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ABSTRACT: A computer simulation technique has been developed that is capable of probing the interface
between an amorphous glassy polymer and a crystalline solid substrate in atomistic detail. The interface
between bulk glassy atactic polypropylene and a graphite basal plane is used as a test case. The method
requires the generation of a set of static model microstates that are in detailed mechanical equilibrium, each
characterized by two-dimensional periodic boundary conditions and consisting of multiple chains of polymer
sandwiched between two semiinfinite solid phases. To obtain a static model microstate, an initial guess
microstate is first generated by a Monte Carlo procedure based on the rotational isomeric state model with
corrections for long-range interactions. Subsequently, the total potential energy is minimized with respect
to all microscopic degrees of freedom. From such a set of static model microstates, we have predicted the
internal energy contribution to interfacial thermodynamic properties, as well as the local structural features.
A quantitative estimate for the work of adhesion between atactic polypropylene and graphite has been obtained,
which agrees well with experiment. The distribution of local internal stresses confirms that microstates are
mechanically isotropic in their middle region (far from the solid surfaces), which is indistinguishable from
unperturbed bulk polymer. The local structure of the polymer lying within 10 A of a graphite surface is found
to be different in many ways from that of the corresponding bulk. Near the solid, the local polymer density
profile displays a maximum, the backbone bonds of chains develop considerable orientation parallel to the
solid surface, and the usually preferred trans rotational state is suppressed. Adsorbed pendant hydrogens
of the polymer concentrate preferentially on top of the centers of the hexagons in the graphite honeycomb.
The polymer structure has been explored at the level of entire chains as well. The chain center of mass
distribution diplays a maximum approximately 1 unperturbed root-mean-squared radius of gyration away
from each solid surface. Chains orient with their longest dimension parallel to the graphite phases. The
intrinsic shape of the chain segment clouds, as characterized by spans and principal moments of inertia, is
found not to be a strong function of position relative to the interface. All polymer/solid results presented
have been screened for possible system size effects and compared to the corresponding results from a recent

computer simulation of the free surface of glassy atactic polypropylene.

1. Introduction

Polymer/solid interfaces are very important in a wide
variety of technologies. They are encountered in adhesives
and protective coatings, as well as lubricants and sus-
pension stabilizers.! The structure, thermodynamic, and
mechanical properties of the polymer/solid combination
play asignificant role in dictating the overall performance
of the multiphase material system. Anexample involving
glassy polymers is provided by state-of-the-art polymeric
composites. The stiffness, toughness, and strength of the
individual phases (polymeric matrix and solid filler) are
extremely important in shaping the overall mechanical
behavior of the composite. However, failure is often
observed tostartin the interfacial region. It may be either
interfacial or cohesive and still be affected by the interface.
Breakdown of the interphase can occur for many reasons
such as the existence of differences in thermal expansion
coefficients, the migration of water to the interface, or the
poor physical and/or chemical attachment of polymer to
the solid phases. The work of adhesion,? W,, provides a
quantitative thermodynamic measure of the strength of
attachment at the interface. Experimental studies of
adhesive failure have shown that the strain energy release
rate! associated with the propagation of a crack between
polymer and solid phases, although strongly rate depend-
ent because of contributions of plastic and viscoelastic
deformation of the polymer, is always proportional to the
work of adhesion.

To judiciously select and efficiently design materials
for use in the above areas of technology, we need to
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understand polymer interfacial behavior at the molecu-
lar level. Interfaces are intrinsically inhomgeneous and
anisotropic. There is an asymmetry between cohesive
interactions within the polymer and adhesive interactions
between the polymer and the adjacent phase. Inaddition,
chain conformations experience strong entropic constraints
ataphase boundary, against which they cannot propagate.
These factors cause the organization and shape of mac-
romolecules at the interface to be quite different from
those in the bulk. Perturbations in structure relative to
the bulk polymer, in turn, govern all the macroscopic
interfacial properties that one would wish to control and
manipulate.

Computer simulation has been used extensively tostudy
the energetics and molecular structure of fluid phases near
flat solid surfaces. Early work in the field developed
potentials for the description of the physical interaction
between a single adsorbing atom (adatom) and a struc-
tureless wall.3# In this work, solids are viewed as semi-
infinite assemblages of ordered molecules that interact
with the single adatom through pairwise additive poten-
tials, such as the Lennard-Jones potential. These pair-
wise interactions, which are infinite in number, are
frequently summed through integration by smearing the
solid atoms either in layers (10-4 potential) or in all three
dimensions (9-3 potential), More elaborate potential
summation methods were developed for atomistically
explicit (“corrugated”) model surfaces of known geometry,
such as graphite basal planes and the (100) and (111) faces
of an fcc lattice. Significant progress toward developing
interatomic interaction potentials for rare gas atoms next
tothese solid phases,>” including three-body contributions
inthe adatom/graphite potential,® has been accomplished.
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These potentials have been used extensively in computer
simulations to study single-atom adsorption as well as
monolayer and multilayer formation by physisorption from
the gas phase on simple solid surfaces. Some systems
studied include argon,® krypton,1%1 methane,!218 ethane,
ethylene,!® butane and decane,!é nitrogen,!”-19 chlorine,20
ammonia,?! several aromatics,?22 and single epitaxially
deposited polyethylene chains.2* Computer simulations
of simple liquids in the presence of structureless walls
have been performed by molecular dynamics?® and Monte
Carlo techniques.?® In addition, liquids such as argon?".2
and n-hexane? have also been explored near corrugated
surfaces. Recently, there has been significant interest in
simulating macromolecular liquids near solid surfaces. The
model system is typically a low molecular weight analogue
of polyethylene, represented as a string of beads between
featureless solid walls, which may be energetically neutral
or attractive toward the beads. Various structural and
dynamic aspects have been probed by using lattice Monte
Carlo,30-33 off-lattice Monte Carlo,338 and molecular
dynamics techniques.?” Other types of polymer/solid
interfaces have also been studied computationally. Lattice
and off-lattice simulations of layers of chains terminally
attached to structureless walls in a solvent,3¥40 as well as
lattice simulations of polymer/polymer interfaces, are
important examples.4! Off-lattice Monte Carlo has been
used to examine a spherical micelle of amphiphilic
molecules and a droplet of tridecane molecules,*2 and
lattice-based dynamic calculations have been employed
to probe the adsorption and aggregation of dissolved
copolymer molecules near smooth or rough surfaces.43 All
computer simulations for polymer chains reported so far
treat the chains as assemblages of simple spheres (united
atom representation) connected by springs or stiff bonds
and use highly idealized smooth solid models. These
simplifications render the simulations capable of providing
coarse-grained information on the local chain structure
and organization at an interface but do not allow the
quantitative prediction of interfacial thermodynamic
properties such as the work of adhesion. In addition, no
simulation work has yet been reported on glassy polymers
at solid surfaces.

Computer simulations of bulk glasses have been re-
ported. Andersen has used molecular dynamics to study
the glass transition of atomic argon and the structure of
resulting glasses.# Recently, Rigby and Roe have extended
this approach to macromolecular glasses of short poly-
ethylene-like chains.#® Several molecular mechanics-based
atomistically detailed computer simulations of bulk phases
of glassy polymers have appeared. Polymers studied
include atactic polypropylene (PP),%# atactic poly(vinyl
chloride) (PVC)%7, and Bisphenol A polycarbonate.*® PP
has also been subjected to molecular dynamics simula-
tions.*® Previous bulk work* has recently been extended
to explore interfacial systems involving glassy polymers
in the same atomistic detail. The free surface of glassy
atactic polypropylene, i.e., a polymer/vacuum interface,
was used as an example to demonstrate our new approach.®
The results from this work included a prediction for the
internal energy contribution to surface tension that is
within 7% of the experimental value. Inaddition, a wealth
of molecular-level structural information was obtained.
The local density profile at the surface was found to be
sigmoidal. Perturbations from isotropy in the local
density, bond orientation, and bond torsion angle distri-
bution were seen over an interfacial region of thickness
approximately equal to 10 A. Structural features at the
level of entire macromolecules were also explored. Chains
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whose center of mass is located near the surface were found
to orient flat, with their longest dimension parallel to the
film plane. The overall shape of chain segment clouds, as
characterized by the spans and principal moments of
inertia, was not found to deviate significantly from chain
shape in the bulk polymer glass.

