a function of cohesion energy 
t / k T  (0) results of eq 6; (+) results of eq 5; (- - -) SP theory 
results for N = 30; (- - and - - -1 results of the SP and Hong- 
Noolandi (HN) theories, respectively, for N - m. 
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Figure 5. Surface tension ua2/kT as a function of -ellz for the 
values used in Figure 3. 
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Figure 4. ln(aa2/kr) as a function of In y for the values used 
in Figure 3. 

results coincide with the liquid branch of the coexistence 
curve. 

In the discussion below, we will concentrate on the free 
surface region of the profiles. 

Figure 3 represents the results of an analysis of the free 
surface according to the approximation, eq 5, and the more 
exact MC analysis, eq 6. We find good agreement between 
the two results. For internal consistency we will never- 
theless limit ourselves to results based on eq 6. By 
extrapolation, we find that the surface tension drops to 
zero at  a critical cohesion energy e,, which in fact appears 
to be close to that predicted by the EOS analysis, i.e., e, 
= -0.31 1, which incorporates nonrandom mixing and 
connectivity effects in the analytical theory.13 

By combining the results of Figures 2 and 3, it would 
be possible to plot ua2/kT as a function of volume fraction 
y. Such a plot would reveal that the surface tension 
increases with the density and that this increase is steeper 
for higher densities. However, it  is instructive to show 
this relation (Figure 4) in the form of the empirical plot 
u = u u n  (known as McLeod's equation'), where the 
exponent n for polymers usually lies between 3 and 4.4. 
We find some deviation from this relation, but the 
approximate exponent for our range of densities is found 
to be n - 3.9. 

A further analysis of Q as a function of e shows that 
there is a linear relation between u&/kT and -elf2 (Figure 
5). This can be explained by analogy with a similar 
relation,%l1 a a 2 / k T  = (x/6Y2, derived for the interface 
between two polymers in the strong segregation limit. Thus 
from X = (2 - 21lC.4~ - (€AA + €BB)/2] and €AB = €BB = 0 
(in this simulation), we find that x is proportional to -EM, 
which here is identical to the cohesion energy -E. 

(c,-c)-"' 

Figure 6. Interface thickness D in lattice units as a function of 
(e, - 

We also analyzed the surface profiles depicted in Figure 
1 in terms of an analytical equation previously derived for 
the shape of a polymer/polymer interface:' 

d(z) = 4 ( m ) [ l -  tanh(2(z - d)/D)1/2 (7) 
where D is the full width of the interface (instead of the 
half-width usually used), d is the location of the interface 
on the z axis, and $(a) is the volume fraction in the bulk. 
The fit of our MC profiles using eq 7 is excellent. The 
principal parameter from this analysis, the surface thick- 
ness D, is plotted in Figure 6 as a function of (e, - 
The good fit indicates that the surface thickness can be 
interpreted by the more familiar formula D = x-'/* 
frequently used for the P/P interface. We have not 
attempted to quantify the surface thickness with relations 
such as7 D = 2b/(6~)' /~ ,  where b is the Kuhn segment 
length, because the equations of Helfand et al.'and Broseta 
et al.8 were both appropriate for an interface between 
polymers, not for a free surface and also for relatively low 
concentration gradients. In addition, even for an interface 
between immiscible polymers, Reiter et al." found from 
MC studies that these MF relations considerably under- 
estimate the interface thickness. To illustrate this point, 
for our values e = -0.45 to -0.7, we calculated D values 
that range from 0.83 to0.4 lattice units by using the formula 
for finite chain lengths of Broseta et al.8 Similarly, the 
Sanchez-Poser approach also yields a somewhat narrower 
interface (see Figure 1).lo 

In contrast, the MC simulations showed that the 
interfacial thickness D ranges from 2.4 to 5.4 lattice units 
for reduced cohesion energies between e = -0.7 and -0.45. 
This is thus comparable to the radius of gyration of our 
chains in the bulk, RG = 2.73 lattice units, and approx- 
imately independent of cohesion energy. 

Note that the profiles are symmetrical (Figure 1). This 
result was also observed in the off-lattice MC simulations 
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Figure 7. Mean-square end-to-end distance ( E )  in lattice units 
as a function of reduced cohesive interaction energy in the melt. 
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Figure 8. Profiles (normalized to unity in the bulk region) of 
density (-), chain ends (- - -1, coil centers of mass (- -), and coil 
deformation factor ( R Z 2 ) / ( R z 2  + RY2) (- - e -) for e = -0.5. 

of Mansfield et a1.,2 whereas Poser and SanchezlO and Hong 
and Noolandill predicted asymmetric profiles. 

Chain Ends, Centers of Mass, and Segmental 
Contacts across the Surface. If we consider a condensed 
polymer melt a t  various densities, it is well established 
that, in such a dense entangled medium, chains experience 
unperturbed chain dimensions. Assuming that the five- 
choice random walk in a cubic lattice represents an 
unperturbed chain with average valence angle (cos c p )  = 
-0.2, we calculated ( R 2 )  = 45 lattice units and a Kuhn 
segment length of b = 1.5lI2. Indeed, we found values 
close to this for the pure polymer melt, although we also 
observed some deviations (Figure 7). Thus at  lower 
densities, a slight expansion occurred, which could be 
anticipated from the known concentration dependence of 
chain dimensions. However, it should be recalled that we 
consider a condensed system, not a semidilute solution. 
These changes are not as pronounced as observed4b in a 
polymer mixture with asymmetric compositions and 
favorable interaction between unlike components. These 
results point out that, in the pure polymer melt, chain 
dimensions are not as constant as is often assumed. 

