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ABSTRACT: Classical density functional theory (DFT) is applied to study properties of fully detailed,
realistic models of poly(dimethylsiloxane) liquids near silica surfaces and compared to results from
molecular dynamics simulations. In solving the DFT equations, the direct correlation functions are
obtained from the polymer reference interaction site model (PRISM) theory for the repulsive parts of the
interatomic interactions, and the attractions are treated via the random-phase approximation (RPA).
Good agreement between density profiles calculated from DFT and from the simulations is obtained with
empirical scaling of the direct correlation functions. Separate scaling factors are required for the PRISM
and RPA parts of the direct correlation functions. Theoretical predictions of stress profiles, normal pressure,
and surface tensions are also in reasonable agreement with simulation results.

I. Introduction

Poly(dimethylsiloxane) (PDMS) is a very important
polymer for its application in the adhesives, sealants,
coatings, and biomedical industries. PDMS is the sim-
plest of the silicones, possesses a hydrophobic surface,
and is highly surface active. Because of such properties,
it is used as an aqueous foam-control agent in the
coatings industry. In the adhesives and sealants indus-
try, PDMS is often used to graft silica surfaces with
inert functional groups to modify properties. In the
adhesives industry, fumed silica is used to increase the
product viscosity, improve antisettling properties during
storage, control the extrusion properties during applica-
tion, and impart antisag properties during cure. Fumed
silica also acts as a reinforcing agent to improve the
physical properties of cured sealants. In the biomedical
applications, layers of silica and PDMS are used around
magnetic cobalt nanoparticles to inhibit environmental
oxidation.1

Despite such important applications, our understand-
ing of the properties of PDMS near silica is limited. Not
many experimental, theoretical, or simulation studies
have been devoted to the understanding of molecular
level structure and thermodynamics of such systems.
Horn and Israelachvili2 studied the force between two
molecularly smooth mica surfaces immersed in liquid
PDMS using the surface force apparatus.3 Tsige et al.4
studied the properties of thin PDMS films on hydroxy-
lated SiO2 substrates, using fully atomistic molecular
dynamics simulations and ab initio methods. The main
purpose of this work is to study properties of a fully
detailed, realistic model of PDMS near silica surfaces
using classical density functional theory. In contrast to
well-known electronic density functional theory used in
ref 4, in this paper we refer to classical density func-
tional theory with the shorthand DFT. DFT is an

attractive method for obtaining the properties of poly-
mers near surfaces, in that it is much less computa-
tionally expensive than simulations and yields equilib-
rium properties directly. However, the application of
DFT to atomistically detailed models is quite new. Thus,
here we also conduct full-scale molecular dynamics (MD)
simulations of the same system to compare to our
theoretical work.

Our molecular density functional theory is based on
the class of theories that uses the structure of the
homogeneous liquid as input. Structure-based density
functional theory was first extended to molecular sys-
tems by Chandler, McCoy, and Singer (CMS).5-7 Sen
et al.8,9 first used this theory in studying properties of
polymers near surfaces. They studied a homopolymer
tridecane melt near a hard surface. In their study, the
intrachain interactions of tridecane molecules were
formulated within the rotational-isomeric-state10 (RIS)
model, and the interchain interactions were hard in
nature. They showed that almost quantitative agree-
ment with molecular dynamics simulation of a Lennard-
Jones tridecane could be obtained by adjusting the hard-
sphere diameter of the methylene group in their model
tridecane molecules. To the best of our knowledge, this
was the most detailed polymer model that has been
studied within the CMS density functional theory until
recently.

In recent work,11 we have used the CMS density
functional theory to study fully detailed, realistic models
(within the united atom framework) of polyethylene
molecules near attractive surfaces. Like other structure-
based DFT applications, direct correlation functions, in
that work, were obtained from the polymer reference
interaction site model12 (PRISM) theory with attractions
treated via the random-phase approximation13 (RPA).
We demonstrated that, with empirical scaling of the
PRISM-RPA predicted direct correlation functions, al-
most quantitative results could be obtained from density
functional treatment of atomistically detailed realistic
polymer models. Other formulations of DFT that use
the equation of state of the bulk liquid as input have
also been developed and applied to polymers.14-17
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From a theoretical perspective, this work is a step
forward from our previous study11 in that here we apply
density functional theory to a more complex molecular
system. PDMS has a more complex architecture com-
pared to polyethylene. Within the united atom frame-
work, PDMS consists of three different types of inter-
action sites: silicon (Si), methyl (CH3), and oxygen (O).
In our previous work, polyethylene was modeled as a
linear chain of a single type of interaction site, namely
methylene.

In this work we use the CMS density functional
theory to study properties of full, atomistically detailed
(within the united atom framework) PDMS chains of
various length near silica surfaces. We also conducted
full-scale molecular dynamics simulations of the same
systems and compared to our theoretical predictions. To
increase the efficiency of the density functional theory
computations, following previous work, we decouple the
single chain simulation step from the iterative solution
by the use of an umbrella potential and use of reweight-
ing techniques.11,18

We describe the model PDMS system in section II.
We then briefly review the CMS-DFT as applied here
to a thin film of PDMS in section III, along with the
calculation of mechanical properties from the DFT. The
details of our MD simulations are given in section IV.
Results and comparisons between the two methods are
presented in section V.

II. Model
We model our PDMS chains within the united atom

framework, where the Si and O atoms are treated
explicitly while each methyl group (CH3) is treated as
a single particle. We use the force field parameters
developed by Frischknecht and Curro,19 which have
been optimized to provide the correct structure of bulk
PDMS at liquid densities. This force field was also
successfully used in a recent study of cross-linked PDMS
networks.20 This force field, hereafter referred to as the
hybrid/UA model, is a class I type force field. Thus, the
bond lengths vary around a preferred length r0 in a
harmonic potential

as do the bond angles about a fixed angle θ0:

The torsional angles, æ, are subject to a torsional
potential of the form

The nonbonded interactions, and interactions between
atoms separated by more than three bonds in the same
molecule, are represented using two different forms of
the Lennard-Jones (LJ) potential. A 9-6 LJ model is
used for the Si, O, and Si-O interactions

and a 12-6 LJ model is used for the interactions
involving the methyl groups:

Parameters associated with the bonded and nonbonded
interactions are given in Table 1.21

The original hybrid/UA model19 contains partial
charges on the Si and the O atoms. However, one of the
important findings of that work was that partial charges
in PDMS have very little effect on the molecular
structure of its bulk liquid. Thus, we ignore the partial
charges in PDMS throughout this work.