The objective of the work reported here is to apply
computer simulation to a well-defined glassy polymer/
solid interface, in order to understand and predict (I)
microscopic structural features in the interfacial region,
such as density distribution, bond orientation, chain shape,
rotation angle distribution, and organization of adsorbed
groups on top of the solid surface and (II) macroscopic
thermodynamic properties such as adhesion tension and
work of adhesion. Our approach is distinguished from
other polymer/solid simulation work in that we use a
detailed atomistic representation of the polymer and solid
phases, which corresponds as closely as possible to the
real system under examination. This level of represen-
tation allows the quantitative prediction of actual values
for interfacial thermodynamic properties that can be tested
against experiment. Qur work focuses on polymers in the
glassy state, as opposed to polymer melts. Furthermore,
we have designed our approach for maximal computation
efficiency by taking advantage of the computer hardware
available to us and carefully choosing the approximations
underlying our theoretical formulation. We have extended
our earlier glassy polymer /vacuum methodology® to glassy
atactic polypropylene adhering to basal planes of graph-
ite.5! Graphite was chosen as the solid substrate because
of its relevance in composite applications.2 Its surface
properties have been extensively studied experimentally;
also, its interactions with polypropylene are largely of a
London dispersion type and can be described satisfactorily
in terms of existing potential expressions.5 This polymer/
solid combination constitutes one of the simplest real
systems one could examine where uncertainties in the
interaction potentials are minimal, thus allowing for a
stringent test of the methodology. The simulation method
we describe in the following sections is perfectly general
and applicable, in principle, to the interface between any
glassy polymer and any solid phase, provided the molec-
ular structures of all components are known and appro-
priate interatomic interaction potentials are available. The
underlying physical picture is that of a polymer glass
created by slow vitrification of the melt, while in contact
with the solid phases. The microscopic model we have
developed is described in section 2 of this paper. Our
simulation methodology is discussed in section 3. The
results are presented insection 4 and include the prediction
of two thermodynamic properties (the internal energy
contributions to the work of adhesion and to the adhesion
tension), as well as microscopicstructural features. Finally,
our findings are summarized in section 5. Mathematical
details of the formulation are elaborated in the Appendix
sections.

2. Model

Our molecular model rests on the following assump-
tions.46%0 Local regions of a polymeric glass are viewed as
fluctuating around configurations satisfying the conditions
of detailed mechanical equilibrium, i.e., constituting local
minima of the total potential energy in configuration space.
We will call such minimum energy configurations “static
model microstates”. Transitions from the vicinity of one
local minimum to the vicinity of another are extremely
unlikely over ordinary timescales, due to the high potential
energy barriers between minima. The thermodynamics
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of aregion of the glass fluctuating in the vicinity of a static
model microstate is developed in a harmonic approxima-
tion. Estimates of the macroscopicproperties of the entire
glass are then obtained by arithmetically averaging the
corresponding properties of local regions locked in the
vicinity of different microstates. In this analysis, the
minimum energy microstates become the focus of atten-
tion, and generating them becomes a central objective of
the simulation. We have developed a computational
procedure for the creation of static model microstates, to
be described in detail in the following section. Asaresult
of this procedure the microstates have an average bulk
density (i.e., density in the middle region, which lies
sufficiently far from interfaces) that is consistent with the
experimental density of a well-relaxed polymer glass at
the temperature and pressure of interest. In reality, the
distribution of minimum energy microstates representative
of local regions in a glassy polymer would depend on the
history of vitrification. We assume that our computational
process of generating static model microstates yields a
sufficiently accurate representation of the actual distri-
bution of local environments within a polymer glass formed
by slowly cooling a melt. It is noteworthy that the
distribution of potential energy over the static model mi-
crostates is quite narrow, its standard deviation not
exceeding 0.04 kT/atom. The reader should also note
that our static model microstates are not 0 K states. Since
they are created under specific temperature and pressure
conditions, they are inherently different from the 0 K
minima probed by Stillinger and Weber in their studies
of small molecular weight amorphous materials.’? In our
solid/polymer simulations, the polymer is assumed to be
glassy throughout the model system, up to the solid
surfaces. This is reasonable, since attractive interactions
with the solid will give rise to regions of enhanced density,
hence of even lower molecular mobility than the polymer
bulk (see section 4).

Our statistical mechanical analysis of a local region
fluctuating in the vicinity of a local potential energy min-
imimum, in a harmonic approximation with respect to all
microscopic degrees of freedom, leads to the following
useful result.465 The derivative of the internal energy
U with respect to any space-related thermodynamic
quantity £, such as volume, strain, or surface area, can be
well estimated by the corresponding derivative of potential
energy V9 at the local minimum:

U 0

= == m

9" |ty Of
The thermodynamic properties of the considered region
can now be expressed in terms of the dependence of the
potential energy on the spatial extent of the system.
Equation 1 allows one to calculate the internal energy
contribution to thermodynamic quantities, such as ad-
hesion tension and work of adhesion, from configurational
characteristics of our static model microstates.

Our molecular model employs a realistic representation
of molecular geometry and energetics. Bond lengths and
bond angles of the polymer are treated as classical springs
of infinite stiffness, following the “classical flexible” model
of Go and Scheraga.5® Thus, molecular rearrangement
can occur through overall chain translation and rotation
and through torsion around skeletal bonds. Skeletal
carbons, pendant hydrogens, and methyl groups are treated
explicitly. They interact with one another through Len-
nard-Jones potentials, whose parameters are taken from
the recommendations of Bondi, Suter, and Flory.5455 In
addition there is an intrinsic torsional potential associated
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with skeletal bonds.5% Qur potential representation and
our method for calculating the polymer/polymer contri-
bution to the potential energy are identical with those
used in our previous work on bulk phases‘® and free
surfaces® of glassy atactic polypropylene. In the present
simulation, the polymer is exposed to semiinfinite graphite
phases terminating in basal planes perpendicular to the
z coordinate axis. The graphite phases are represented as
sets of Lennard-Jones carbon centers at their crystallo-
graphically correct positions. The solid structure is
assumed to remain unperturbed by the adsorption of
polymer. For each atom in the polymer, an interaction
potential due to all atoms in each semiinfinite solid phase
is included in the total potential energy function.

To calculate the potential energy of interaction, VYV,
between a polymer atom at position r and a semiinfinite
graphite phase, we implement an efficient and accurate
Fourier summation method designed by Steele, which
takes advantage of the symmetry in the crystalline
substrate;

V() = V(@) + D_V,(2)f,(51,82) (2a)

n>0

and V¢ and V', are defined as

w)_‘;ije,,,i[z( = )m ( - )4]
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ops and ey are the collision diameter and well depth,
respectively, of the Lennard-Jones potential describing
the pair interaction between the polymer atom and a
graphite carbon. sl and s2 define the x and y coordinates
of the projection of the polymer atom upon the first layer
of graphite atoms relative to the surface unit cell of graphite
and range from 0 to 1. The area of the surface unit cell
is a. The quantities g, are the magnitudes of vectors
formed by the addition of two integer multiples of the
reciprocal lattice vectors of the surface unit cell, and K,
and Kj; are modified Bessel functions of the second kind.
The potential comprises two distinct parts, a 2-depend-
ent summed 10-4 potential (eq 2b), which corresponds
physically to smearing the graphite atoms within each
basal plane perpendicular to the z axis, and an x-, y-, and
2-dependent Fourier series (eq 2c¢), which accounts ex-
plicitly for the local topography of the first graphite layer.
The first five terms of this Fourier series are implemented,
following the recommendations of Steele.> The necessary
five g, coefficients and f, functions are tabulated in the
same reference. In our implementation, the 10—4 sum is
performed over the surface and the first 63 underlying
layers of graphite atoms only; the remaining potential
contribution is then accounted for by smearing the graphite
carbons in all three directions, resulting in a 9-3 potential

form:3+4
10 P 4
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5\z + ad 2+ ad
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3a,d L15\z +64d z+64d

a=0
Performing the 10—4 sum for an infinite number of terms
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Figure 1. Polymer/graphite potential used during stage IV of
the simulation (see text for details). The potential shown here,
eq 2, is plotted for a backbone carbon atom that lies directly
above the center of a graphite hexagon (i.e,,s1 =s2=0)asa
function of distance z normal to the solid phase.

7172 A

2556 A

2460 A

Figure 2. “Relaxed” model structure of a thin film of glassy
atactic polypropylene, built from seven H{CH,CH(CHj;)]76CHj;
chains and sandwiched between two basal planes of graphite.
Periodic boundary conditions are implemented in the x and y
directions. The smaller and larger spheres in the polymer phase
correspond to carbons and methyls, respectively. Hydrogens have
been omitted, and the displayed atoms have had their van der
Waals radii reduced for clarity.

in this manner was found to be more accurate than using
the Euler-MacLaurin theorem.5” Kpand K are calculated
by using polynomial approximations, and from these, the
higher order K functions are found by using recursion
relationships.®® Following Steele’s recommendations,’the
graphite potential parameters for the collision diameter
and well depth were taken as oy = 3.4 A and ¢,/k = 28
K, resxectively, where & is the Boltzmann constant. A d
= 3.4 A spacing between the basal planes was also used.’
All polymer atom/graphite potential parameters (ops, €ps)
were determined by using the Lorentz—Berthelot com-
bining rules.?® Togive the reader a feeling for the strength
of the polymer atom/graphite interaction, we plot in Figure
1the potential energy felt by askeletal carbon lying directly
above the center of a hexagon in the basal plane of a semi-
infinite graphite crystal as a function of its normal distance
from the basal plane.

