Chem. Mater. 2000, 12, 2161—2167 2161

Computer Simulation Studies of PEO/Layer Silicate
Nanocomposites

E. Hackett, E. Manias,* and E. P. Giannelis'

Department of Materials Science and Engineering, Cornell University, Ithaca, New York 14853

Received October 22, 1999. Revised Manuscript Received April 4, 2000

Monte Carlo and molecular dynamics computer simulations are used to explore the atomic
scale structure and dynamics of intercalated PEO/montmorillonite nanocomposites. Par-
ticular attention is paid to the configuration of the polymer within these confined spaces. A
layered, but disordered and liquid-like, structure is observed, in contrast to the all-trans or
helical extended interlayer structures traditionally suggested. The cations primarily reside
near the silicate surface. Molecular dynamics simulations also provide information on the
interlayer mobility of Li* ions, which is related to the ionic conductivity in polymer electrolyte

nanocomposites.

I. Introduction

Nanocomposites composed of poly(ethylene oxide)
(PEO) intercalated between the layers of mica-type
silicates represent a new class of polymer composite
electrolytes.!=® They possess novel mechanical and
electrical properties that render them very promising
materials for applications such as solid-state lithium
batteries. A better understanding of the structure and
dynamics of the intercalated polymers in these nano-
composites can provide molecular insight and lead to
the design of materials with improved properties.

Mica-type layer silicates share the same structural
characteristics as the better known talc and mica. Their
crystal lattice consists of negatively charged alumino-
silicate layers. These layers are negatively charged, and
in their pristine form this charge is balanced by
hydrated cations (Li", Na*, or Ca?") that occupy the
spaces between the layers (galleries). PEO can be
intercalated, or inserted, between these layers by re-
placing, partly or completely, the water molecules
occupying the interlayer. This can be accomplished by
melt intercalation, in which a dry PEO/silicate mixture
is heated above the melting temperature (Tn,) of the
PEO, at which point it spontaneously intercalates as
observed by X-ray diffraction.> Alternatively, the nano-
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composite can also be prepared from an aqueous solu-
tion,*8 resulting in nanocomposite structures similar to
those prepared by the melt intercalation method. In the
nanocomposites, PEO forms the matrix for a solid state
electrolyte whose conductivity is primarily cationic
because the anions are the large silicate layers. Fur-
thermore, the intercalated polymers of the nanocom-
posite do not exhibit any marked melting transition near
the bulk T, of PEO, and at temperatures below T, they
promote much higher cationic conductivities than the
respective bulk PEO/alkali systems. In addition, the
polymer chains in the nanocomposite show significant
mobility, even at temperatures well below the bulk Tp,.5

The polymer chains and silicate layers self-assemble
in an alternating fashion with a periodic d spacing of
18 + 1 A, of which 9.7 A corresponds to the silicate
layer.46 The polymer chains are confined within 8 4+ 1
A, only a few atomic diameters wide. This extreme
confinement has a profound effect on the structure of
the intercalated polymer. Additionally, the interactions
between the alkali cations, the negatively charged
silicate layers, and the polymer are important in
understanding the structure of the nanocomposite as
well as its conductivity. In addition, recent work® has
shown that a small amount of water is present in the
nanocomposite galleries when PEO is intercalated from
solution. The computer simulations presented here
study first the structure at the atomic level of interca-
lated PEO nanocomposites. Molecular dynamics simula-
tions provide insight into the mobility of Lit* ions and
the role that the cations’ hydration shells plays in the
cation conductivity. Dry and hydrated nanocomposites
were studied and the effects of hydration on the
structure and cation mobility are discussed.

I1. Model

All simulations were performed using Cerius? soft-
ware, although most of the data analysis utilized
programs developed especially for this nanocomposite
system. The force fields used in this simulation study
are based on a geometrically fitted and optimized
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combination of force fields used in previous studies of
hydrated montmorillonite’®~12 and PEO-—salt sys-
tems.1314 Silicate atoms have been completely con-
strained in all cases. Monte Carlo absorption simula-
tions were carried out using an MCY water model with
an offset oxygen charge, while for molecular dynamics
(MD) simulations a modified MCY model in which the
charge was centered at the atom centers produced
adequate results.