As will be described below, the PRISM theory needed
as input to the DFT is solved with the repulsive part of
the LJ interactions. To this end, we decompose the full
12-6 LJ interaction into a repulsive part Vrep(r)

and an attractive or perturbative part Vatt(r)

For the 9-6 LJ interactions, we decompose the potential
as

and

While working with attractive systems, we also truncate
the attractive tail at a distance of 12 Å and shift the
whole curve such that the potential is zero at the cutoff.

Our system consists of a PDMS liquid confined in a
slit between two silica surfaces. The two surfaces are
placed a distance D apart from each other in the z
direction, and the system is considered infinite in both
the x and the y directions. Both the walls are identical
and interact uniformly with the polymer fluid.

Two different surface potentials are considered here,
both of which are representative of a wall containing
oxygen atoms to represent an amorphous silica surface.
The first is obtained by integrating the LJ potential for
the interaction between an atom of type i and the
surface over all points in the infinite half-plane repre-
senting the wall and retaining only the repulsive
contribution, giving a repulsive wall potential:

We take the density of atoms in the wall to be Fwσw
3 )

Vb(r) ) Kb(r - r0)
2 (1)

Va(θ) ) Kθ(θ - θ0)
2 (2)

Vt(æ) ) Kt(1 + cos næ) (3)

VRγ(r) ) εRγ[2(σRγ

r )9

- 3(σRγ

r )6], R and γ ) {Si, O}
(4)

VRγ(r) ) 4εRγ[(σRγ

r )12
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Vrep(r) ) 4ε[(σr)12
- (σr)6] + ε, r e 21/6σ

) 0, r > 21/6σ (6a)

Vatt(r) ) -ε, r e 21/6σ
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1.0, where the wall consists of oxygen atoms with σw )
σO ) 3.3 Å. The wall-atom interactions were chosen to
be the same as in the PDMS model for oxygen-atom
interactions, σwi ) σoi and εwi ) εoi.

The second potential comes from integrating only over
the surface plane that is assumed to consist of some
density of oxygen atoms, representing the -OH groups
on the surface, resulting in

Here the surface density of OH groups was taken to be
that found in an atomistic simulation of amorphous
silica,4 Fws ) 0.039 Å-2. The wall-atom interactions
were chosen as before, σwi ) σoi and εwi ) εoi.

We considered three different sizes of PDMS mol-
ecules in the DFT study, namely, PDMS24 (6-mer
PDMS with a total of 24 interaction sites), PDMS48 (12-
mer PDMS), and PDMS80 (20-mer PDMS). For full-
scale MD simulations, due to the high demand of
computational resources, only PDMS80 system was
considered. All the calculations were performed at 298.0
K (except the MD simulations which were at 300 K; the
difference is negligible) and at the experimental density
of PDMS of 0.98 g/cm3. The separation between the two
surfaces was set to 60 Å throughout this study, unless
otherwise mentioned.

III. Density Functional Theory
A. Theory. The essence of the density functional

theory formalism is to map the real system of interest
onto an ideal system of noninteracting chains immersed
in a medium-induced (mean) field. For a known medium-
induced field, the density profile of the real system can
then be estimated from simulations of a single chain in
the presence of the field. A detailed derivation of the
general density functional methodology has already
appeared in the literature.18,22 Here, we merely sum-
marize the system of equations that must be solved in
our context.

Consider a polymer melt composed of chains with N
spherical interaction sites, in volume V, at temperature
T, and chemical potential µ. The system has an inho-
mogeneous monomer density profile F(r) ) ∑RFR(r),
where FR(r) is the density of site type R at r. In the
density functional theory formalism, the free energy of
the system is constructed in a somewhat nonconven-
tional grand canonical ensemble with T, V, F(r), and ψ
as independent variables. Here, ψ ) µ - UR(r); UR(r)
represents an external field, such as that due to
surfaces, acting on each site of type R. Note that, in a
conventional grand canonical ensemble, F(r) is not an
independent variable. In the CMS-DFT, an excess
Helmholtz free energy is defined relative to an ideal
reference system, and the excess free energy of the
system is constructed as a Taylor series expansion about
the homogeneous liquid state, truncated after the second
order. The grand potential is then related to the excess
free energy with a Legendre transform. A functional
minimization of the grand potential free energy with
respect to the density fields provides the required
expression for the medium-induced field, which, along
with the definition of the ideal system, constitutes the
set of density functional equations.

The ideal system we use is a collection of noninter-
acting chains in the medium-induced field and experi-
encing the same intramolecular interactions as the real
system. The ideal system can be defined according to

where Fâ(r) is the density of the â-th site in the polymer
chain, the sums and products are over the N sites of
the chain, and S is the N-body correlation function for
a molecule of N sites. The function S restores the exact
intramolecular interactions between all sites of an
individual chain in the real system. ψR

id(rR) ) µid -
UR

m(rR), where UR
m(rR) is the medium-induced field (plus

the wall potential in our case) on the R-th site of the
ideal chain molecule.

Derivation of the density functional equation with the
above ideal system leads to the following expression for
the medium-induced field

where â ) 1/kBT, with kB being the Boltzmann constant,
UR(r) is the external field due to the presence of the
surface, and cRâ(r-r′) is the direct correlation function
between the R-th and the â-th site in the bulk polymer
fluid. The constant in eq 11 is related to the chemical
potential but does not need to be evaluated for the
calculations here. For systems where the distance
between the walls are sufficient enough to ensure bulk
behavior in the middle, we effectively set the constant
to zero and obtain the required normalization of the
density profiles by setting the appropriate density at
the midpoint of the simulation box. The excess grand
potential free energy of the inhomogeneous system
(relative to the bulk homogeneous system) is

Table 1. Force Field Parameters of Frischknecht and
Curro19,21 for PDMS

bonds r0 [Å] Kb [kcal/(mol Å2)]

Si-O 1.64 350.12
Si-CH3 1.90 189.65

angles θ0 [deg] Kθ [kcal/(mol rad2)]

Si-O-Si 146.46 14.14
O-Si-O 107.82 94.5
CH3-Si-CH3 109.24 49.97
O-Si-CH3 110.69 49.97

dihedrals n Kt [kcal/mol]