Our computational technique*6:5° calls for the creation
of a set of model static graphite/atactic polypropylene/
graphite microstates, such as the one shown in Figure 2.
A microstate is an orthorhombic cell containing segments
fromseveral “parent” chains and characterized by periodic
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boundary conditions in the x and y directions. It can be
viewed as part of a thin film extending to infinity in these
directions. The x and y dimensions of the cell must be
chosen larger than twice the range of polymer/polymer
interatomic interactions and ideally should be considerably
larger than the unperturbed root-mean-squared radius of
gyration (s2)¢!/2of constituent chains. Thetop and bottom
faces of the cell are exposed to basal planes of graphite,
which extend to infinity on either side of the polymer. We
desire that the separation distances of the graphite surfaces
be large enough so as to make the middle region of the film
behave as a bulk polymer yet small enough to keep
computations tractable. Generally, this requires the use
of a separation distance (film thickness h) larger than 4
times (s2)¢!/2 in the z direction. We have chosen the x,
v, and z dimensions of our model cell as 24.60 A, 25.56 A,
and h = 71.72 A, respectively. Note that h is precisely
defined in this work as the distance between the top layers
of graphite carbon atoms on either side of the polymer
film. The above x and y dimensions are commensurate
with the graphite lattice; the top and bottom of the model
cell are each bounded by 10 X 12 surface unit cells of the
basal plane. The semiinfinite graphite phases constraining
the polymer film are mirror images of each other with
respect to the film midplane. Inaddition, one mustspecify
the number and molecular weight of the chains. We use
seven parent chains of the type RCHR(CH;CHR),-1R per
cell, where R is a methyl group. Each chain has a degree
of polymerization x = 76 and a corresponding molecular
weight M = 3214. The chain tacticity is Bernoullian with
a fraction of meso dyads wy, = 0.48 as is observed
experimentally for equilibrium epimerized atactic poly-
propylene.® The unperturbed root-mean-squared end-
to-end distance and radius of gyration of our chains at 233
Kare (r?)gl/2 = 44.4 £ 0.3 A and (s2)¢!/2=188+0.1A
(RIS values), respectively.4¢ After relaxation, the above
choices of simulation box size, number of chains, and mo-
lecular weight result in an average density of 0.892 g/cm?
in the middle of our microstates; this is the experimental
value for the bulk density of atactic polypropylene at 1
atm and 233 K, roughly 20 °C below its glass transition
temperature.5® The bulk density, pressure, temperature,
chain tacticity, and molecular weight specifications are
the same as in our previous free surface work.’® Thus, a
direct comparison between the model glassy polymer/
vacuum and glassy polymer/solid interfaces is possible.

3. Simulation

The underlying assumptions of our simulation, described
in section 2 and in our previous work,*® call for the
generation of a set of static microstates, each representative
of a local configuration of a thin glassy polymer film ad-
sorbed between two graphite phases. Appropriate func-
tions of configuration of the various microstates are then
calculated and arithmetically averaged to obtain estimates
of microscopic structural features and thermodynamic
properties. Generating a static model microstate entails
the very challenging problem of packing chains at a glassy
density. As in our previous work,450 we perform this
process in two steps. First, an initial guess configuration
is generated via a Monte Carlo scheme. Subsequently,
the total potential energy of this configuration is minimized
with respect to all microscopic degrees of freedom to arrive
at a new configuration that satisfies the conditions of
detailed mechanical equilibrium. Energy minimization
is clearly the most computationally demanding of the two
steps, but its CPU (central processing unit) requirements
can be significantly reduced by creating initial guess
configurations that are close, both structurally and en-
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Figure 3. Schematic representation of the location of soft walls
relative to the positions of explicit graphite basal planes.

ergetically, to the mimimum energy microstates that will
be obtained from them.

The objective of the initial guess generation step is to
form a “liquidlike” configuration of realistic density and
sufficiently low energy that is situated between two solid
phases. Chain configuration must be consistent with short-
range intramolecular energetics, excluded volume effects
must be accounted for, and chain propagation into the
solid phases must be prevented. A Monte Carlogeneration
approach satisfying these requirements has been developed
and described in detail elsewhere;? it is briefly reviewed
here for convenience.

First, the tacticity of the parent chains is decided upon.
Next, the terminal methyl group of each parent chain is
randomly placed into the cell. A random orientation is
then assigned to the first two skeletal bonds of each chain
(i.e., three Eulerian angles are chosen, thus positioning
the first five atoms of each parent chain). A strongoverlap
between any of the initial groups or the placement of a
skeletal bond inside a solid phase will cause the initial
guess procedure to be discarded at this point and then
repeated. Subsequently, the conformations of all parent
chains are grown in parallel, bond by bond, by a procedure
that resembles polymerization, until their last segments
are reached. Two-dimensional periodic boundary con-
ditions are observed during the conformation generation;
i.e., whenever a chain exists a face of the box perpendicular
to the x or y direction, an identical chain is introduced
through the opposite face. The constraining graphite
phases prevent chains from exiting through the top and
bottom faces of the cell. To simplify the computations in
the course of the initial guess generation, we have replaced
each explicit graphite phase with the fictitious, steeply
repulsive, and smooth “soft-wall” potential used in our
previous work.® Each soft wall is placed parallel to the
top layer of graphite carbon atoms at a distance of 2.55
A from it toward the film midplane (see Figure 3). The
real graphite surfaces are restored later during the potential
energy minimization procedure (see below). Inthe course
of the conformation generation, we use a discrete repre-
sentation of chain conformations, based on Suter and Flo-
ry’s five-state rotational isomeric state (RIS) model for
polypropylene.’® The conditional probabilities of our
Monte Carloscheme blend the short-range conformational
energetics of the RIS model with long-range interactions,
80 as not to allow chains to cross themselves, each other,
or the walls. In the presence of solid walls, we have found
it necessary to introduce a new, two-bond scheme for the
conformation generation.’ The rotational state of bond
i is decided upon after considering the energetic conse-
quences of placing the bonds i and i + 1 in all pairs of
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states accessible to them. The new scheme allows the
chains more freedom to redirect themselves when ap-
proaching a steep obstacle.

The initial guess generation is followed by potential
energy minimization with respect to all microscopic degrees
of freedom. For our system containing N, = 7 parent
chains with a degree of polymerization x = 76 that are
exposed to explicit graphite phases, these are the start
coordinates of each chain (xo,, ¥o,, 20, wherei =1, 2, ...,
N.); three Eulerian angles per chain (Y1, ¥2,, ¥3,, Where
i=1,2,.. N, specifying the overall orientation with
respect to the cell frame of reference; and the sequence of
2x — 2 = 150 torsion angles for all rotatable bonds of each
chain (¢2;, ¢34, ..., $151,, Wherei = 1,2, ..., N}, which define
conformation. Each chain has Ny = 6x - 1 = 455 atomic
groups. Overall, the model system has N.(2x + 4) = 1092
degrees of freedom; this is drastically less than the number
that would be required if a fully flexible representation
cast in 3N N, = 9555 Cartesian coordinates were used.
We employ a four-stage optimization strategy in this work.
We start with a purely repulsive, “soft sphere”, polymer/
polymer potential and reduced polymer atomic radii (stage
I) and proceed by using the same soft sphere potential,
but this time using radii of actual size (stage II). Both of
these stages are performed in the presence of the soft walls
as in ref 50; it does not pay to introduce the actual texture
of the substrate surfaces until later stages of the simulation.
Minimization in the presence of the soft walls requires 2
fewer degrees of freedom (i.e., Nc(2x + 4) - 2 = 1090),
since the wall potential is invariant with respect to rigid
translation of the polymer film along the x and y axes.
During stage III of the minimization, the soft walls are
turned off and replaced by xy smeared soft sphere graphite
carbon atoms at their actual positions (see Figure 3). This
smeared, repulsive solid interacts with a polymer atom
through only the z-dependent summed 10-4 potential, eq
2b, up to the point where this potential is zero. The zero
point is easily found numerically by the method of
bisection; for example, it is z/ ops = 0.851 A for a backbone
carbon atom. The attractive part of both the polymer/
polymer and the polymer /graphite interatomic interaction
potentials is incorporated in the final stage of the
minimization, which leads to a fully relaxed model mi-
crostate (stageIV). DuringstageIV,the polymer/graphite
potential eq 2a, as developed by Steele,® depends on all
three polymer atom coordinates. Since interactions of
the polymer with the entire semiinfinite graphite phases
are included during this stage of the minimization, the
“tail” contributions from long-range cohesive interactions
over distances larger than the range of interatomic
potentials within the polymer* must also be incorporated.
This is done by modeling the polymer film at large
distances from a given atom as a background of uniform
density in all three atomic species present (see Appendix
A). Neglecting this contribution would bring about an
artificial enhancement of polymer density near the solid
phases, resulting in incorrect structural features and
interfacial thermodynamic properties.