The cation exchange capacity (CEC), which is a
characteristic of the silicate and provides the charge on
the silicate layers, determines the number of compen-
sating cations in the gallery. The CEC of the silicates
studied here is set to ~105 mequiv/100 g. This is a
common CEC for montmorillonite,3! and corresponds to
the silicate studied in the experimental counterpart to
this work.® The simulation box uses periodic boundary
conditions and is 42.24 x 36.56 A in the direction
parallel to the silicate, while the third dimension is
determined by the periodic repeat distance, or d spacing,
which is measured by X-ray diffraction.

A d spacing of 18 A was used for the Li* —montmo-
rillonite/PEO nanocomposite. After MD simulations of
up to 50000 time steps (0.1 ns) of the dry Lit—
montmorillonite/PEO system, which served to equili-
brate the polymer configuration and provide structural
information for the dry system, water was adsorbed
through a grand canonical Monte Carlo (GCMC) simu-
lation in which chemical equilibrium was established
by imposing a water vapor pressure of 100 kPa (1 atm).
The hydrated system was equilibrated with further MD
simulation in an NVT ensemble. The water molecules
were subsequently deleted and readsorbed through a
second GCMC run that ensured an accurate amount of
adsorbed water. The amount of water from these
simulations is in very good agreement with the amount
of water measured experimentally,® providing a useful
check on the validity of the force field used here. After
the water was adsorbed, several NVT MD simulations
of up to 500 000 time steps (1 ns), at a temperature of
300 K, were carried out from various initial system
configurations. Configurations were saved every 500
steps, and the stored trajectories were used to calculate
the equilibrium structure and dynamic information
presented here.

In the case of Na*—montmorillonite, a d spacing of
17.6 A was used. Several productive simulation runs,
typically of 50 000 time steps (0.1 ns), were carried out
from various initial configurations.

I11. Results and Discussion

A snapshot of the hydrated Li—montmorillonite sys-
tem is shown in Figure 1. Although this is a snapshot
of a particular water-containing system, it illustrates
many of the features, discussed in detail below, that are
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apparent in both dry and hydrated systems. These
features include the preferred locations of ions and the
disordered bilayer structure of the polymer.

Number density profiles showing the arrangement of
Li™ or Na™ and polymer in the silicate gallery of the
dry systems through a plane normal to the silicate
surfaces are shown in Figure 2. Both the oxygen and
carbon density profiles as well as the profiles of the
polymer as a whole indicate a bilayer structure, with
the thickness of each layer approximately equal to a
PEO chain width as calculated from the known molec-
ular structure. Such layer structures originate from the
oscillating solvation forces near a surface. Their exist-
ence is suggested by several experimental and computer
studies of nanoscopically confined fluids and poly-
mers!5~28 including previous experimental observations
of PEO intercalated in layer silicates that imply the
existence of one or two intercalated layers.1=° In this
layer structure confined chain molecules tend to align
themselves parallel to the wall so that large segments
of a chain will lie within a single layer, which is seen
as a peak in the density profile (Figure 2). At the same
time, the polymer chains are relatively disordered in the
plane parallel to the silicate surface. Chains may twist
around each other or span across the polymer layers
within the gallery. Despite the layered ordering normal
to the surfaces, the polymer configurations exhibit a
disordered, almost liquid-like, structure. These findings
contrast previous suggestions in which an all-trans
extended bilayer or a helical structure for the polymer
was proposed.!