Si-O-Si-O 1 0.225
Si-O-Si-CH3 3 0.01

nonbonded σ [Å] ε [kcal/mol]

Si-Si 4.29 0.1310
Si-O 3.94 0.0772
Si-CH3 3.83 0.1596
O-O 3.30 0.0800
O-CH3 3.38 0.1247
CH3-CH3 3.73 0.1944

Vi(z) ) 2πFwsεwi{(2σwi
9

7z7
-

3σwi
6

4z4 ) i ) Si, O

(2σwi
12

5z10
-

σwi
6

z4 ) i ) CH3

(9)

Fâ(r) ) ∫...∫exp[∑
R

ψR
id(rR)]S(r1,...,rN)∏

R*â

drR (10)

âUR
m(r) ) âUR(r) - ∑

â
∫V

dr′ cRâ(|r - r′|)Fâ(r′) +

constant (11)
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The density profile for the inhomogeneous system is
obtained by performing a single chain (ideal system)
simulation in the medium-induced (ideal) field. In this
work we perform a Monte Carlo simulation of the single
chain as described below. Since both the density and
the field are coupled through eq 11, a self-consistent
solution is required. We use a simple Picard iteration
scheme to obtain such a solution.

To increase the computational efficiency of the density
functional equations, Hooper et al.18 proposed a decou-
pling of the simulation step by using an umbrella
potential. The single chain simulation is performed
under an additional external umbrella field prior to
starting the self-consistent simulation loop, and chain
configurations at a certain interval are saved. The
density distribution, for any given medium-induced
field, is then obtained from the weighted average:

where UU(râ) is the umbrella potential for the â-th site.
Following Hooper et al.,18 we use a starting umbrella
potential of the form

where a is an arbitrary constant and zcenter is halfway
between the walls. We used an a value of -0.1 to -0.3
for methyl and oxygen sites and an a value of 0.1 to 0.3
for silicon sites (the hidden sites in PDMS). Without an
umbrella potential the single polymer chain would be
distributed more or less randomly between the surfaces.
The umbrella potential in eq 14 forces the chain to spend
more time near the surfaces and thus improves the
sampling required to obtain density profiles near the
surfaces. The use of umbrella potentials is discussed in
ref 23.

To ensure the accuracy of the obtained DFT solutions
using the umbrella-sampling scheme, we perform a two-
loop solution following our previous work.11 First, we
choose an arbitrary (e.g., eq 14) umbrella potential and
obtain the iterative density functional theory solution.
After self-consistency is achieved between the density
profile and the medium-induced potential from using
the configurations from the umbrella potential, we
perform another simulation using the final potential to
verify our results. If there are discrepancies between
the density profiles, we restart the self-consistency loop
with the new set of configurations and the self-
consistent potential from the last loop as our new
umbrella potential.

B. Mechanical Properties. Once we have a solution
to the DFT, we can calculate some additional properties
beyond just the density profile. In our formulation of
the DFT, the excess surface free energy Ωex/A is the free
energy difference per unit area between the wall-
polymer system of interest and the bulk polymer at the

same density (far from the wall). This excess surface
free energy can be identified as the surface or interfacial
tension, γ:24

and is obtained directly from eq 12. The surface tension
can also be calculated from the components of the
pressure tensor. In planar symmetry such as we have
here, the off-diagonal components of the pressure tensor
vanish and the lateral components are identical. Fur-
thermore, the pressure can only be a function of the
distance z from the surface, so we find that the normal
component PN(z) ) Pzz ) constant ) p (the bulk pressure
far from the surface) and the lateral component PT(z)
) Pxx(z) ) Pyy(z). The mechanical definition of the
surface tension is

where s(z) is the stress profile across the interface.25,26

Thermodynamically, the grand free energy density
can be identified with the lateral pressure PT(z).25 Thus,
on the basis of eqs 15 and 16, we can identify the stress
profile across the interface with the excess free energy
density, i.e., s(z) ) Ωex(z)/A, so that we have

Here S is a constant arising from bulk polymer and can
be most easily evaluated by setting s(z) ) 0 in the bulk
system far from the surface. This expression was
recently used by Frischknecht and Frink to calculate
the stress profile across a lipid bilayer using the CMS-
DFT.27 In this work, s(z) is an additional quantity
beyond the density profiles F(z) that we can compare to
simulation.

The normal component of the pressure tensor, PN, can
also be directly calculated from the density profiles of
the polymers near the surface using the wall sum rule.
As has been demonstrated by Rickayzen,28 the wall sum
rule for the partial pressure on the wall due to interac-
tion site type R and for wall-polymer interaction
potential vR(z) is

where FRw is the wall contact density (which is zero for
the type of wall-polymer interactions used in the work)
and z is the distance from a single wall. The total normal
pressure for any given wall-wall separation D is then

C. Direct Correlation Functions. The direct cor-
relation functions of the bulk polymer system are
required as input to the density functional theory in eq
11 for the mean field. The direct correlation functions
are obtained using the polymer reference interaction site
model12 (PRISM) theory with the atomic Percus-Yevick
(PY) closure. PRISM theory is an extension to polymers

∆Ω ) -
1

N
∑

R
∫dr (FR(r) - FR,b) +

1

2
∑
Râ
∫∫dr dr′ cRâ(|r - r′|)[FR(r)Fâ(r′) - FR,bFâ,b] (12)

FR(r) ) 〈δ(|r - rR|) exp(-â∑
â)1
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)4
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γ ) ∫-∞

∞
dz s(z) ) ∫-∞

∞
dz [PN - PT(z)] (16)

s(z) ) -
1

N
∑

R
[FR(z) - FR,b] +

1

2
∑
Râ
∫dr′ cRâ(|r - r′|)[FR(z)Fâ(z′) - FR,bFâ,b] + S (17)

âPR ) FRw - â∫0

∞
dz

∂vR(z)
∂z
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PN(D) ) ∑
R

PR (19)
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of the reference interaction site model or RISM theory
of Chandler and Andersen29 for small molecule liquids.
The atomic PY relation is most successful in describing
the packing structure in simple hard-core liquids.
However, it does not work well when attractive tail
interactions are present. We make use of the fact that
for dense polymer liquids the structure is primarily
determined by the repulsive part of the potential.
Consequently, for our model PDMS molecules where
intermolecular interactions are of the LJ form, we use
PRISM to obtain the correlations for the repulsive part
of the interactions and use a perturbation scheme
following the random-phase approximation13 (RPA) to
treat the attractive tail. Molecular closures12 and other
closures30 that include attractions have also been used
with PRISM theory but are beyond the scope of the
present study.