Chain-end density is enhanced both at  the free surface 
and at  the wall. This can be seen from the profiles 
(normalized to  unity in the bulk region) of chain ends, coil 
mass centers, and segment densities (Figure 8). However, 
this enhancement is combined with a depletion layer just 
below the enriched layer, because the number of chain 
ends must be conserved within the region of the correlation 
length given by the dimensions of a single chain. The 
behavior of chain ends and coil mass centers similar to 
what is found here for a free surface was also described 
by Reiter et al.14at a PIP interface. The coil-center profile 
shows layering of coils a t  the wall and also below the free 
surface, the effect being stronger a t  the wall. At  the solid 
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Figure 10. Reduced plot of a d  versus Td calculated for the 
present MC data according to eq 9. 
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Figure 11. Surface tension as a function of temperature for four 
polymers obtained from the reduced plot (Figure 10) and bulk 
EOS parameters e* and Y* for PS (A), PMMA (e), PVAc (M), and 
PDMS (v). The experimental resultslJ* are denoted by the 
corresponding empty symbols. 

as a function of az instead of L2 in the form of reduced 
units by introducing the EOS parameters: the total 
interaction energy per segment, c*, and the close-packed 
segment volume, v*. Thus 

T* = t*/k, t* = 142/2, Tred = TIT” (8) 

(V*) ’ I3  = a, 6* = c * / ( Y * ) 2 / 3 ,  ur,d = u/a* 

After introducing these parameters, we can recast eq 6 
as a universal relation between bred and (implicitly) Tred: 

It  may be noted that this relation is obtained without 
introducing any approximation for the proportionality 
factor of the free energy gradient term. However, detailed 
MC data are needed to evaluate the averaging in eq 9 at 
a given Trd. The plot in Figure 10, based on the present 
MC results, shows some deviation from the universal plot 
constructed from the SP theory (see Figures 1 and 7, ref 
lo), with the present curve located at somewhat higher 
values of Ured. 

In addition to the universal reduced plot (Figure lo), 
we have calculated (Figure 11) absolute values of u for 
polystyrene (PS), poly(methy1 methacrylate) (PMMA), 
poly(viny1 acetate) (PVAc), and poly(dimethylsi1oxane) 
(PDMS) by using appropriate data18 for v* and t* obtained 
from the bulk EOS analysis. For comparison, we also show 
experimental surface ten~ions.~Jg The deviations here and 
in the reduced plot are not surprising, considering the fact 
that parameters e*  and v* have been used here as 

- 3 - 2 - 1  0 1 2  3 4 

2 

Figure 12. Surface profile from SP theory (solid line) and HN 
theory (dashed line) for e = -0.45 and N - m. 

microscopic molecular parameters, whereas they are really 
phenomenological fitting parameters for a given polymer 
melt, even when introduced at  the molecular level. 
Furthermore, no fitting of the gradient energy constant 
to experimental data was performed in the simulation. As 
an alternative it would be possible to fit the reduced data 
of eq 9, represented by the plot in Figure 10, to actual u 
versus T data for a range of polymers, from which a new 
set of characteristic parameters c* and v* could be derived. 
This would possibly produce a satisfactory agreement of 
experimental data on one universal curve, but has not 
been pursued for two reasons. First, we wish to present 
the present ab initio analysis independently, and secondly, 
the present data have been obtained only for N = 30 and 
not for the asymptotic value N - m, for which the 
expanded results would be more appropriate. 

From the experimental value for the parameter v* 
obtained from eq 7, an approximate absolute value for an 
effective lattice spacing unit for surface profiles and hence 
the surface thickness can be obtained. For polystyrene 
we foundz0 a = 0.55 nm, and we have thus calculated that 
the surface thicknesses of the profiles shown in Figure 1 
are approximately D = 1.5-4.0 nm. 

It  is noted that Hong and Noolandill (HN) have 
developed a polymer surface tension theory based on a 
functional integral theory approach by accounting for 
conformational entropy effects not present in the SP 
theory. The HN approach yields surface tensions higher 
than those derived by SP theory (see Figure 3). The 
interface profiles calculated for N - m and e = -0.45 
(Figure 12) are very similar. The HN profile is somewhat 
wider than the SP profile, with differences mainly on the 
low-density side of the profile. As can be seen, both profiles 
are asymmetric. We can conclude that the HN theory, 
predicting somewhat higher avalues and a slightly thicker 
interface than those of the SP theory, is somewhat closer 
to our results (compare Figures 1, 3, 10, and 12). 

Despite the limitation imposed by the lattice approx- 
imation used here, we believe the present simulation results 
provide a reasonably accurate estimate of the surface 
parameters of a polymer melt. Our contention is based 
on the good agreement of the calculated surface tension 
and its temperature coefficient and the fact that the 
symmetric surface profiles are supported by the off-lattice 
simulation of Mansfield et  al .2  Finally, a parallel simu- 
lation of the surface segregation of a polymer blend near 
a solid wall produced excellent agreement with mean-field 
theory, again without using additional fitting parameters.21 
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