The total potential energy of a static model microstate
obtained from the final stage IV of the minimization
consists of the sum of the following: all nonbonded van
der Waals interactions within the polymer film,% including
long-range contributions; the intrinsic torsional potentials
associated with the skeletal bonds;* and the potential
interaction of all film atoms with the upper and lower
graphite phases (eqs 2a~d). The minimization of the
total potential energy function is performed with the quasi-
Newton BFGS algorithm,% using analytical derivatives.
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These derivatives are identical with those derived in
previous work,:50 except for the fact that the derivatives
of the atom /graphite potential expressions, eqs 2a—d, and
of the long-range polymer/polymer potential (Appendix
A) with respect to all microscopic degrees of freedom are
also needed. The minimization algorithm lends itself to
extensive vectorization. This feature and other code
enhancements, such as the implementation of a Verlet
neighbor list55° in the computation of polymer/polymer
interactions, make it possible to arrive at a fully relaxed
model microstate of atactic polypropylene sandwiched
between two basal planes of graphite within 6 CPU h on
the 8/864 Cray Y-MP at the San Diego Supercomputer
Center. Estimates of the structural features and macro-
scopic properties of the glassy polymer/graphite interface
are obtained by averaging over several static model mi-
crostates obtained in this way. In the averaging process,
the convergence of structural features at the level of
individual segments (e.g., density profile) is much faster
than that of thermodynamic estimates. We have found
15 static model microstates to give adequate predictions
of the interfacial thermodynamic properties of interest
here.

To assess the possibility of model system size effects,
we created 35 smaller static model microstates. Each of
these microstates contains N, = 3 chains having the same
degree of polymerization x = 76 and tacticity wy = 0.48
as the chains used in our larger base case simulations. In
the smaller microstates, the polymer film lies between
two graphite basal planes, which are separated by 66.28
A, and the simulation box has x and y dimensions of 17.22
and 17.04 A, respectively. The initial guess generatlon
and potential energy minimization were performed in the
same manner as previously described, creating microstates
at the same temperature and bulk density as in the larger
base case simulations.

4. Results

Thermodynamics. The internal energy contribution
tointerfacial thermodynamic properties is predicted from
our static model microstates based on a statistical me-
chanical analysis of changes in the interfacial area of
contact between polymer and undeformable solid. The
fundamental equation of thermodynamics for a macro-
scopic solid/ polymer/solid sandwich, whose middle (bulk)
region is isotropic, is derived in Appendix B. The final
equation can be written as

dU=TdS-PdV+udn+(y,-v)da (3

Ineq 3, U and S stand for the internal energy and entropy
of the sandwm'ﬁ relative to a pair of graphxte phases at the
same distance from each other as in our system, with
vacuum in between. Pisthe 2z component of the pressure
tensor; it coincides with the xx and yy components in the
isotropic middle region. a is the total interfacial area of
contact between polymer and solid (both faces); n is the
number of chains in the sandwich, 4 is the chemical
potential per chain in a bulk glassy polymer phase at tem-
perature T and pressure P. v, is the interfacial tension
between solid and polymer, and v, is the surface tension
of a clean graphite surface. The quantity v, — v, is
sometimes referred to as the “adhesion tension”.®! Through
a Mazxwell relation on the fundamental equation for the
first Legendretransform of Uwithrespect toS, theinternal
energy part of the adhesion tension can be Telated to the
derivative of the internal energy of the film with respect
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to surface area at constant T, volume V, and n:
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The last equality in eq 4 is a direct consequence of eq 1.
Thequantity 99°/da}y, ,is estimated from our simulations
by subjecting each static model microstate to an
infinitesimal affine deformation, which displaces the
graphite phases inwards, while at the same time flattening
the film. The components of the strain tensor for this
deformation are the same in the x and y directions. The
deformation leaves the graphite phases undistorted,
increases the area of interfacial contact, but preserves the
volume of the film. The associated change in potential
energy is calculated from the work done on all polymer
atoms (Appendix C). The final expression is

(Yep = 7&) -‘—{ZZ[ =(%; = %) F:‘:’ .l.(yl__
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Equation 5 is cast in terms of the interatomic forces and
distances within the polymer (indices i and j run over all
polymer atoms and min denotes the minimum image
convention®), as well as all polymer/solid forces (indices
k and ! run over all atoms in the upper and lower solid
phases, respectively). The film thickness h is also involved
in eq 5. Given that each microstate is in detailed me-
chanical equilibrium, one can readily prove that eq 5 is
invariant to the coordinate system used.

Experimental data on interfacial thermodynamic prop-
erties of the polypropylene/graphite system are not readily
available. Fowkes®? recommends a Girifalco and Good
type geometric mean expression for estimating the work
of adhesion from the dispersion force contributions to the
surface tensions of the two phases involved. Furthermore,
he suggests that the work of adhesion is not very sensitive
to temperature. Experimental values of the dispersion
force contribution to the surface tensions of solid poly-
propylene and graphite, from equilibrium spreading
pressure measurements are given by Fowkes as y4 = 28.5
mN/mand v, = 123 mN/m, respectively. Based onthese
values, the experimental estimate of the work of adhesion?
is

Weep =1+ %~ Y= 2(7d7sd)‘/2 =118 mN/m (6)

By subtracting the surface tension of polypropylene v,
one obtains an experimental estimate of (v, - 'y.p).,p =90
mN/m for the adhesion tension. No evidence is available
on the temperature dependence of either of these quan-
tities. Our model predictions for the internal energy
contribution to the adhesion tension (mean value over 15
static model microstates = 95% confidence limits for the
mean value) at 233 K are (v, - 7.,,),‘{, = 1343 mN/m.
By using our previously reported tﬁeoretical prediction
for the internal energy contribution to the surface tension
of glassy atactic polypropylene, yU = 43 £ 23 mN/m, the
predicted value of the internal energy contribution for
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work of adhesion is

WYieory = (43 % 23) + (73£ 43) = 116 £ 49 mN/m  (7)

which is in very good agreement with the best available
experimental value shown in eq 6. Polymer/polymer
potential “tail” contributions, due to attractive interactions
at long range, have been included in these estimates by
direct integration, after “smearing” each atom in each mi-
crostate in the x and y directions so that the anisotropic
nature of the film is taken into account.’® One should
point out that this comparison between our computed
estimates and experimental values is limited by the
unavailability of experimental evidence on the temper-
ature dependence of the interfacial thermodynamic quan-
tities.

Methods for calculating the atomic level stress tensors
o; on an atom i, as well as the local internal stress tensor
a(z) over small sections Az of the films, have been
presented.®50 The internal energy contribution to the
adhesion tension, eq 5, can be expressed as

1 U:x,k + oyy,k
(73— ‘Ysp)U = _;<;[__2_—'- O'ZZ,k AVk =

1<Z[a:x.k + ay ’k ]Az ) (8)
R —_—
2 - 2 2z,k k

where k labels a section of the film with a volume AV} and
a thickness Az;. The spatial distribution of internal
stresses was analyzed by superposing all our model mi-
crostates so that the graphite phases coincide. The su-
perposed structures were divided into bins by drawing
planes parallel tothe solid surfaces. Stresses were assigned
to each section of the superposed microstates as follows:
The contribution to the stress tensor from forces between
a polymer atom and the solid phases was assigned to the
bin the polymer atom resided in. The stress contribution
from pairwise forces between polymer atoms i,j was treated
according to the convention of Harasima.638¢ Ifiand jlay
in the same bin, their contribution to the internal stress
tensor was assigned once to that bin; if i and j lay in two
separate bins, half their contribution to the internal stress
tensor was assigned to both bins (compare eq 3.11 of ref
63). To improve statistics, we took advantage of the fact
that the system is macroscopically symmetric with respect
to its midplane. In the following discussion, position z =
0 A corresponds to the centers of carbon atoms in the top
layer of the basal plane of graphite, and position z = 35.86
A corresponds to the midplane of the polymer film. Plots
of 6z, 0y, and o, across our model graphite/polymer/
graphite microstates, including polymer/polymer potential
tail contributions,® are shown in Figure 4a. All three
diagonal components of the internal stress tensor are
tensile throughout the film. The xx and yy components
are practically coincident with each other, but the zz
component is significantly more tensile near the solid
phases. Error bars represent 95% confidence limits from
averaging over the 15 microstates. The intrinsically an-
isotropic nature of the interface is clearly seen in the
internal stress profiles over a distance larger than an un-
perturbed root-mean-squared radius of gyration from the
graphite. The internal stress tensor in the middle of the
static microstates is found to be isotropic within the error
of the simulation, confirming that the value of the adhesion
tension is dominated by contributions from the aniso-
tropic regions close to the solid phases.