With the RPA approximation, the direct correlation
function between site types R and â is

where crep(r) is the direct correlation function for
repulsive interactions calculated from PRISM and
Vatt(r) is the attractive part of the nonbonded potential.
We have used the same scheme to obtain the direct
correlation functions in our DFT study of fully detailed
polyethylene chains near realistic surfaces, with good
success.11 We also use the self-consistent version of
PRISM theory, in which the intramolecular structure
is obtained by simulating the isolated chain in the
presence of a solvation potential that depends on the
intermolecular packing of the liquid.12

Unfortunately, PRISM is known to overestimate the
compressibility of the liquids. Curro et al.31 conducted
a self-consistent PRISM study of polyethylene-like
molecules with a soft repulsive potential and found that
the compressibility obtained from the theory is about
2-3 times higher than that obtained from MD simula-
tions. In terms of the direct correlation function, the
range of the function obtained from PRISM is exactly
the same as the range of the intermolecular potential
due to the inherent approximation built into the PY
relation, whereas the direct correlation functions pre-
dicted from MD simulations were longer ranged com-
pared to those obtained from the theory.

Sides et al.32 previously conducted a self-consistent
PRISM study of the united atom PDMS model of Sok
and Berendsen.33 Although the Sok-Berendsen model
of PDMS is not optimized to provide the correct struc-
ture of the bulk liquid, the PRISM-predicted structure
for PDMS in that study is a good representation of the
quality of results that should be expected from PRISM
for PDMS. Their study showed that PRISM-predicted
pair correlation functions are only in qualitative agree-
ment with MD simulations of the same system. More-
over, because of numerical errors, some of the PRISM-
predicted pair correlation functions also showed spurious
negative values. No direct comparison between the
PRISM-predicted direct correlation functions and MD
simulations for repulsive PDMS models were shown in
that work. However, on the basis of the knowledge that
PRISM theory is less accurate for systems with overlap-
ping sites and the results of Sides et al.,32 one would
expect that PRISM-predicted direct correlation func-
tions would be less accurate for PDMS than are those
for polyethylene.

As seen in earlier work on polyethylene11 and bead-
spring34 polymers, the DFT/PRISM approach gives good
qualitative and sometimes quantitative agreement with
simulation. To make the theory more useful for quan-
titative predictions, it is necessary to compensate for
the combined effects of approximations in the bulk direct
correlation functions from PRISM theory and the ap-
proximate form of the mean field in eq 11. Toward this
end we follow the approach used by Frischknecht and
Curro34 and in our previous study11 and include an
adjustable multiplicative factor in the PRISM direct
correlation functions used as input to DFT.

The bulk compressibility is proportional to c(r), and thus
the added factor essentially allows us to correct the
compressibility. For attractive systems, we include an
additional parameter to adjust the strength of the
attractions:

The same two adjustable constants K1 and K2 are
applied to all six of the direct correlation functions of
PDMS needed as input to DFT theory. These constants
can be determined by comparison with computer simu-
lations (if available) or from the experimental equation
of state. It should be emphasized that similar phenom-
enological modifications are required in the weighted-
density DFT theory of atomic liquids35 and polymer
liquids15 where separate weighting functions are needed
for the repulsive and attractive contributions to the
excess free energy. In fact in weighted DFT the equation
of state of the bulk uniform liquid is used as input.

D. Monte Carlo Simulations. Two types of Monte
Carlo simulations were carried out in obtaining the DFT
solutions. The first is the simulation of a single chain
in the solvation potential provided by the self-consistent
PRISM theory. The second is the simulation of a single
chain in the presence of the medium-induced and/or
umbrella potentials during the DFT solution. In all the
Monte Carlo simulations, we used three different types
of moves: pivot bending, pivot torsion, and translation.
Complete details of the Monte Carlo moves and the
single chain Monte Carlo simulations performed during
PRISM and DFT calculations are given in our previous
publication.11

In obtaining the density profiles from the single chain
simulation during the DFT solution, symmetry condi-
tions were used to average the density profiles around
the symmetry line between the two walls. The density
at the midpoint between the two walls is set to the bulk
density, since for large enough separation between the
two walls the midpoint is unaffected by the surface.
When solving the density functional equations using a
Picard iteration scheme, it is necessary to mix the “old”
and “new” density profiles at every step of the iteration
procedure. We mix 5% of the “new” density profile at
every step of the iteration.

Although our main focus in the present study is the
overall density profile of the PDMS chains near a silica
surface, the distribution of chain ends near the surface
could also be extracted from the Monte Carlo simulation.
In addition, detailed information regarding the PDMS
structure near the surface (e.g., the existence of loops

cRâ(r) ) cRâ
rep(r) - âVRâ

att(r) (20)

cRâ(r) ) K1cRâ
PRISM(r) (21)

cRâ(r) ) K1cRâ
rep,PRISM(r) - K2âVRâ

att(r) (22)

8566 Nath et al. Macromolecules, Vol. 38, No. 20, 2005



and tails) could be obtained but is beyond the scope of
the present investigation.

IV. Molecular Dynamics Simulations
As mentioned above, all the MD simulations were

done on systems of 80 chains with 20 Si atoms per chain,
at a density of 0.98 g/cm3 and a temperature of T ) 300
K in the NVT ensemble. An initial configuration of a
methyl-terminated PDMS chain was prepared as de-
scribed in ref 19. The configuration of this chain was
then copied, rotated by a random angle about its center
of mass, and the center-of-mass placed in a random
position in the simulation box. To prepare a PDMS
liquid between two confining surfaces, configurations in
which the chain passed through the edges of the box in
the z direction were discarded and the placement was
tried again. Periodic boundary conditions were applied
in the x and y directions, and the surface potentials of
either eq 8 or eq 9 were used for the surfaces. Overlaps
were removed using a soft nonbonded potential. The
Lennard-Jones interactions were then turned on, using
a time step of δt ) 0.4 fs. In all simulations we used a
multiple-time step integrator (RESPA) so that forces
were calculated every time step for bonded interactions,
every two time steps for three- and four-body forces, and
every four time steps for van der Waals forces. The
temperature T was controlled with a Nose-Hoover
thermostat using a coupling frequency of 0.02 fs-1.

