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Introduction
Fluids confined on molecular length scales display

differing structure and dynamics from bulk systems.
Depending upon the nature of the liquid and of the
confining surfaces, confinement may either enhance or
reduce molecular mobility and relaxation.1-5 Manias et
al.6 have recently reported X-ray diffraction and small-
angle neutron scattering measurements of the interca-
lation dynamics of polystyrene from the melt into the 2
nm galleries of alkylammonium ion exchanged fluoro-
hectorite, a mica-type layered silicate.7 These studies
permit the determination of a nonequilibrium diffusion
coefficient, denoted here Dneq, that characterizes the
transport of polymer from the bulk into a confining
structure. The data support three primary conclusions.6
First, Dneq is found to be substantially larger than the
polymer self-diffusion coefficient in an equilibrium bulk
melt. Second, increasing the polymer’s affinity for the
silicate surface slows the intercalation process. Third,
Dneq is found to scale with chain length, N, as Dneq ∝
N-1, for polystyrene of molecular weight 2-52 Me (the
entanglement molecular weight), over which range the
equilibrium, bulk self-diffusion coefficient scales8 as N-2,
as in the reptation picture.

To model the formation kinetics of polymer-layered
silicate nanocomposites, we have performed9-12 molec-
ular dynamics simulations of the flow of polymer from
a bulk melt into a slit. These calculations are consistent
with the first two experimental observations above: that
Dneq is significantly larger than the equilibrium, bulk
self-diffusion coefficient and that increasing polymer-
surface attractive interactions decreases Dneq.9-11 Here
we address the third experimental finding of the N
dependence of Dneq.

Manias et al.6 interpret the N dependence of Dneq with
an argument developed by Valignat et al.13 for the
spreading of the precursor film of a polymer droplet on
a solid surface.14 Dneq is represented as

with ∆G the free energy difference per molecule in the
intercalated and bulk phases and ú a friction coefficient
characterizing the polymer dynamics in the slit. ∆G is
conjectured to scale linearly6,13 with N, leading to the
conclusion that the friction coefficient characterizing the
intercalated phase scales as N2. To separate the N
dependences of ∆G and ú in eq 1, we consider the self-
diffusion of confined polymers at equilibrium in the slit
with diffusion coefficient Deq ∝ kBT/ú. If the N depen-
dence of ú is identical for equilibrium and nonequilib-
rium dynamics, then

and the N dependences of ∆G and ú may be determined
separately by computing Deq and Dneq.

Results and Conclusions

We first establish that the simulation model of refs
11 and 12 is consistent with the laboratory observation6

that Dneq ∝ N-1. The model is described fully in ref 11
and summarized briefly here. The simulation cell is
divided into three compartments, as shown in Figure 1
of ref 11, with two outer compartments providing
reservoirs of bulk polymer melt and an inner compart-
ment containing a slit with walls subject to fixed
external pressure. Attached to the slit walls are grafted
chains, representing the alkylammonium surfactants in
the organically modified fluorohectorite. Both polymer
and surfactant molecules are represented by the Kre-
mer-Grest model of bead-spring chains,15 with grafted
chains having 12 beads and polymers having a variable
number N beads. The diameter and mass of polymer
(p) and surfactant (s) beads are related through σs )
0.6σp and ms ) 0.216mp. A constant pressure of p ) 5.2
εσp

-3 is applied to both the slit walls and the polymer
reservoirs, the system is coupled to a Brownian heat
bath9,15 to maintain the temperature at kBT/ε ) 1.0, and
the initial monomer density in the reservoirs is F )
0.85σp

-3. Nonbonded interactions between polymer beads
are purely repulsive, truncated11 Lennard-Jones inter-
actions with energy parameter, ε. Nonbonded inter-
actions between surfactant beads have the same form,
as do interactions between surfactant and polymer
beads and surfactant beads and the immobile particles
composing the slit walls. Slit walls are composed of a
rigid fcc lattice of particles whose interaction with
polymer beads is of the Lennard-Jones form with an
attractive tail11 and energy parameter, 3ε. We simulate
the intercalation process by equilibrating polymer and
organically modified silicate separately and then allow-
ing the polymer access to the slit, with intercalation, if
spontaneous, proceeding at constant pressure.11,12

We examine the squared displacements along the slit
axis of individual polymer beads as they enter the slit.
We follow the convention of Figure 1 of ref 11 and denote
the flow direction along the slit axis x and the direction
along which the slit opens z. The monomer mean-
squared displacement along x, averaged over all beads
in the slit on time scales before the two propagating
polymer fronts have met, is found to grow linearly with
time, permitting the definition of Dneq by 〈x2(t)〉 ) 2Dneqt.
Our definition of a nonequilibrium diffusion coefficient
in terms of molecular mean-squared displacements is
based on the empirical observation, shown in Figure 4
of ref 9, that for polymer flow into a slit a diffusion
coefficient defined by mean-squared displacements of
individual molecules has a very similar magnitude to a
nonequilibrium diffusion coefficient defined in terms of
the time dependence of the total amount of intercalated
material. The latter definition is employed to analyze
laboratory data in ref 6. Diffusion coefficients based on
both of these definitions are compared with nonequi-
librium diffusion coefficients based on determination of
fluxes of polymer beads in ref 9.