Theinternal stress tensor of our superposed microstates
is composed of polymer/solid and polymer/polymer
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Figure 4. (a, top) Distribution of diagonal components of the
local internal stress tensor from a set of 15 model microstates,
as defined by eq 7 in the text. The first layer of carbon atoms
of the solid is located at 2 = 0 A. The anisotropic nature of the
local internal stress tensor is clearly seen near the solid phases
(extreme left of figure). The middle region of the model polymer
film (right-hand side of figure) is mechanically isotropic, rep-
resentative of unperturbed bulk polymer. (b, middle) Polymer/
solid contribution to the diagonal components of the local internal
stress tensor. The addition of this part and part c results in part
a. (c, bottom) Polymer/polymer contribution to the diagonal
components of the local internal stress tensor. The plotincludes
long-range tail contributions.

contributions, which can be easily separated. Their
distributions, assigned to bins in the same manner as above,
as shown in Figure 4b,c. All diagonal components of the
polymer/solid contribution are practically zero in the
middle of our microstates; this demonstrates that the
presence of the graphite phases is not felt in the middle
of the film, which is thus indistinguishable from bulk
polymer. However, the polymer/solid stress differs sig-
nificantly from zero along the zz direction, along which it
is strongly tensile, due to the attractive forces between
polymer atoms and the graphite. The polymer/polymer
contribution to the local internal stress, including long-
range tails, is again found to be isotropic in the middle
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Figure 5. Distribution of diagonal components of the local
internal stress tensor obtained from a set of 35 model microstates
of small size (see text for details). The stress in the middle of
these microstates (extreme right of this figure) is anisotropic,
and therefore, the results are subject to system size effects.

region. Itszzcomponent isstrongly compressive very close
tothesolid, as polymer segments are pushed together under
the influence of the strongly attractive potential field of
the solid. The behavior of the internal stress distribution
discussed above suggests that the box size used in our
base case simulations is sufficiently large for the safe
estimation of surface thermodynamic properties.

System size effects have been assessed by comparing
the above results for the adhesion tension and for the
internal stress distribution to the corresponding results
obtained from our set of 35 smaller graphite/polymer/
graphite static model microstates. (v, - %p)?hmy for the
smaller microstates is 99 £ 40 mN/m, and the work of
adhesion is WUy, ... = (43 & 23) + (99 * 40) = 142 + 46
mN/m. Althoughstillreasonable, this estimate compares
less favorably with experimental evidence, eq 6, than the
value predicted from our larger microstates, eq 7. The
corresponding internal stress profile across the smaller
structures is shown in Figure 5. The middle of the films
is clearly mechanically anisotropic, since o;; = oy # 0.
This means that the middle region contributes substan-
tially to the calculated interfacial properties and indicates
that the small microstates are subject tosystem size effects.
The results from these smaller microstates should thus be
interpreted with extreme caution. The discussion in the
rest of this paper is based on the set of 15 large graphite/
polymer/graphite static model microstates (7 chains/
simulation box), unless otherwise indicated.

Structure. In addition to thermodynamic properties,
how chains organize in the interfacial region is of interest.
Structural features were analyzed in the same manner as
the internal stress distributions, by superposing all model
microstates so that the graphite phases coincide and
dividing the resulting structure into bins separated by
planes parallel to the solid surfaces. Averages of char-
acteristic structural quantities and associated 95% con-
fidence limits were computed within each bin. Further-
more, the results were averaged over both halves of the
superposed structures, taking advantage of symmetry with
respect to the film midplane. The structural information
to be presented has been analyzed first on the length scale
of individual segments and bonds and then on the length
scale of entire chains.

Figure 6 displays the mass density distribution across
the film, together with its individual components due to
skeletal carbon, pendant hydrogen, and methyl groups.
The information shown in this figure has been accumulated
in 1-A-thick bins along the 2z axis. In the middle region
of the film, the total density assumes its bulk experimental
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Figure 6. Local mass density distribution at a glassy atactic
polypropylene/graphite interface. The solid line indicates the
experimentally observed macroscopic density at the simulation
temperature. Individual contributions to the mass density profile
from skeletal carbon, hydrogen, and methyl groups are also shown.

value. Local density displays a strong maximum next to
the highly attractive graphite surfaces. Chains adsorb on
the surface through their pendant hydrogen and methyl
groups. Thereis asharp peak in the methyl density profile
at a distance from the basal plane roughly equal to the
sum of the van der Waals radii of methyls and graphite
carbons. An analogous shoulder peak can be discerned in
the hydrogen density profile. Skeletal carbons peak at a
somewhat larger distance from the graphite surface, as
they are kept away from the graphite by pendant bonds.
There is no obvious evidence of oscillatory behavior in the
density profile. Oscillatory features have been observed
in simulations of simple fluids?*-?8 and liquids composed
of short freely jointed bead-and-spring chains.3-37 Ap-
parently, the presence of substituents of different sizes in
polypropylene has a structure-breaking effect that causes
any oscillations to disappear. On the basis of the per-
turbations in the total density profile from its bulk value,
the thickness of the interface could be estimated as
approximately 10 A. Note that this is significantly less
than the interfacial thickness over which the internal stress
tensor is anisotropic (Figure 4a).

Local orientational tendencies of bonds are also of
interest. We define a bond order parameter Sp =
0.5[3(cos? 8) — 1] in terms of the angle 6 formed between
a bond and the direction normal to the surface. Sg would
assume a value of —0.5,0.0, and 1.0 for bonds characterized
by perfectly parallel, random, and perpendicular orien-
tation relative to the surface, respectively. Since a chain
has fewer bonds than atoms, we accumulated this struc-
tural feature in slightly larger 2-A-thick bins. A given
bond is assigned to the bin in which its midpoint resides.
The results are plotted in Figure 7. Close to the graphite,
one sees a significant tendency for skeletal carbon-carbon
bonds to orient paralle] to the solid substrate, i.e., Sp =
< 0. This tendency is clearly stronger than the corre-
sponding tendency at a free glassy polymer surface.5® The
skeletal bond orientation profile of Figure 7 compares well
with the corresponding prediction of a simple, lattice-
based, self-consistent-field model of polymer melts near
adsorbing solids.® Perhaps mostinterestingisthe strongly
perpendicular orientation of pendant carbon-hydrogen
bonds next to the surface. This suggests some registry
between adsorbed hydrogens and the surface.

To explore this idea further, we accumulated two-
dimensional surface density maps for adsorbed hydrogens,
defined here as hydrogens located less than 3 A from the
graphite phases. The rhombus-shaped surface unit cell
of graphite® is divided into a 10 X 10 grid by drawing lines
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Figure 7. Local order parameter for C-C, C-H, and C-CH;j

bonds as a function of distance from the solid. A positive

(negative) order parameter indicates an orientational tendency
that is perpendicular (parallel) to the surface planes.
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Figure 8. Two-dimensional surface density map for groups ad-
sorbed on the graphite surface. The (s1,52) domain of the graph
constitutes a side view onto the surface unit cell of the graphite
basal planes, as indicated in the inset. The plotted function is
proportional to the probability that an adsorbed atom will reside
above a certain point of the surface unit cell. (a, top) Surface
density map for those pendant hydrogens that are within 3 A of
either graphite basal plane. (b, bottom) Surface density map for
adsorbed methyls, located within 4 A of either basal plane.

parallel to its edges. Adsorbed hydrogens are then
translated into a reference surface unit cell by addition of
appropriate integer multiples of the unit cell’s vectors and
assigned to one of 100 possible slots. Once all adsorbed
hydrogens have been considered, further averaging is
performed, taking into account the symmetries of the
surface unit cell, as reflected in the polymer/graphite
potential (eq 2). We find, as shown in Figure 8a, that
hydrogens show a strong tendency to locate themselves
above the centers of the graphite hexagons when adsorbed
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Figure9. Distribution of torsion angles, assigned to their nearest
rotational isomeric state value, as a function of position in the

film. The most favored state in the unperturbed bulk, t, is
depleted near the graphite phases.

on the surface. A similar plot, shown in Figure 8b, has
been prepared for the adsorbed methyl groups. Due to
their larger radius, methyls cannot come as close to the
graphite phases as the hydrogen atoms. Therefore, the
corresponding surface density plot was accomulated within
4 A of a surface. As shown in Figure 8b, our simulation
predicts that adsorbed methyls also display some registry
with the graphite surfaces, but to a much lesser extent
than the hydrogens. There is no evidence for preferred
adsorption of backbone carbon atoms at any distance: This
finding is not surprising, since pendant bonds keep the
chain backbone atoms farther than 5 A from each graphite
surface, as discussed above (see Figure6). Atthisdistance,
the x and y dependence of the polymer/solid potential®
has practically subsided.