We began with the repulsive wall potential of eq 8
and equilibrated the system at an elevated temperature
of T ) 600 K for 1.3 ns, after which the chains’ center
of mass had moved an average distance of 17.7 Å, about
twice the radius of gyration of the chains (here Rg )
8.76 ( 0.03 Å). The temperature was then lowered to
300 K and the system equilibrated further until the
chains moved one more radius of gyration. A second
simulation using the wall potential of eq 9 was started
from the previously equilibrated system near the re-
pulsive wall at 300 K. In both cases statistics to
calculate density profiles were then collected for 2.4 ns,
sampling configurations every 0.04 ns. The simulations
were run on 16 processors on the Sandia CPlant cluster,
using the parallel LAMMPS MD code.36

We can calculate the surface tension of the film from
the components of the averaged stress tensor ΣRâ using
the mechanical definition of the surface tension:

where the factor of 2 accounts for the two surfaces, and

for the planar symmetry considered here. The macro-
scopic stress tensor ΣRâ can be calculated from the
thermal average of the microscopic stress tensor σRâ, ΣRâ

) 〈σRâ〉. An early definition of σRâ was given by Irving
and Kirkwood37 and is commonly used to calculate the
surface tension in simulations. However, some time ago
Schofield and Henderson showed that the microscopic
stress tensor, as defined by the conservation of linear
momentum density, is not unique.38 This is essentially
due to the fact that it is unclear exactly where the
configurational part of the stress due to interactions
between atoms acts. More recently, Wajnryb et al.39

have argued that imposing some additional physically
reasonable constraints leads to a unique definition for
σRâ, which is in fact the original stress tensor defined
by Irving and Kirkwood (IK). Additionally, one of the
alternative definitions for σRâ given by Harasima40 has
been shown to fail in spherical coordinates and is thus
not a valid definition for σRâ.41 Thus, in this work we
calculate the components of σRâ using the IK definition.37

In any case, the value of the surface tension from eq 23
is independent of the choice of stress tensor and thus
well-defined.38

Goetz and Lipowsky42 extended the work of Schofield
and Henderson to calculate the contribution of many-
body forces to the IK stress tensor σRâ. We use their
formulas for the contribution of the angle and dihedral
forces in PDMS to σRâ. The contributions of the bond
forces and nonbond Lennard-Jones forces are calculated
using the usual IK stress. Finally, there is also a
contribution from the surfaces to the normal pressure
which can be computed by considering each wall as an
additional particle of infinite mass as shown by Varnik
et al.43 To apply these formulas to the MD simulation,
we bin the local stress in slabs parallel to the surfaces
and employ the Hardy method.44 Because of large
fluctuations, the stress tensor components were calcu-
lated every 1000 time steps (every 0.4 ps) and averaged
for a total of 2 ns. The transverse pressure was
calculated as an average of the xx and yy components,
PT ) (Pxx + Pyy)/2. The normal pressure was found to
be constant throughout the films, as required by me-
chanical stability.25,43

V. Results

A. Direct Correlation Functions. We begin the
Results section by looking at the pair correlation and
direct correlation functions of PDMS, obtained from
PRISM calculations. Although PRISM predictions of
bulk polymer correlations of PDMS and similar mol-
ecules have previously appeared in the literature,32 we
present our results here to refresh the readers with the
nature of the direct correlation functions observed for
PDMS. Also note that earlier PRISM work on PDMS
used an interaction potential model that was not well
optimized for structure of bulk liquid. Thus, our results
also clarify if the observations of Sides et al.32 hold true
when a more accurate set of force field parameters are
used.

Intermolecular pair correlation functions for all six
pairs of site-site interactions, obtained using the
PRISM-PY theory for bulk repulsive PDMS80 (eqs 6a
and 7a), are shown in Figure 1. The Si-Si, Si-O, Si-
CH3, and O-O pair correlations all show some unreal-
istic negative values, with Si-Si and O-O having the
most prominent effects. Sides et al. observed the same
phenomena in their PRISM work with the Sok-Ber-
endson united atom PDMS model. As expected, correla-
tions involving Si sites have the most of the unrealistic
features, and the correlations involving CH3 sites have
the least. The Si sites are the most overlapped in the
PDMS structure, and PRISM is known to be less
accurate for overlapping (hidden) sites.

Direct correlation functions for all six pairs of site-
site interactions for the above system are shown in
Figure 2. An interesting feature of the direct correlation
functions is that the correlations have positive values
within the repulsive core for interactions involving Si
sites. In terms of the DFT equations (eq 11), this means

2γ ) ∫-D

D
dz s(z) ) ∫-D

D
dz [PN(z) - PT(z)] (23)

ΣRâ ) (-PT 0 0
0 -PT 0
0 0 -PN

) (24)
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that with a given density profile of the system the
medium-induced potential for Si would drive the density
profile near the surface in the opposite direction to the
potentials for O and CH3 sites. This opposite trend in
the medium-induced potentials makes the solution of
the DFT equations for PDMS more delicate than that

for a linear system like polyethylene. Typical medium-
induced potentials for the Si, CH3, and O species are
shown in Figure 3. More details on the DFT solution
are given later in this Results section.

B. Density Profiles near Surfaces. We present the
density profiles obtained from our DFT calculations and
MD simulations side by side to provide a direct com-
parison of the predictions from the two different meth-
ods. Note that, however, due to the high requirement
of computational resources, we performed MD simula-
tions only on the PDMS80 system.

The first system we studied using density functional
theory is a repulsive PDMS80 melt near the repulsive
silica surface (eq 8). Figure 4 shows the comparison of
the DFT predictions with the MD results for this all-
repulsive system. We first attempted to use the PRISM-
PY values of the direct correlation functions directly in
our DFT solution. However, we found that with the
PRISM-PY values of the direct correlation functions the
DFT medium-induced potentials were coming out to be
too strong, and consequently, it was not possible to reach
self-consistency during the DFT solution. We then
started to use eq 21 to correct the PRISM-PY results.
Following our previous work on polyethylene,11 we set
the multiplicative factor in eq 21 such that the DFT

Figure 1. Pair correlation functions, g(r), of 20-mer PDMS
molecules at 298 K and 0.98 g/cm3. (a) The dashed, dotted,
and solid lines correspond to Si-CH3, Si-O, Si-Si interac-
tions, respectively. (b) The dashed, dotted, and solid lines
correspond to CH3-O, O-O, and CH3-CH3 interactions,
respectively.