Dneq is plotted in Figure 1 for polymer chains of length
N ) 12, 24, 36, and 72 and is fit to Dneq ∝ N-0.95. The
initial slit width11 is 3.2σp, and the slit width at the end

Dneq ≈ ∆G
ú

(1)

Dneq/Deq ∝ ∆G/kBT (2)
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of the simulations is 4.2σp-4.4σp for N ) 12, 24, and 36
and is 3.6σp for N ) 72. For the Kremer-Grest model
of an equilibrium bulk melt, the entanglement length
is Ne ≈ 35, with N ) 72 in the regime of entangled
dynamics. Figure 1 suggests that the scaling Dneq ∝ N-1

persists for N > Ne, as observed in the laboratory.6 For
equilibrium diffusion in the bulk melt, Kremer and
Grest15 showed that significant deviations from N-1

scaling occurred for N > 50. Simulations for a range of
N with N > 72 would be required to obtain a definitive
conclusion. Together with eq 1 and the conjecture that
∆G ∝ N, this result implies Deq ∝ N-2. This prediction
is qualitatively consistent with our previous finding11

that during intercalation most of the polymer beads are
adsorbed to the slit walls, suggesting that chains may
reptate among surfactant grafting sites. Confirming this
prediction by direct computation of Deq for the filled slit
is made difficult by the slow dynamics of the confined
polymer at equilibrium, especially for N > Ne.

Instead, we test eq 2 for two simplified versions of
the present model that are more amenable to simulation
under equilibrium conditions. In these models, polymer
from a single bulk reservoir maintained at constant
pressure p ) 5.2εσp

-3 with density F ) 0.85σp
-3 enters

a slit of fixed volume and length greater than 90 σp
without grafted surfactants.9,10 As in the model de-
scribed above, the silicate is represented by a rigid fcc
lattice of immobile particles. Polymer-polymer interac-
tions remain as described above (purely repulsive
truncated Lennard-Jones potential11), but the polymer-
silicate interactions have energy parameter ε, rather
than 3ε, as above. The model including grafted chains
and a slit under constant pressure requires a greater
polymer-silicate attraction for spontaneous intercala-
tion than do the present models with fixed slit volume.
The effect of increasing the polymer-silicate attraction
is discussed in ref 10. In the first model, polymer flows
into an initially evacuated slit, formed by removing two
central layers of the fcc lattice, producing a channel of
width9,10 2.9σp, measured between the centers of the
lattice particles forming the walls. In the second model,
the slit contains obstacles, resulting from the partial
removal of the two central layers of the fcc lattice,
leaving behind two lattice planes containing rectangular
lattices of immobile particles, with in-plane lattice
constants of 2.4σp along x and 2.1σp along y. The surface
density of obstacles in each plane is 0.17σp

-2, corre-
sponding to a bulk obstacle density in the slit of F )
0.18σp

-3.

Figure 2 shows the N dependence of Dneq and Deq for
the initially evacuated slit of fixed volume, with N ) 6,
12, 18, 24, and 36. Dneq is determined as in Figure 1 by
computing 〈x2(t)〉 of polymer beads flowing into the slit,
and Deq is determined by the same procedure for
equilibrated polymer inside the slit. Dneq is nearly
independent of N, with Dneq ∝ N-0.04, while Deq ∝ N-1.1.
Equations 1 and 2 imply that for this model ∆G ∝ N1.1

and ú ∝ N1.1. Figure 3 shows the corresponding analysis
for the model of a slit containing immobile obstacles for
N ) 6, 12, 18, 24, and 36 in the nonequilibrium case
and for N ) 6, 12, 18, and 24 in the equilibrium case.
Here Dneq ∝ N-0.76 and Deq ∝ N-2.1, implying that ∆G ∝
N1.3 and ú ∝ N2.1. We expect these scalings to vary with
the strength of polymer-silicate attractive interactions,
as observed in the laboratory for the spreading of a
polymer liquid on a solid surface by Valignat.13 For
example, redoing the calculation in Figure 3 with the
polymer-silicate interaction energy increased from ε to
3ε results in Dneq more closely approximating N-1

scaling.
The calculations in Figures 2 and 3 are approximately

consistent with the conjecture ∆G ∝ N. They support
the notion that ú ∝ N for confined polymers in the
absence of obstacles, as in the Rouse model,16 while ú ∝
N2 for confined polymers in the presence of obstacles
as in a reptation model for bulk polymers.17 These
results provide empirical support for the application of
eq 1 to intercalation kinetics and for the general
relationship between equilibrium and driven diffusion
of confined polymers in eq 2. The conjecture6 ú ∝ N2 for
polymer motion in layered silicates is consistent with

Figure 1. Dependence of the nonequilibrium diffusion coef-
ficient Dneq on chain length N is shown for flow of polymer
from the bulk into a confining slit with grafted surfactants
maintained at constant pressure. Dneq ∝ N-1, even for N > Ne
≈ 35.

Figure 2. Chain length dependence of the nonequilibrium
diffusion coefficient Dneq (filled circles) and of the equilibrium
self-diffusion coefficient Deq (filled squares) is shown for an
initially evacuated slit.

Figure 3. Chain length dependence of the nonequilibrium
diffusion coefficient Dneq (filled circles) and of the equilibrium
self-diffusion coefficient Deq (filled squares) is shown for a slit
containing immobile obstacles.
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the equilibrium dynamics of confined polymers among
obstacles, which may represent the effects of grafted
surfactants and adsorbed polymers.
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