The anisotropic environment prevailing at an interface
has been found to cause the conformational preferences
of chains to depart from what they are in the bulk.® To
assess this effect in the vicinity of our graphite phases, we
have calculated the distribution of bond torsion angles,
within 2-A-thick bins, as a function of position of the bond
midpoints. Rotation angles were grouped into five rota-
tional states, defined according to the RIS scheme of Suter
and Flory.?® Inpartitioning bonds among rotational states,
we have used the same intervals as in our previous work.46:50
The probability of each state is presented in Figure 9 as
a function of position in the film. Far from the graphite
phases, the RIS distribution is consistent with previous
bulk work, with the t state being most favored. Near the
graphite phases, this state is severely depleted; instead,
there is an enhancement of states g and g, which enable
chains approaching the graphite from the bulk region to
turn and run parallel to the solid surfaces. This result is
in contrast to the molecular dynamics study of monolayer
growth of decane on graphite basal planes, performed by
Leggetter and Tildesley.'® These authors observe an
increase in trans conformations upon adsorption. A
difference between their work and the work reported here
is that they deal with monolayers of short chains next to
the graphite, while we deal with a bulk phase of long chains,
in which the balance between adsorption energy, cohesive
energy, and conformational entropy is struck at a much
less uniform distribution of conformations. Another
difference is that the regular polymethylene nature of their
chains, as opposed to the atactic vinyl nature of our chains,
would promote the formation of all-trans arrangements
onthe surface, reminiscent of epitaxially crystallized mono-
layers. Interestingly, Leggetter and Tildesley do report
a decrease in the population of the trans state with
increasing surface coverage. According tooursimulations,
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Figure 10. (a, top) Normalized chain head density profile for
glassy atactic polypropylene adsorbed on basal planes of graphite.
(b, bottom) Normalized head density profile at the free surface
of glassy atactic polypropylene, from calculations reported in ref
50.

perturbations in the torsion angle distribution relative to
its bulk characteristics again appear to be confined to the
immediate vicinity of the graphite walls (less than 10 A
from each graphite surface).

The presence of a phase boundary gives rise to entropic
constraints on chain conformation. Exposing the heads,
or ends, of the chains to the surface represents a smaller
entropic cost than exposing middle segments.6® Based on
this argument, the ends.might be expected to concentrate
preferentially near the solid surface. We define the
normalized polymer head distribution Ny as

Npy(z)

20(2)

where py(2) and p(z) correspond to the number densities
of chain ends and of polymer segments in the bin centered
at z, respectively. N°¢ is the total number of polymer
segments per chain. This result, shown in Figure 10a,
suffers from poor statistics as our system has only 2N, =
14 chain ends per cell. The error bars barely allow one to
state that thereis a mild enhancement in the concentration
of chain ends next to the graphite (not exceeding 35%).
This finding is in qualitative agreement with the more
conclusive molecular dynamics results of Bitsanis and
Hadziioannou®’ and the Monte Carlo work of Yethiraj
and Hall.3® It is interesting to compare this normalized
head distribution against the corresponding distribution
at the free surface of a glassy polymer. The latter,
accumulated from 70 static model microstates of a free
glassy film of atactic polypropylene,’ is shown in Figure
10b. Clearly, there is a much stronger tendency for chain
ends to segregate to the surface in the case of a polymer/

NH(Z) =

9
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Fifure 11. Chain center of mass distribution, accumulated in
3-A-thick bins. The maximum occurs at somewhat less than 1
unperturbed radius of gyration from the graphite phases.

vacuum interface than in the case of a polymer/adsorbing
solid interface. This observation is consistent with the
predictions of a simple self-consistent-field approach to
polymer melts at interfaces and can be explained in terms
of a balance between enthalpic and entropic factors.%

In addition to local structure at the level of segments
and bonds, longer range structural features at the level of
entire chains are also of interest. An important length
scale for chains at this level of description is their un-
perturbed root-mean-squared radius of gyration (s2)¢!/2,
Our microstates each contain seven parent chains; the
results at the level of the entire chains are therefore subject
to more statistical uncertainty than segment and bond-
level results. An example of a structural feature at this
level of description is how the chains as entire objects
distribute themselves between the graphite phases. One
way of tagging an entire chain is by its center of mass. The
spatial distribution of chain centers of mass, calculated in
4-A-thick bins, is shown in Figure 11. There is a depletion
of chain centers of mass near the solid: since chains are
finite objects, their centers of mass cannot come arbitrarily
close to the surface. Associated with this exclusion effect,
there is a peak in the distribution, observed at a distance
somewhat less than (s2)¢!/2 from the graphite phases. The
center of mass distribution of chains at a free surface®
alsodisplays a primary peak at the interface. A comparison
of the two distributions reveals that the peak position lies
slightly closer to the extreme edge of the polymer in the
case of a solid/polymer interface than in the case of a
vacuum/polymer interface.

The average number N, of segments per chain partic-
ipating in a certain region of the microstates is indicative
of the “width” of the chains in that region:®

N,(2) = p(2)/p.(2) (10)

Ineq 10, p.is the number density of chains passing through
the bin. As one moves from the graphite surfaces toward
the bulk, the width of chains first rises sharply, reaching
amaximum near z =6 A, and then decays to an asymptotic
bulk value (Figure 12). The chains are seen to be flattened
in the presence of the solid phases, over a distance of
approximately 1.5(s2)o!/2, This finding is in quantitative
agreement with the prediction of a simple self-consistent-
field model of polymer melt/solid interface.®® This
behavior could be accounted for in two ways: either the
intrinsic shape of chain segment clouds is distorted (i.e.,
chains near the solid, when looked at in their principal
axis system, are more disklike or even rodlike than chains
inthe bulk), or chains simply reorient themselves as entire
objects with respect to the surfaces.
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Figure 12. Average width of chains plotted as a function of
position. The distribution, accumulated in 1-A-thick bins, shows
an increase in the average width of chains parallel to the film
plane near the graphite surfaces.

o Aw1/w 'wz/w °w3/w
0.7+
0.61+
0.5+
=
N 0471
=
0.3+
0.2+
0.1+
0.0 + + + + + +
0 5 10 18 20 25 30 35
°
Z(A)
2,2 2,2 2,q2
sl /8% w8t el f/s
1.0
o
0.9+ ° %000 0 o o % °°S
08} AL TR RS
: c,c’ o‘?o *® o ¥ ©o° 5 @
071 ooovo?:o o A
~ 0.6+ ° oc; R 00 © 0 0o o °
1) ° oo o © o Co oc
~ 05+ ° o T
L 0.41 . . "
0.3 L L I S
T l-\--' - [] i L
0.2 1] 2a® o8 L
) % n g amd e M
0.14 £ L n -2 Y Nz
0.0 . T s T daad g
0 5 10 15 20 25 30 35

Z(A)
Figure 13. Overall shape of chains as a function of center of
mass position. (a, top) Spans of chains, normalized by their sum
W=W;+ W;+ W;. (b, bottom) Eigenvalues of the chain radius
of gyration tensor, normalized by their sum s2 = L2 + L2 + L3%
Straight lines have been drawn by least-squares regression of the
data in both figures. These plots reveal that the overall shape
of chain segment clouds is practically independent of position.

We explored the overall shape of chains by determining
their spans and the eigenvalues of their radius of gyration
tensors. Spans are defined following Rubin and Mazur50.66
as the dimensions of the smallest orthorhombic box that
can completely enclose the chain segment cloud. Our
analysis, presented for both spans and eigenvalues in
Figure 13, leads to the conclusion that the overall shape
of the segment cloud, when looked at in the reference frame
of the principal axes, remains virtually unaffected by the
presence of an adsorbing solid surface. How chainsegment
clouds tend to orient in the interfacial region is a different
question, which we explored by computing order param-
eters for chain spans as in our previous free surface work.5
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Figure 14. (a,top) Order parameters for the longest and shortest
spans of chains as functions of center of mass position. Each
point represents an average over 15 model chains. (b, bottom)
Order parameters for the eigenvectors corresponding to the largest
and smallest eigenvalues of the chain radius of gyration tensor
as functions of the center of mass position for all chains
encountered in our static model microstates. Each point
represents an average over 15 model chains.