The cations for both dry systems are bound to the wall
(Figure 2), about 1.5 A from the center of the surface
oxygen atoms, or about 4.8 A from the central plane of
metal atoms, in very good agreement with NMR data.?®
Surface lattice cavities are characteristic of the oxygen
network in all 2:1 layer silicates, and the cations
primarily reside partially inserted within these cavities.
Although the Li* ions are smaller than the Na* ions
and their density profiles extend into the surface
cavities, the Li* density profiles have their largest peaks
slightly outside these cavities (Figure 2). The cations’
locations, as revealed by the simulations, contrast with
the assumption that the cations are located in the
middle of the gallery.! In addition, this agrees with the
location of cations as shown in NMR data.?® The location
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Figure 1. Snapshot of PEO—silicate nanocomposite: (a) showing the silicate crystal as polyhedra, Li* as spheres, and highlighting
PEO as spheres; (b) showing the silicate crystal as polyhedra, Li* as spheres, and highlighting water as spheres; (c) top view with
silicate removed, showing PEO and Li* as spheres and water as sticks.

of the cations in the interlayer gallery becomes very Density profiles for the hydrated PEO/Li*—montmo-
important for these materials because, as will be rillonite system are shown in Figure 3, corresponding
discussed below, it affects the cationic mobility. to the snapshot of the system shown in Figure 1. The
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Figure 2. Density profiles normal to the silicate layers for
(@) Nat—montmorillonite and (b) Li*—montmorillonite PEO
nanocomposites. Solid line, cation (Na* or Li); dotted line, PEO
oxygen; dashed line, PEO carbon. Left and right graph
boundaries correspond to the plane containing the centers of
the surface oxygen atoms; pale gray vertical lines represent
the outer edge of the surface oxygen layer. The pale gray dotted
horizontal line represents the average atomic carbon density
of bulk PEO as calculated from a handbook density for the
bulk polymer (1.1 g/cm?d).

bilayer structure of the polymer in this system is even
more pronounced, and the disordered nature of the
chain configurations can be seen clearly from the
snapshot (Figure 1). Again, the liquid-like structure
contrasts with previous suggestions of helical or all-
trans extended polymer structures within the gallery.!

The observed configurations are also in very good
agreement with small-angle neutron scattering (SANS)
experiments. SANS profiles from 15 K to room temper-
ature can only be simulated by assuming a disordered
polymer configuration.®° Integration of the density
profiles (Figure 3) shows that slightly more than half
of the ions reside in layers very near the silicate surface
(<2.5 A from the surfaces).

The density profile of Li inside the interlayer gallery
of the hydrated system is quite different than that of
the dry Na or Li systems. As before, some Li ions are
located <2 A from the surface, partially inserted within
the surface lattice cavities, but now there also exists a
large number of Li ions inside the galleries. They form
two diffuse layers as the density profiles show (Figure
3).

In the long simulation of the hydrated system, few
atoms were exchanged between the surface layers and
gallery center over the time scale of this simulation (1
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Figure 3. Density profiles within the silicate gallery for the
hydrated Lit—montmorillonite/PEO nanocomposite: (a) Solid
line, Li*; dotted line, water oxygen; dashed line, water
hydrogen. (b) For the same systems as those in (a): solid line,
Li*; dotted line, PEO oxygen; dashed line, PEO carbon. Left
and right graph boundaries correspond to the plane containing
the centers of the surface oxygen atoms; pale gray lines
represent the outer edge of the surface oxygen layer.
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Figure 4. Schematic diagram of an idealized C—C—0 bond
and the silicate surface illustrating the definition of 6 used in
the calculation of the order parameter and the bond configura-
tions corresponding to the upper and lower limits of possible
values for the order parameter.

ns). The small, outer shoulder of this first density peak
is due to ions that have dropped into the crystalline
cavities of the silicate surface. The water density profiles
have a similar shape to the Li* density profiles, with
the exception of this outer shoulder, suggesting that the
water predominantly exists in hydration shells around
the Li™ ions, as can be directly observed from the system
configurations through radial pair correlation functions
(PCF), which are discussed below. In contrast, PEO
density maxima occur between the minima where the
Li™ and water densities are relatively low, almost in the
same positions as those in the dry systems but charac-
terized here by narrower layer widths.

