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ABSTRACT: This work presents a multiscale computational approach to probe the behavior of polymer/
clay nanocomposites based on poly(ethylene oxide) (PEO)/montmorillonite (MMT) as obtained from water
intercalation. In details, our modeling recipe is based on four sequential steps: (a) atomistic molecular
dynamics simulations to derive interaction energy values among all system components; (b) mapping of these
values onto mesoscale dissipative particle dynamics parameters; (c) mesoscopic simulations to determine
system density distributions and morphologies (i.e., intercalated vs exfoliated); (d) simulations at finite-
element levels to calculate the relative macroscopic properties. The entire computational procedure has been
applied to four PEO/MMT systems with PEO chains of different molecular weight (750, 1100, 2000, and
5000), and thermal and electrical characteristics were predicted in excellent agreement with the available
experimental data. Importantly, our methodology constitutes a truly integrated multiscale modeling
approach, in which no “learning against experiment” has been performed in any step of the computational
recipe.

1. Introduction

In recent years, polymer nanocomposites based on layered
silicates, or polymer-clay nanocomposites (PCNs), have at-
tracted great industrial and academic interest as they often exhibit
remarkable improvement in materials properties with respect to
virgin polymers or conventional micro/macro composites. These
enhanced features include high mechanical moduli, increased
strength and heat resistance, decreased gas permeability and
flammability, and increased biodegradability in case of bio-
degradable polymers.1 Fabricating polymer clay nanocomposites
(PCNs) in an efficient and cost-effective manner, however, poses
significant synthetic challenges. As the ultimate properties of
these hybrid systems commonly depend on their structure, it is of
particular interest to establish the morphology of the final
composite. To this purpose, the development of theories and
the application of computer simulation techniques have opened
avenues for the design of these materials, and the a priori
prediction/optimization of their structures and properties.2

The commonly used clay materials for the preparation of
PCNs belong to the same general family of 2:1 layered silicates,
or phyllosilicates, montmorillonite (MMT) being a prime exam-
ple of these minerals. Their crystal structure consists of layers
made up of two tetrahedrally coordinated silicon atoms fused to
an edge-shared octahedral sheet of either aluminum or magne-
sium hydroxide. The layer thickness is around 1 nm, and the
lateral dimensionmay vary from30nmup to severalmicrometers
or larger, depending on the particular mineral. Stacking of the
layers leads to a regular van der Waals gap between the layers
called the interlayer space or gallery. Isomorphic substitution
within the layers (for example, Al3þ replaced byMg2þ orFe2þ, or

Mg2þ replaced by Liþ) results in an excess of negative charge,
which is counterbalanced by alkali and alkaline earth cations
located inside the galleries. This type of layered silicate is
characterized by a moderate surface charge known as the cation
exchange capacity (CEC), generally expressed as mequiv/100 g.

Generally speaking, mixing a polymer and a clay may not
result in a nanocompositematerial.1 Indeed, in their pristine state
layered silicates are only directly miscible with hydrophilic
polymers, such as poly(ethylene oxide) (PEO)3 or poly(vinyl
alcohol) (PVA).4 To render layered silicates compatible with
other polymer matrices, one must convert the normally hydro-
philic silicate surface to an organophilic one, making the inter-
calation of many engineering polymers possible.

Depending on the strength of interfacial interactions between
the polymer matrix and the clay (modified or not), two main
types of PCNs can be thermodynamically achieved: (i) inter-
calated nanocomposites, inwhich the insertion of a polymermatrix
into the clay galleries occurs in a crystallographically regular
fashion, regardless of the clay to polymer ratio, and (ii) exfoliated
nanocomposites, where the individual clay layers are separated in
a continuous polymer matrix by an average distances that
depends on clay loading. The two architectures described above
can bepractically producedby (i) in situpolymerization of a given
monomer in the presence of the layered silicate, (ii) solution
intercalation, where both the polymer matrix and clay are
dispersed in a common solvent followed by precipitation, or
(iii) melt processing, which involves the mechanical mixing of the
polymeric matrix and the inorganic filler.1b

MMT/PEO-based PNCs are hybrid structures with improved
electrical properties for electronic applications in solid-state
electrolyte batteries.5-7 The intercalation of water-soluble PEO
molecules between the clay galleries can be obtained by mixing
the clay with an aqueous dispersion of PEO (i), or by direct
intercalation from the melt (ii).8 In the latter case, the organic
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component is inserted between the clay layers such that the
interlayer spacing is expanded to an extent at least sufficient to
replace the water of hydration associated with the exchangeable
cations in the galleries.9 An alternative method for the prepara-
tion of PEO nanocomposites is the dispersion of completely
exfoliated clay particles within the polymer matrix. Under these
conditions, the observed behavior is rather different with respect
to the one described above: indeed, the addition of an adsorbing
polymer to the clay colloidal dispersion can cause flocculation at
low surface coverage, and steric stabilization when the particle
surface is saturated with the polymer.10