Figure 2. Direct correlation functions, C(r), of 20-mer PDMS
molecules at 298 K and 0.98 g/cm3. The meanings of symbols
are as follows: squares (Si-CH3), diamonds (Si-O), triangles
(Si-Si), crosses (O-O), asterisks (CH3-O), and circles (CH3-
CH3).

Figure 3. Typical medium-induced potentials for Si (short
dash), CH3 (solid), and O (long dash) as a function of the
distance z from the surface.

Figure 4. Comparison of density profiles from DFT and full-
scale MD simulations of 20-mer PDMS systems. PDMS non-
bonded interactions are modeled as repulsive LJ, and the
silica-PDMS interaction is modeled using eq 8 (repulsive). The
symbols are from MD simulations, and the lines are from DFT
calculation. Results of CH3 and O are shifted upward by 0.06
and 0.03, respectively, for clarity.
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calculated density profile predicted the wall contact
density with reasonable accuracy. From detailed studies
on tangent hard-sphere systems and realistic models of
linear polyethylene,31 it is known that the compress-
ibility predicted from PRISM-PY is always too high (the
c(r) values are always too low), and thus one expects
that the density profile predicted with PRISM-PY
should show less structure (smaller amplitude oscilla-
tions) than reality. We observed this expected behavior
in our work on polyethylene. Interestingly, here, we
observe the opposite trend in our DFT results for
repulsive PDMS near a repulsive surface. The medium-
induced potentials obtained with the PRISM-PY c(r)’s
are too strong (which implicitly means that the density
profiles would show stronger peaks, if a DFT solution
could be obtained) in the case of PDMS. Our calculations
on the bulk system shows that, like polyethylene,
PRISM predicted compressibility for PDMS is also
higher than the corresponding MD value. We found a
total structure factor, H(0), value of -0.674 from PRISM
compared to a value of -0.97 from MD. The reason for
the opposite behavior of the required correction factors
in PDMS is thus not obvious and is probably related to
the complex balance between the field strength and
compressibility. Density profiles predicted from the
corrected PRISM-PY direct correlation functions are
shown in Figure 4. We used a value of K1 ) 0.7 for all
six pairs of direct correlation functions.

As seen in Figure 4, DFT predicted density profiles
from corrected PRISM-PY correlations are in reasonable
agreement with the MD simulation results. In general,
the DFT density profiles have more structure compared
to their MD counterparts. For CH3 sites, the location
and magnitude of the first peak of the density profile
predicted from DFT compare well with those of MD
prediction. However, DFT shows more structure away
from the surface, which is not seen from MD. For both
Si and O sites, the location of the first peak predicted
from DFT is slightly out of phase compared to that from
MD, but the profiles compare well with MD away from
the surface.

Density profiles for the repulsive PDMS near repul-
sive surfaces for PDMS24 and PDMS48 are shown in
Figures 5 and 6. In both cases, we compare our DFT

predictions to the MD predictions of the PDMS80
system. Surprisingly, the DFT density profiles for both
PDMS24 and PDMS48 compare similarly to that of the
PDMS80 system and to the MD density profiles (of the
PDMS80 system). The only visible difference between
the DFT density profiles of the three systems is that
the first peak height of the CH3 density profile is slightly
larger for the smaller PDMS systems. Note here that
we have used the same density and temperature in our
study of all three systems. In performing the DFT
calculations, we have used the same value of K1 () 0.7)
for all three systems.

As our goal is to study more realistically detailed
systems, we turn on the attractions in our systems
slowly. First, we performed full many-chain simulations
and DFT calculations on systems where the PDMS-
silica wall interactions are still modeled with a repulsive
interaction (with eq 8), but the PDMS interactions are
modeled with the fully attractive LJ interactions. Note
that it is possible for such systems to produce dewetting.
One should also be careful in dealing with attractive
polymer systems, not to be dealing with state conditions
where the polymer may exhibit vapor-liquid equilibri-
um. For our PDMS systems, we chose the system
densities on the basis of the experimentally predicted
liquid region. Also, from our full-scale MD simulations
we did not see any sign of a possible phase separation
for this system. As described earlier, we truncate and
shift the LJ potential at a distance of 12 Å in modeling
the attractive nonbonded interactions in the polymer.

In modeling the long-range interactions for our PRISM-
PY predictions through eq 22, we continue to use the
same values of K1 as used for the all-repulsive systems.
In our previous work on polyethylene, it was found that
the correction factors to the PRISM-PY predicted c(r)
values were directly transferable from the all-repulsive
system to the attractive systems, and with that, any
further corrections to the RPA part of the correlations
were not required. Unfortunately, that did not hold true
for our study of attractive PDMS near repulsive silica
surfaces. In this case, both K1 and K2 correction factors
were required to obtain reasonable results from the DFT
calculation. Once again, we use the procedure of adjust-
ing the density near the wall to obtain a value of K2.

Figure 5. Comparison of density profiles from DFT and full-
scale MD simulations of 6-mer PDMS systems. PDMS non-
bonded interactions are modeled as repulsive LJ, and the
silica-PDMS interaction is modeled using eq 8 (repulsive). The
symbols are from MD simulations, and the lines are from DFT
calculation. Results of CH3 and O are shifted upward by 0.06
and 0.03, respectively, for clarity.

Figure 6. Comparison of density profiles from DFT and full-
scale MD simulations of 12-mer PDMS systems. PDMS non-
bonded interactions are modeled as repulsive LJ, and the
silica-PDMS interaction is modeled using eq 8 (repulsive). The
symbols are from MD simulations, and the lines are from DFT
calculation. Results of CH3 and O are shifted upward by 0.06
and 0.03, respectively, for clarity.
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By adjusting for the PDMS80 system, we obtain a value
of K2 ) 0.5. Like K1, the same K2 correction factor is
applied to all six pairs of correlations. DFT results for
density profiles predicted for the attractive PDMS80
system near silica surfaces are displayed in Figure 7,
along with the MD results for the same system. As
expected, with the attractions added, the polymers pull
away from the surface, showing a smaller first peak
height in the density profiles. This is observed in both
DFT and in the MD results. The general quality of
comparison between the DFT and MD density profiles
for this system is reasonable and of similar quality to
the all-repulsive system. For Si and O site densities,
we observe better agreement between DFT and MD
generated profiles for the current system in that the
location and magnitude of the first peaks are well
matched. For the CH3 site densities, the MD generated
profile is very flat compared to the amount of structure
observed from the DFT profile.