An order parameter can be defined that describes the
orientation of the PEO bond angles.?2~27 If 0 is the angle
between the normal to the plane formed by a C—C-0
bond and a normal to the silicate surface, as illustrated
schematically in Figure 4, an order parameter, W, can
be defined as

w=%[3 cos? 6 — 10 (1)
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Figure 5. Order parameter of C—C—0O bonds (solid lines) as
a function of position in the silicate gallery. An order param-
eter of one implies that bonds lie flat against the surface, while
random bond angle orientation results in an order parameter
of approximately zero. The PEO (carbon and oxygen) density
profiles (dashed lines) are shown for comparison. (a) Dry Nat—
montmorillonite/PEO nanocomposite; (b) dry Lit—montmoril-
lonite/PEO nanocomposite; (c) hydrated LiT—montmorillonite/
PEO nanocomposite.

For 6 = 0°, corresponding to C—C—0 bonds on planes
flat against the surface, the order parameter will be
equal to 1. For 6 = 90°, meaning that a C—C—0O bond
lies normal to the surface, the order parameter is —0.5.
These limiting cases are illustrated in Figure 4. An
order parameter of approximately zero indicates random
bond orientation.

Figure 5 shows the order parameter as a function of
the bond position inside the gallery for the nanocom-
posites studied here. The bonds with a center of mass
nearest the silicate surface have an order parameter of
0.5 or higher, indicating that these bonds are inclined
to lie flat against the surface. Such surface-induced, or
epitaxial, orientations next to the confining wall is
expected. In the dry systems, which have more atomic-
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Figure 6. Radial pair correlation functions of cations and
oxygen for the dry PEO nanocomposites: (a) Na—montmoril-
lonite; (b) Li—montmorillonite. For both graphs: dashed line,
PCF with silicate surface oxygens; dotted line, PCF with PEO
0Xxygens.

level ordering, as seen in the finer details of their oxygen
and carbon density profiles compared to those of the
hydrated system, this ordering of the bonds extends a
few Angstroms—less than a single atomic layer—further
into the gallery. However, for the hydrated systems, this
bond orientation does not extend any significant dis-
tance into the gallery. The bonds that are not directly
on the silicate surface do not show any preferred
orientation. The calculated average order parameter of
C—C—0 bonds for the whole PEO intercalated film is
0.06 for the dry and 0.03 for the hydrated Lit—
montmorillonite, respectively, showing a nearly random
distribution of C—C—0 bonds with respect to the silicate
surface in both cases. It is likely that the bonds are
unable to maintain a vertical orientation, as the spacing
may suggest, because of the frequent obstacles caused
by cations and water molecules. Also, the layer distribu-
tion of oxygen, as indicated by the density profiles,
cannot be achieved with a strictly horizontal or vertical
bond angle orientation of the ethylene oxide repeat unit.
The additional layering, and to a lesser extent, ordering,
of the oxygen in the dry Na* or Li*/PEO intercalated
system is most likely due to the oxygen’s effort to
coordinate to the cations, rather than the confinement-
induced ordering of the chain conformations. This
feature disappears with the introduction of water, which
replaces PEO oxygen in the cation coordination shells.
In the water-containing systems, the polymer coordi-
nates less to the cation, and thus it can more freely
organize into a more pronounced bilayer, which is the
configuration dictated by the steric constraint.

Radial pair correlation functions (PCF), shown in
Figures 6 and 7, illustrate the degree of association
between the cations and the various species containing
oxygen in the system. The area under the first peak in
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Figure 7. Pair correlation functions of Li* ions and oxygen
for the hydrated Lit—montmorillonite/PEO nanocomposites.
Insets show convergence at long distances. (a) Gallery center
Li*; (b) silicate surface Li*. Solid line, PCF with water oxygen
atoms; heavy dashed line, PCF with silicate surface oxygens;
light dotted line of both graphs, PCF between all Li™ and PEO
oxygens.