The definition of the order parameter for spans is
analogous to that used here for the bonds. Plotted in
Figure 14a are the order parameters for the shortest and
longest span as functions of chain center of mass position.
In the interfacial region, we see a strongly tendency for
the longest span to orient parallel to the surface and for
the shortest span to orient perpendicular to the surface.
This tendency remains unchanged if, instead of spans,
one uses the principal axes of inertia (i.e., the eigenvectors
of the radius of gyration tensor) as measures of shape
(Figure 14b). The reorientation of chains is confined to
a region whose width is commensurate with (s2)¢/2,

The microscopic structure of the 35 smaller microstates
was probed in exactly the same manner as the aforemen-
tioned larger base case simulations. Structural features
at the level of segments and bonds, such as density, bond
orientation, and torsion angle profiles, are virtually
identical between the two cases. This is not surprising,
since these features vary over a length scale of approxi-
mately 10 A, which is smaller than all three dimensions
of the model box in both cases. However, structural
features that reflect the location, shape, and size of the
chains, such as center of mass, span, and span orientation
distributions, differ significantly between the two system
sizesstudied. Asshownabove,these features aregoverned
by a length scale commensurate with overall chain
dimensions, i.e., the radius of gyration. The x and y
dimensions of the model box in the small system case are
roughly equal to (s2)ol/2, This introduces an artificial
registry of the chains with their periodic images, which
affects chain shape.5
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5. Conclusions

We have used a detailed atomistic molecular mechanics
approach to simulate a glassy polymer/solid interface.
Although our implementation of this approach focused
on interfaces between glassy atactic polypropylene and
graphite, the method is quite general and can be applied
to more complex systems. Our predictions for interfacial
thermodynamic properties, namely the internal energy
contribution to the adhesion tension, and to the work of
adhesion are within 20% of the best available experimental
values. The polymer density is strongly enhanced near
the graphite surface. Perturbations in local segment
density, bond orientation, and torsion angle distribution
from isotropy are confined to a narrow region at the
interface that is approximately 10 A thick. The crystal
structure of the graphite surface induces some organization
among adsorbed pendant groups. The chain center of
mass distribution exhibits a well-defined peak at a distance
somewhat less than 1 unperturbed root-mean-squared
radius of gyration from the solid surface. In addition,
chains close to the solid phases tend to lie flat, with their
longest dimension parallel to the interface. Finally, all
structural features and thermodynamic predictions have
been investigated for possible model system size effects.
Interfacial thermodynamic properties, such as the dis-
tribution of internal stresses and the work of adhesion,
and structural features at the level of entire chains, such
as chain orientation, can be estimated safely only when
the model system dimensions are significantly larger than
(s2)p1/2, while the local density, bond orientation, and
conformation angle distributions are rather insensitive to
the model system size.

The local microscopic structure of a glassy polymer/
solid interface, as revealed by the simulation reported
herein, has been compared to the corresponding structure
of a free glassy polymer surface studied in our previous
work.®? This comparison provides quantitative informa-
tion on the similarities and differences between these two
types of interfaces. The polymer density profile next to
a vacuum phase is sigmoidal, as opposed to exhibiting a
maximum near an adsorbing solid surface. The tendency
of backbone bonds to orient parallel to the surface is
stronger in the solid /polymer case than in the free surface
case. Backbone bonds of chains at the edge of a free
polymer film have a random orientation, while backbone
bonds situated very close to a solid prefer to align parallel
to the surface. The distribution of bond torsion angles in
both systems shows a depletion of the usually dominating
tstate in the interfacial region. The interfacial thickness,
based on the anisotropy of structure at the level of segments
and bonds, is approximately 10 A in both cases. The chain
center of mass distributions both display a primary peak
located at a distance of approximately (s2)¢!/2 from the
corresponding solid or vacuum phase; this peak is located
slightly closer to the phase boundary in the polymer /solid
case. Overall chain shape and size, as characterized by
spans and eigenvalues of the radius of gyration tensor, are
not significantly affected by the presence of an interface.
Chains near a solid or vacuum phase tend to reorient
themselves so that their longest dimension aligns parallel
to the surface plane. The organization of chains is
perturbed relative to the bulk over aregion whose thickness
is commensurate with approximately 1.5(s?)¢!/2 in both
interfacial systems studied.
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Appendix A. Derivation of Long-Range Polymer/
Polymer Interatomic Interaction Potential
Contribution

The polymer/graphite interatomic interaction potential
used in this work, developed by Steele,® expresses the
potential felt by a polymer atom due to all layers of carbon
centers in a semi-infinite graphite phase. This potential
exerts a strong attractive force on all polymer atoms except
those located at distances extremely close to the solid,
which feel repulsion. This adhesive force competes, in a
sense, against the cohesive interactions within the polymer.
Here and in our previous work,*# polymer/polymer in-
teratomic interactions are represented as pairwise additive;
the dominant short-range contribution to those interac-
tions is calculated explicitly from a 6-12 Lennard-Jones
potential that has been truncated and smoothed to zero
by using a quintic spline. Since Steele’s method® incor-
porates the full, infinite-range interaction between polymer
and solid, the long-range tail contribution to polymer/
polymer cohesive forces must also be included during the
creation of static model microstates. Otherwise, an
artificial imbalance would arise between adhesive and
cohesive interactions, which would make the former appear
toostrong. Inour earlier free surface work,’ we described
how to calculate the tail correction to the thermodynamic
properties of a polymer film (e.g., surface tension), in a
manner that takes into account the actual density profile
in the film. This technique, which could be used directly
in this work, takes an image of a specific polymer atom
and smears it in the x and y directions parallel to the
surface. It is employed in postprocessing our simulation
results for the adhesion tension calculations. Use of this
procedure to deal with the potential tail corrections during
the course of our minimization calculations would be very
demanding in computer time, as it necessitates consid-
eration of all polymer atom pairs (and not only minimum
image pairs). Thus, we chose to simplify this potential
evaluation by assuming a uniform density distribution
throughout the film for the purpose of evaluating the tail
contributions.

Consider a system, with periodic boundary conditions
imposed in the x and y directions, that contains an atom
i located somewhere between two solid phases separated
by a distance h (in the following, the index i will be used
to signify both the considered atom and its type). Next,
consider all the atoms of type j that lie closer to the first
atom than the atom/atom interatomic potential range
R;;#6%0 Further, let Ry ;; be the distance from a given atom
i where the full 6-12 Lennard-Jones potential Vv is
replaced with a quintic spline potential.4¢ We now wish
to calculate the contribution to the potential energy of the
system due to interactions between atom i and all the j
atoms that lie outside the sphere of radius R;j, as well as
a correction to the potential energy due to interactions
between i and all j atoms lying at a distance Ry to R;;
fromi. Forabulksystem, the long-range potential energy
felt by atom i from all atoms of type j would be expressed
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as the following integral:46.5
tails ® 2
V= dmp, o P drgyn) AV, (AD)

8ij is the ij pair distribution function, which is often
assumed to be unity for distances larger than Ry ;, and p;
is the number density of atoms of type j. AV ;;(r) is defined
asthe difference V';19(r) - V;NB(r) at a separation distance
r. V;NB is the finite-range interatomic interaction po-
tential employed in our explicit summation of pairwise
interactions (including the spline contribution), and V1
is the full Lennard-Jones interatomic potential function.
Obviously, V;;NB = 0 at r values greater than R;;. Applying
eq A.1 to an interfacial system, such as that of a polymer
exposed to two solid surfaces, would clearly be incorrect
since, as aresult of the finite width of the film, the polymer
atom i does not see a spherically symmetric density
distribution of j atoms around it. The integration over all
J atoms between the solid phases®” can be accomplished
easily if the domain of integration is broken up into two
regions, one where the j atoms lie outside of our finite
ranged potential, i.e., V;NB = 0, and one where the j atoms
interact explicitly with atom i. The contribution to atom
i from the first region can be calculated from

I h ® L)
Vil =2mp, f "de fmn(Rfj,uz-z;|>’ dr v, (A2

The contribution from the second region, which corrects
for atoms j that have been included in the short-range
potential energy summation with atom i by using a spline
function instead of the full Lennard-Jones potential, can
be calculated from

min(h,z+Ry)) Ry;
max(0,2;-R;) max(Ry j,|z-z)

(A.3)

The long-range potential energy experienced by atom i
from all atoms of type j is formed from the sum of eqs A.2
and A.3. The total tail contribution to the polymer/
polymer cohesive energy is calculated by summing over
allatoms i and all atom types j and dividing by 2 to correct
for double counting of the interactions:

1
v 2 2 L@ l+vh (A4)
all all

atoms i types j

The derivatives of eq A.4 with respect to all microscopic
degrees of freedom are needed for our total potential energy
minimization technique. These are found by first calcu-
lating the derivative of eq A.4 with respect to z; and then
using a simple chain rule as described previously.#6,50