The next system we look at is the attractive PDMS
system near an attractive silica surface (eq 9). In
performing DFT calculations for this system, without
any further adjustments, we use the same correction
factors K1 and K2 obtained from the attractive PDMS-
repulsive silica surface system. The DFT density profiles
for the attractive PDMS80 system near attractive silica
surfaces are displayed in Figure 8, along with the
corresponding MD results. Once again the DFT profiles
compare quite reasonably to the MD profiles. With the
attractions between wall and polymer turned on, the
first peak height of the density profiles near the surface
is increased in both the DFT and MD simulations.

In both the theoretical and simulated profiles in
Figures 4-8 it can be seen from the density peak at ∼3
Å that the pendant methyl groups of the PDMS chains
are closer to the silica surface than either the oxygen
(∼5 Å) or silicon (∼4.5 Å) atoms on the backbone. This
might be expected since the methyl groups are more
exposed and tend to shield the polymer backbone atoms.
Note also that when the forces on atoms near the
surface are balanced, as in Figures 4 and 8, there are
strong density oscillations resulting from packing effects
on the atomic scale. However, when there are strong
polymer/polymer attractions with no corresponding

polymer/surface attractions as in Figure 7, the polymer
tends to dewet from the surface and the density oscil-
lations tend to get washed out. For the case in Figure 8
when both surface and polymer attractive interactions
are turned on as expected for PDMS near a silica
surface, strong density oscillations are seen in qualita-
tive agreement with experimental surface force mea-
surements.2,3

We also performed DFT calculations for the attractive
PDMS near both the repulsive and attractive silica
surfaces for both PDMS24 and PDMS48 systems and
compared those results to the corresponding MD predic-
tions for the PDMS80 system. In all cases, the quality
of comparisons was very reasonable irrespective of the
chain length of PDMS used in the DFT calculation. This
implies that, within the range of chain length studied
here for PDMS, the dependence of the density profiles
on the chain length is negligible.

Finally, we compare the results of our hybrid/UA
PDMS simulations for the fully attractive polymer
system next to the 10-4 surface of eq 9 to those from
Tsige et al.4 for a liquid of explicit atom PDMS near an
atomistic, amorphous silica surface. Because of the use
of different bulk densities in two different studies, we
plot the ratio of densities in Figure 9. Despite the
differences in the surface polymer interactions used in
the two different systems, almost quantitative agree-
ment is observed between the two simulation results.
The amplitude of the density peaks and dips compare
very well, whereas the overall profiles are slightly out-
of-phase from each other. Thus, replacing the atomistic
model of the amorphous silica with the integrated LJ
surface potential of eq 9 leads to very similar results
for the polymer structure near the surface.

C. Stress Profiles and Surface Tension. In this
section we compare some physical properties of the
silica-PDMS interface as obtained from DFT and MD
simulations. We begin with the stress profiles near the
surfaces. The only previous detailed investigation of
such profiles for polymer thin films was performed by
Varnik et al.43 on a bead-spring polymer melt between
repulsive surfaces. As described above, we calculate the
components of the pressure tensor directly in the MD
simulations. From the DFT, we obtain the stress profile

Figure 7. Comparison of density profiles from DFT and full-
scale MD simulations of 20-mer PDMS systems. PDMS non-
bonded interactions are modeled as full LJ (attractive), and
the silica-PDMS interaction is modeled using eq 8 (repulsive).
The symbols are from MD simulations, and the lines are from
DFT calculation. Results of CH3 and O are shifted upward by
0.06 and 0.03, respectively, for clarity.

Figure 8. Comparison of density profiles from DFT and full-
scale MD simulations of 20-mer PDMS systems. PDMS non-
bonded interactions are modeled as full LJ (attractive), and
the silica-PDMS interaction is modeled using eq 9 (attractive).
The symbols are from MD simulations, and the lines are from
DFT calculation. Results of CH3 and O are shifted upward by
0.06 and 0.03, respectively, for clarity.
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in the z-direction s(z) using eq 17 and shift it by a
constant to set s(z) ) 0 in the bulk, as described in the
Theory section. Figure 10 shows stress profiles for the
attractive PDMS-repulsive silica surface system. Simi-
lar to our presentation of the density profiles, we
compare DFT predicted stress profiles for all three
systems (PDMS24, PDMS48, and PDMS80) with the
MD stress profiles for PDMS80. Qualitatively, the
profiles from DFT and MD are similar.

Although the physical meaning of the stress profile
remains controversial due to the (possible?) nonunique-
ness of the transverse component of the stress tensor,
the stress profile provides a sensitive comparison be-

tween the DFT and MD simulations. Because of the
nonuniqueness, it is not a priori clear that the stress
profile from density functional theory, obtained from the
excess surface free energy, will be the same as the IK
stress profile derived from the virial route. However,
previous work on mean-field theories found that the
same physics applies to the spatial behavior of PT(z)
calculated from the energetic and virial routes.45 Previ-
ous work on lipid bilayers also found a close cor-
respondence between stress profiles from the CMS-DFT
and the IK stress in MD simulations on the same
molecular model.27 The same appears to be true here,
which is the first comparison of a stress profile for an
atomistic polymer in DFT and MD of which we are
aware.

The constant region in the stress profiles (Figure 10)
near the surface corresponds to the normal pressure in
the film. In this region, because of excluded volume, the
polymer density is zero, and the only contribution to s(z)
is from PN due to the force of the walls on the fluid. Once
the polymer density becomes nonzero, we begin to get
other contributions to s(z). The first dip in the stress
profile predicted from DFT matches almost exactly with
that from MD both in terms of its location and magni-
tude. The major difference between the DFT and MD
predictions is that we have two major peaks in the
profile predicted from DFT, whereas we have a very
wide peak (covering the two peaks from DFT) in the
profile predicted from MD. This difference is somewhat
comparable to the differences in the density profiles, in
that there was more structure in the DFT predicted
profiles.