the PCF represents the coordination between the cation
and the type of oxygen being considered. In this two-
dimensional system, PCFs cannot be assumed to provide
the accurate topological information about the cations’
coordination. However, whereas the density profiles
average the structure throughout a given plane parallel
to the silicate, the PCFs provide information pertinent
to the ions’ immediate surroundings. Taken together,
the PCFs and density profiles complement each other
to provide a complete statistical picture of the local
structure of the nanocomposite. Inspection of the PCFs
for the dry Li™— and Na'—montmorillonite systems
show that these ions are coordinated by the PEO oxygen
and, to a lesser extent, the silicate surface oxygen atoms
(Figure 6). Coordination numbers are calculated by
integrating the PCF to the “first minimum” and nor-
malizing to the average density of the type of oxygen
atom being considered. For consistency, the “first
minima” were chosen by inspection as the point where
the PCF curves appear to flatten out. Coordination
numbers calculated in this way may not give ideal
statistical values, but our intent is to show which species
are dominant in coordinating the cations under different
conditions. Coordination numbers calculated from the
PCFs are given in Table 1. The PCF for Na* and the
silicate surface oxygen also shows a sharp second peak
and several smaller oscillations at larger distances. This
is due to the periodicity of the silicate crystal structure,
so that the second peak corresponds to the next nearest
neighbor in the surface oxygen structure, and so forth.
Because the PCF represents an average over many
different configurations, accounting for many likely
positions of the ion as it vibrates or diffuses, the peaks
become rounded or smeared out. This “smearing out”
becomes more evident with distance. At a large distance,
even the PCF between an ion and the highly periodic
silicate structure will converge to 1, when the PCF is
normalized to the average bulk density of the silicate
surface oxygen. A more mobile atom, which samples
more possible positions, will also lead to more “smearing
out” of these secondary or higher order peaks. The
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Table 1. Cation—Oxygen Coordination Based on
Integration of Pair Correlation Functions?

species number PEO surface O  total
Nat (dry system) 24 51(29A) 1224A) 63
Li* (dry system) 24 233B5A) 20(R27A) 42

species number H,O surface O total
Li* (surface) 12 443.0A) 12(26A) 5.6
Li* (gallery center) 10 793B.0A) 0.02(26A) 77
Lit (overall) 24 55(3.0A) 1.1(26A) 6.6

2 Numbers in parentheses refer to the upper limit of integration
of the PCFs in the calculation of these coordination numbers and
correspond to the first minima of the PCFs. For the hydrated
system, the number of overall Li* ions is greater than the sum of
surface and gallery center ions because it includes ions that
jumped between the surface and gallery center during the course
of the simulation, and thus were not included in either the surface
or the central Li.

Table 2. Self-diffusion Coefficients of Li and Water in the
Li—Montmorillonite/PEO Nanocomposite Based on 1-ns
Molecular Dynamics Simulation

species number D (cm?/s)
Li* (surface) 12 0.89 x 1078
Lit (gallery center) 10 2.0 x 1078
Li* (overall) 24 1.4 x 1078
H>O 133 8.0 x 1078

smaller size of the Li™ ion makes it more mobile than
Na', even within the cavity of the silicate surface.
Because of this, the PCF between the Li* and the
silicate surface oxygen is “smeared out” and begins to
converge, even after the first peak.

The PCFs for the hydrated Lit—montmorillonite
system are shown in Figure 7. They show clearly that
the Li™ is primarily coordinated by the water oxygen
atoms. Because PCFs show the PEO oxygen atoms to
be clearly outside of the Li* coordination shell, they do
not contribute to the calculation of the coordination
numbers in the water-containing system. Table 1 shows
the average number of oxygen atoms from the surface,
PEO (for the dry system), and water (for the hydrated
system) within the ions’ primary coordination shells. All
ions are considered together in each dry system. In the
hydrated system, however, the ions in the gallery center
are surrounded by water molecules, while oxygens from
the silicate surface make up only a fraction of the
coordination shell for the ions. In the absence of any
external electric field, very few atoms move between a
surface layer and the gallery center over the simulated
time scale, so comparisons between surface ions and
ions in the middle of the gallery are based on the ions
that are clearly categorized as one type or the other
throughout the simulation.