As stated above, PCNs offer a wide range of promising
applications because of their enhanced properties with respect
to the polymeric matrix per se. However, further development of
such nanomaterials depends on the fundamental understanding
of their hierarchical structures and behaviors, a goal which
requires multiscalemodeling and simulation strategies to provide
seamless coupling among various length and time scales. Several
computational approaches, spanning different length/time scale
domains have been proposed in recent years for the characteriza-
tion of polymer-clay nanocomposites, including atomisticmole-
cular dynamics (MD) and Monte Carlo (MC), mesoscale, and
finite element simulations.2

As concerns PEO-based PCNs, it has been more than 20 years
since PEO was first suggested as a suitable polymeric matrix for
these systems.11 Accordingly, a plethora of MD-based simula-
tions have been successfully applied to study, for example, the
mobility of ions in PEOmatrices,12 segmental motion of polymer
backbone in PEO melts,13 influence of the polarizability in PEO
solid electrolytes,14 and the effect of temperature,12b,15,16 con-
centration,15 solvent,16 and salt12b,17 on the dynamics of PEO
segments. Further, the effect on polymer dynamics exerted by the
addition of methoxy-terminated PEO side-chains with different
lengths and separations to an amorphous long-chain PEO back-
bone has also been studied using MD techniques.18 As concerns
the resulting PCN systems, Aabloo et al. have studied the
molecular behavior at the interface between PEO and an inor-
ganic double-layered gel by a molecular mechanics/molecular
dynamics (MM/MD) approach.19 Similarly, PEO inorganic
nanocomposites were subject to MM/MD experiments aimed
at characterizing the effect of the nanoparticle filler, its concen-
tration, and its temperature on the motion of ions in the polymer
host.15,20 In spite of these efforts devoted to the simulation of
PEO-based systems, there is still a lack of studies dealing with
computational modeling and simulations of PEO nanocompo-
sites, with special mention to those systems obtained from
solution.

In a previous paper from our group,21 we presented a hier-
archical procedure for bridging the gap between atomistic and
finite element calculations via mesoscale simulations (MS) in
polymer-clay nanocomposite design. According to the proposed
computational recipe, the dissipative particle dynamics (DPD)22

was adopted as the mesoscale simulation technique, and the
interaction parameters of the mesoscopic model were estimated
by mapping interaction energy values obtained from atomistic
MD simulations. Finally, the morphologies and density distribu-
tions of the PCN system components were used as input for finite
element calculations to estimate the most relevant macroscopical
properties.

This work is organized as follows. First, we aimed at study-
ing the interactions which occur at a molecular level near the
surface ofMMTplatelets in PEO aqueous systems. In particular,
we focused our attention on the effects of polymer molecular
weight, and presence of water molecules on the interactions
between individual PCN components. Second, we expanded
the information obtained from the atomistic simulations by
employingmesoscalemodels for density profiles andmorphology

predictions. To this purpose, the resultingMDdataweremapped
onto the corresponding mesoscale models, and the results gener-
ated at both length scales were compared for consistency. Lastly,
the density profiles and the morphologies resulting from the MS
simulations were imported into a finite element code, and some
characteristic macroscopic properties of these systems;e.g.
thermal expansion coefficients and electrical conductivity as
functions of PEO molecular weight and clay loading;were
predicted and compared with the corresponding experimental
values available in the current literature.

To the best of our knowledge, this is the first attempt to study
the behavior of water molecules in nanocomposites at the
mesoscale level and to estimate macroscopic properties for
water-based PEO PCNs via multiscale molecular modeling
procedures.

2. Computational Methodology

Atomistic Models and Simulations. All atomistic simulations
were performed using Materials Studio (v.4.3, Accelrys, San
Diego, CA). The starting structure of sodium montmorillonite
(MMT) was taken from our previous work.23 As mentioned
above, one of the major goals of this work was to estimate the
interaction energies between all system elements accurately.
Since these quantities are highly sensitive to the nonbonded
components of the force field (FF) employed (e.g., atomic
charges and van der Waals parameters), here we adopted the
ad hoc force field developed by Heinz and co-workers.24 As
demonstrated by the authors24 for sodium MMT and other
phyllosilicates, this accurately derived FF is able to describe,
among many other properties, the thermodynamics of surface
processes more reliably by reducing deviations of 50-500% in
surface and interface energies to less that 10%,which constitutes
a fundamental step toward quantitative modeling of interface
processes involving layered silicates. Accordingly, the resulting
lattice of our MMT model is monoclinic, with space group
C2/m, and characterized by the following lattice parameters:
a=5.20 Å, b=9.20 Å, c=10.13 Å, andR=90�, β=99�, γ=
90�, in excellent agreement with the available literature.24b,25