Like our observations for the density profiles, the
stress profiles predicted for the three different lengths
of PDMS from our DFT calculations are comparable to
each other. The profiles are very much the same
throughout the length of the profile, except for the
constant region very near the surface corresponding to
PN. We see that at the same temperature and density
the normal pressure (bulk pressure) increases with a
decrease in chain length. This behavior is consistent
with our knowledge of equation of states of small to
intermediate sized polymeric molecules. Also, the nor-
mal pressure predicted from DFT above is lower than
that from MD.

An alternate route to calculating pressure from DFT
is using the generated density profiles and the wall sum
rule following eq 18. We report the pressures obtained
via different routes in Table 2. As one would expect,
pressures calculated from DFT using the stress route
and the wall sum rule are not completely consistent.
However, both routes predict the correct trend in
pressure as a function of chain length, and the maxi-
mum deviation in calculated pressures between the two
routes is about 20%.

We calculate the surface tension from both MD and
DFT by directly integrating the stress profiles, following
eq 16. We obtain a surface tension value of 47.09 dyn/
cm for the PDMS80 system from MD. Our calculated
surface tension values from DFT are lower than those

Figure 9. Comparison of density profiles from full-scale MD
simulations of hybrid/UA model and explicit atom model. The
lines are for the hybrid/UA model (this work), and the symbols
are for the explicit atom model (from ref 4).

Figure 10. Comparison of stress profiles from DFT and full-
scale MD simulations. PDMS nonbonded interactions are
modeled as full LJ (attractive), and the silica-PDMS interac-
tion is modeled using eq 8 (repulsive). Meanings of the symbols
and lines are as follows: squares (MD simulation of 20-mer
PDMS), dotted line (DFT calculation of 6-mer PDMS), dashed
line (DFT calculation of 12-mer PDMS), and solid line (DFT
calculation of 20-mer PDMS).

Table 2. Pressure of the PDMS Systems Calculated from Various Routes (in Units of atm)

system
stress route

(att wall)
wall sum
(att wall)

MD
(att wall)

stress route
(rep wall)

wall sum
(rep wall)

MD
(rep wall)

PDMS80 717 813 811 750 762 887
PDMS48 819 1066 882 868
PDMS24 1021 1196 1070 1259
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predicted from MD. From the DFT stress profiles, we
obtain surface tension values of 36.09, 36.32, and 28.74
dyn/cm for the PDMS24, PDMS48, and PDMS80 sys-
tems, respectively. These values are all of a reasonable
magnitude for surface energies.

We also obtain stress profiles for the attractive
PDMS-attractive silica surface systems, which are
presented in Figure 11. Our comparisons of the stress
profiles between DFT and MD predictions and between
DFT predictions for various lengths of PDMS are similar
to those for the attractive PDMS-repulsive silica sur-
face system. For the attractive surfaces, we obtain a MD
surface tension value of 46.32 dyn/cm for PDMS80. DFT
surface tension values for this system are 24.27, 21.5,
and 22.45 dyn/cm for the PDMS24, PDMS48, and
PDMS80 systems, respectively. Surprisingly, DFT pre-
dicted surface tensions match quite well with the
experimentally determined surface tension value of 22
dyn/cm for PDMS near silica surface.46

Normal pressures from DFT calculated via the stress
route and the wall-sum route for the attractive PDMS-
attractive silica surface systems are also reported in
Table 2. In principle, the normal pressure of the system
should only depend on the polymer and should be
completely independent of the surface interactions. Our
results are reasonably consistent with this requirement.

VI. Conclusions
Properties for realistically detailed PDMS melts

confined between silica surfaces have been calculated
using the structure based density functional theory of
Chandler, McCoy, and Singer and compared to molec-
ular dynamics simulations. The primary input to the
density functional theory, the direct correlation function,
was obtained using the self-consistent PRISM theory
with the PY closure for the repulsive potentials and then
correcting for the attractive LJ tail via use of the
random-phase approximation.

For purely repulsive systems and linear molecules,
it is known that a cancellation of errors occurs between
the large compressibility from PRISM and the field

predicted from eq 11 (which is known to be too strong).
For polyethylene this cancellation was found to be
inadequate in a previous study,11 and empirical correc-
tions to the direct correlation functions using a multi-
plication factor greater than 1.0 were required to obtain
reasonable agreement between density profiles pre-
dicted from DFT and full-scale simulations. For PDMS,
in this work, we observed an opposite trend in that
PRISM-PY predicted the direct correlation functions are
too strong and a multiplication factor smaller than 1.0
is required to correct the direct correlation functions to
obtain reasonable agreement between DFT and full-
scale simulations. When the appropriate empirical
corrections are applied to the direct correlation func-
tions, the DFT predicted density profiles compare
reasonably with those of MD simulation.

To include the effect of polymer attractions on the
density profile, we also made multiplicative corrections
to the PRISM-PY generated direct correlation function
while adding the RPA tail correction. In the study on
polyethylene near surfaces,11 it was found that even for
attractive systems, either only a correction to the
PRISM-PY generated direct correlation function for the
core system or a correction to the RPA tail was sufficient
to obtain good agreement between density profiles from
DFT and simulations. Unfortunately, that did not hold
true for our study of attractive PDMS systems. Here,
two separate multiplicative correction factors were
required simultaneously on both the PRISM-PY pre-
dicted part and the RPA part of the direct correlation
function.

We also studied the stress profiles and surface tension
using both the DFT and MD simulations. Like the
density profiles, DFT predicted stress profiles also
compare reasonably with those predicted from MD
simulations. In general, DFT predicted stress profiles
show more structure compared to their MD counter-
parts. Surface tensions predicted from DFT were lower
than those predicted from MD simulations.

We studied properties of PDMS of three different
chain lengths, namely 6-mer, 12-mer, and 20-mer, using
DFT. Within the range of chain lengths studied here,
the generated density profiles and stress profiles ap-
peared to be very similar and did not depend signifi-
cantly on the chain sizes. However, it is possible that
with a significantly different chain size the predicted
profiles would be different then those predicted for our
medium-sized PDMS chains.

We have demonstrated in this study that a DFT
theory is capable of describing atomistic models of
complex polymers near surfaces with moderate ac-
curacy. This is the first study of this kind where an
atomistically detailed model of a complex polymer as
PDMS has been studied using DFT theory with good
success. This opens the possibility to study many
important problems related to complex polymers near
surfaces at the atomistic level. Such problems include
polymer mixtures near surfaces, polymer adhesion,
polymers in confined geometries, and polymer nano-
composites.
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