Table 2 shows the self-diffusion coefficients for water
and Li™ based on mean-squared displacement during
the course of the 1-ns simulation. Li* cations in the
middle of the gallery move faster than the cations near
the silicate surface. This behavior reflects the ability of
the surface to “trap” the Li™ cations in the crystal lattice
cavities or above negatively charged substitutional sites
in the octahedral layer of the silicate. It should be noted,
however, that the time scale of the simulation was not
sufficient to statistically study the movement of ions
from one surface cavity to another. The steric limitations
of the rigid, stationary surface and the polarization of
neighboring water molecules also impede the Li* mobil-
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ity. At the surface, because there are relatively few
water molecules in the hydration shell, the hydrating
water molecules are more highly polarized and therefore
more tightly attracted to the surface. Similarly, in
studies of hydrated Li*—montmorillonite, Sposito and
co-workers have observed that surface complexes per-
sisted while ions further from the surfaces formed a
more mobile “diffuse layer” in two- and three-layer
hydrates.10

When considering the mechanism of ionic motion, one
may wonder whether the mobile ions drag their hydra-
tion shells with them or whether they move indepen-
dently, exchanging one coordinating oxygen for another
as they move. Water moves much faster than the Li*
throughout the gallery. That water is moving so much
faster than the Li™ suggests that the local coordination
environment of a Li* ion is rapidly changing as the
coordinating water molecules move on, and new ones
move into their place or as the water molecules fluctuate
in their distance from the ion which they coordinate.
This rapidly changing environment may facilitate the
ion’s motion because the ion may find itself momentarily
lacking a coordinating oxygen and may easily move
toward the vacated space, effectively taking advantage
of the water dynamics.

To compare the rate of change of coordination envi-
ronment to ion mobility, we looked at how often a Li*
ion gained or lost a coordinating water molecule and
compared ions near the surface to those in the center
of the gallery. Molecules gained should equal molecules
lost at equilibrium, and this is the case in our simula-
tions. No attempt is made here to exclude molecules that
leave and immediately return to the same hydration
shell. In such a case, the ion would still have a chance
to move into the free space while its neighbor was
temporarily away. (In the case of conduction under an
electric field, ions may be more likely to exchange
neighbors because they, unlike water molecules, would
migrate in a preferred direction.) For the gallery center,
most ions exhibited over 300 losses or gains. More than
2/3 of ions with fewer observed losses and gains—on the
order of 50—belonged to the layers near the surface. On
one hand, although surface ions may have statistically
few water molecules, stationary surface atoms make up
the remainder of their coordination shells, and therefore

Chem. Mater., Vol. 12, No. 8, 2000 2167

the surface ions have a less rapidly evolving coordina-
tion environment than ions in the middle of the gallery.
On the other hand, the more mobile Li™ cations in the
middle of the gallery have a more rapidly evolving
coordination environment.

IV. Conclusions

Using computer simulations, we have shown that the
intercalated polymer chains in a PEO-layered silicate
nanocomposite are arranged in discrete subnanometer
layers parallel to the crystalline silicate layers. Despite
this ordering, the chains retain a disordered, liquid-like
structure with no crystallinity or preferential ordering
of the C—C—0O bonds. This structure is in contrast to
previously suggested configurations for intercalated
PEO, but agrees well with more recent SANS experi-
ments.

In the dry nanocomposites the cations reside prima-
rily next to the silicate surface rather than being
coordinated with PEO. In the hydrated nanocomposites,
more than half of the cations present in the galleries
exist in the layers near the silicate surfaces, partly
inserted in the silicate surface cavities, and a few ions
even appear to be translationally inhibited when bur-
rowed within these crystalline cavities. lons near the
silicate surface move significantly more slowly than
those in the center of the gallery. Water molecules, in
general, diffuse more quickly than the ions.

Cations are primarily coordinated by water oxygen
atoms, and to a lesser extent, by the silicate surface. In
a hydrated system, the PEO oxygen atoms do not enter
significantly into the cations’ coordination cell. The ions’
hydration environment changes most rapidly in the
center of the gallery, where ion motion is faster. Because
the changing coordination environment is related to the
possibility the ions have for motion, the evolving hydra-
tion environment is related to the mobility of the ions.

Acknowledgment. This work was supported by the
AFOSR. E.H. acknowledges an NSF Graduate Research
Fellowship. We would like to acknowledge Dr. Juraj
Bujdak for experimental data and useful discussions.

CM990676X