Appendix B. Thermodynamic Analysis of Solid/
Polymer/Solid System

We derive here the fundamental equation, eq 3, for our
polymer film sandwiched between two solid surfaces. Our
thermodynamic formulation follows the work of Magda
et al.? on a simple liquid-filled slit. As shown in Figure
15, we consider a polymer film p between two completely
involatile, incompressible, and undeformable solid phases
8, separated by a distance h. The total solid-film contact
area is g, or a/2 per solid phase. This solid-film combi-
nation is in equilibrium with a surrounding bath of bulk
polymer b at a pressure, temperature, and chemical
potential of Py, T, and uy, respectively. The solids can be
considered as attached to the upper and lower walls of
this bath by springs. Let V 4, be the total volume of
polymer in the film and bulk regions and Py the pressure
inthe (isotropic) bulk region. The internal energy change
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Figure 15. Phases considered in the thermodynamic analysis
of a polymer film between two undeformable solids.

of the entire system (encompassing solid, film, and bulk
polymer) associated with a infinitesimal change in state
can be written? as

dgs+p+b =T d§s+p+b - Py d_‘.{p+b + hy dn’p+b + (P, -
Pya dh/2 + v, da (B.1)

In eq B.1, Se+p+b is the entropy of the entire system, np.y
is the number of moles of polymer in the film and bulk
regions, vsp is the interfacial tension, and Py is the normal
component of the pressure tensor in the film between the
two solids. For large enough h, the middle region of the
film is indistinguishable from the bulk; P}, — Py is zero,
and the term containing it can be dropped. Consider now
the same system at the same temperature T but with the
polymer everywhere replaced by vacuum. Given our
assumption of incompressibility and undeformability of
the solid phases, the internal energy change associated
with an infinitesimal change of state of this new solid/
vacuum system can be expressed as

dU, = TdS, + v, da (B.2)

In eq B.2, U, and S, symbolize the internal energy and
entropy of the solid phases, and v, is the surface tension
of the solid exposed to vacuum. Furthermore, under our
assumptions regarding the solid phase, the contribution
fromthesolidtothe quantities d Uy+p+band dSe+p+pduring
the change considered in eq B.1 will be identical with the
quantities dU; and dS, of eq B.2, provided the relative
position and spatial extent of the solid phases is the same
at the beginning and end of both thermodynamic changes.
By subtracting eq B.2 from eq B.1, after setting P, - Py
to zero, we obtain

(dga+p+b -dU) = T(d§s+p+b -dS) - P, de+b +
ub dnp+b + (‘ng - 7.) dg (B'3)
or

dgp-b-b =T d§p+b - P b dL’p+b +u dnp+b + (‘Ysp - 7s) dg

(B.4)

Equation B.4 involves the thermodynamic properties of
the polymer and the adhesion tension of the polymer/
solid system. Note that dU,+, contains the potential
energies associated with cohesive polymer/polymer and
adhesive polymer/solid forces, but has no contribution at
all from cohesive solid /solid forces or forces between the
two solid phases across the gap. Dropping the subscript
p + b for simplicity we obtain eq 3 in the main text.

Appendix C. Derivation of the Internal Energy
Contribution to the Adhesion Tension for a
Bonded System (Equation 5)

The formulation follows our previous modeling work
on the free surface of bonded systems.’®® Consider a film
of polymer p placed between two solid surfaces s; and sy,
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Figure 16. Affine deformation considered in the energy analysis
of Appendix C. The two graphite surfaces are brought closer
together, while the polymer film is flattened so as to preserve its
total volume. Although an infinitesimally small deformation is
used in the actual calculation, a much larger deformation is shown
here for clarity. A calculation of the reversible work associated
with this process serves as the basis for estimating the adhesion
tension.

which interact with one another and with the polymer
through pairwise additive nonbonded (central) forces. In
addition, some of the film atoms are connected by infinitely
stiff bonds and experience bonded (not necessarily central)
forces and torques.*¢ Imagine subjecting this system to
a reversible infinitesimal deformation that (a) moves the
solids closer together, (b) leaves the solid phases undis-
torted, and (c) preserves the volume of the film by
increasing the solid /film contact area, as demonstrated in
Figure 16. The mechanical work done by all polymer/
polymer forces and torques and all polymer/solid forces
(compare eq B.4 and subsequent discussion in Appendix
B) can be written4 as

aw=y. <ZFU +D Fy+ ZFib-dri +

iep \Jjep kEs i€y
2 <ZT,, > [ (v X dr)] > <ZF,,i>-drk +
i€p \ JEP kEs; \i€p
> <ZF,,.>-dr, (C.1)
lesg \ iep

F;; is the total force on atom i due to j, including both
bonded and nonbonded contributions, and T;B represents
the bonded torque on atom i due to j. For the purpose

of estimating the rate of change of @ W with deformation,
it is a satisfactory approximation* to assume that the
coordinates of all atoms in the system undergo an
infinitesimal affine deformation:

r e = Ar. + b (C.2)
The strain tensor ¢ is related to the transformation matrix
A by

e=3ATA-D) ~ZAT+A) -1 (C.3)
For the polymer film atoms, whose deformation leaves
the directions of the film axes unchanged and preserves
the volume of the p phase, the strain tensor has the
following diagonal form:

€xx 0 0
e=]0 ¢, O € T €y

0 0 &

+e,=0 (C4)

Equation C.2 for the atoms of the polymer film can be
written in terms of ¢ as

dl' affine — undeformed _ ro) (C.5)

where rg is the position of the centerpoint of the film,
which is a fixed point of the transformation. The solid

= e(r;
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atoms undergo rigid displacement along the 2z axis. Their
new positions for the upper and lower solids can be
expressed as

rkafﬁne = l,kv.mdeformed + g e,,zé = rkundeformed _ g( € + 5yy) 25
A (C.6)
rlafﬁne = rlundeformed + §( €, e )22 (C.7)

where £ the unit vector along the z axis. The change in
contact area between the film and both solid phases can
be expressed in terms of ¢ as

da = a(e,, +¢,) (C.8)

Substituting eqs C.5-C.8 in eq C.1, taking advantage of
the reciprocity of pairwise interatomic interactions, setting
the work equal to the negative change of the potential
energy of the film, and employing the result of our
thermodynamic-statistical mechanical analysis (eq 4), one
readily derives the equation

(Yep= 79" = —Z %= %)Fy, +
lEP )ED €rx + €y

O~ y)F;, - (2 z)F,,,]—

€xx T Eyy

1 €yy
[ F tk,x + Y iF iky ~
giEP kEs L € + €yy €xx T €y

h) ] 1 [ €xx
( o/ ik g;;’ €. te *

Yy

€
vy y‘.F”d—(z + - ] (C.9

€&, T €y

This result isindependent of the center of the deformation,
because of the fact that the film is in detailed mechanical
equilibrium in the undeformed state. For ¢, = «,,, one
gets a simpler expression:

(Yep = 7" ZZ[—("‘ Mija t (y yIE,
leJGP
zj,z] ZZ[ Lh,x+ yt ihy (i—
IEPkell
h
) ;u]“ZZ[ % Fy.t xFuy (zi+§)Fil.z]
IEPIEM

(C.10)

Equation C.10 holds for a macroscopic (nonperiodic)
system only. When incorporating periodic boundary
conditions in the x and y directions, one has a great number
N;of replicas of the central box in place of a macroscopic
film. The atom-atom interactions in the periodic film are
active between nearest-neighbors only, resulting in the
following simplification:

PIPBCEEN I

=i
ZZ("F"}) Nfz Z ;= %) minFjx
i€p Jjgg i€box }Gbox

(C.1n)

and similarly for the y and z direction: along the latter,
(2i = 2j)min = 2; — 2;. All images of the film atoms lie over
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crystallographically equivalent positions of the solid

surfaces, so that
,F,,,”, ZF,,,”,( Z %) =
l€box, ¢ ,all i€box .
umgesof i

N D xFy, (C12)
icbox

and similarly for the y and z direction and for the lower
solid. Inthese summations, the translation vectors along
x and y used for forming the images i’ from the position
i in the box cancel for symmetric pairs of images. In
addition, the interfacial area of the film is a multiple of
the interfacial area of the box:

g_ = Nﬂbox (C.13)

Using eqs C.10-C.13, one can confine the sums over the
film atomstothe primary box only, arriving at the equation

(7lp_73)u [ (x mm u,x et - (y -

[ X; ;k,x
boxlepkeil

[ zl,x+ yl iy~
aboxtEPlelz

h
Z; +- 2 zl.z] (C 14)

whichiseq 5in the main text. The factthatimages farther
and farther from the center of the deformation would slide
more and more with respect to the graphite surface lattice
does not give rise to any complications in this result. This
stems from the fact that the polymer film is initially in
detailed mechanical equilibrium in a configuration com-
mensurate with the graphite surface lattice and also from
the infinitesimal nature of the considered deformation.

2a boxtep Jep

yj)mian.‘:; ijz ]

1 h
EyiFih,y V& "2' Fik,z]
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