The generation of PEO chains was conducted following a
well-validated procedure,23 according to which the constitutive
repeating unit (CRU) of the polymer was first built and its
geometry optimized by energy minimization again using PCFF.
Hence, the CRU was polymerized to a given degree of polym-
erization (DP). Four different values of DP were considered in
order to study the influence of PEO molecular weight (MW) on
the interaction energies of the corresponding PCN systems:
DP=19, 28, 56, and 113, approximately corresponding to a
Mw of 750, 1100, 2000, and 5000, respectively. The rotational
isomeric state (RIS) algorithm,26 asmodified byTheodorou and
Suter,27 was used to create the initial polymer conformations at
T = 300 K. Explicit hydrogens were used in all model systems.
In order to obtain a reasonable sampling of the polymer con-
formational space, we built and energy minimized 10 different
PEO configurations for each DP considered. A conformational
search was then carried out using our well-validated combined
molecular mechanics/molecular dynamics simulated annealing
(MDSA) protocol,23,28 in which the relaxed molecular structure
is subjected to five repeated temperature cycles using constant
volume/constant temperature (NVT) MD conditions. At the
end of each annealing cycle, the structure is again energy
minimized, and only the structure corresponding to the mini-
mum energy is used for further modeling.

Resorting to atomistic MD simulations in the canonical
ensemble allows retrieving important information on the inter-
action and binding energy values between the different compo-
nents of a PCN system.20,23,28f,30-32 The technique basically
consists in simulating the interface between the exfoliated clay,
polymer and water by building a cell that is “stretched” along
the c-direction. Accordingly, a MMT supercell of 10 � 5 � 2
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(∼5.2 nm� 4.6 nm� 2.3 nm) was first constructed. For each of
the 10 different PEO conformations obtained in correspondence
of a given DP, we copied six PEO chains with DP= 19, four
chains with DP=28, two chains with DP=56, and 1 chain
with DP 113 in 10 identical MMT supercells, thus obtaining 40
different binary model systems (10 for each DP) overall. This
choice allowed for an approximately constant number of poly-
mer atoms in each simulation cell, a condition necessary for
energy comparison (see below). Each resulting (MMT/PEO)
binary system was shortly energy minimized to relieve close
contacts. To avoid crystal structure deformation during mini-
mization, both montmorillonite layers were treated as rigid
bodies by fixing all cell dimensions, and all atoms in the
interlayer space including the cations were allow to move with-
out any constraint.

For the construction of the water-based systems, the SPC/E
model was chosen to represent water molecules.33 Each ternary
simulation model consists of aMMT unit cell, the PEO chain(s)
with a given DP, and a suitable number of water molecules.
Water molecules were added according to the following proce-
dure:34 first, aMMT cell with a interlayer spacing of 17.6 Å with
the PEO chain(s) inserted in the interlayer space was created,
and a short (50 ps)MD simulation was performed to equilibrate
the polymer configuration within theMMT gallery. Then water
was adsorbed through a grand canonicalMonte Carlo (GCMC)
simulation, in which chemical equilibrium was established by
imposing vapor pressure of 100 kPa (1 atm). The corresponding
hydrated system was equilibrated with another, short NVTMD
run. The water molecules were subsequently deleted and read-
sorbed through a second GCMC run that ensured the accurate
amount of adsorbed water.35

To generate a mineral surface apt for the simulation, the top
silicate sheet, along with the appropriate number of alkali ions,
was moved along the c cell axis up to 150 Å.23,28f,29 This
extension in the c-direction, being quite larger than the max-
imum system length, results in an effective 2D (x,y) periodic
system,36 which allows the use of the NVT ensemble for succes-
sive molecular dynamics (MD) simulations instead of the
alternative constant-pressure constant-temperature (NPT) en-
semble. As pointed out by previous studies,37 the small differ-
ence in the pressure component along the z axis (Pzz), relative to
the NPT ensemble, is negligible; furthermore, the uncertainties
in selecting the correct barostat are eliminated, and the required
computational time is reduced. The new equilibrium position of
the remaining Naþ counterions on the remaining MMT sheet
were determined following the procedure suggested by Heinz
et al.24bAccordingly, half of themwere placed 1 nmaway on one
side, and the remaining half 1 nm away on the other side of the
MMT layer in 10 different arrangements; molecular mechanics
energy minimizations were then performed to convergence,
keeping all other MMT atoms fixed, and the structure with
the lowest energy was finally selected for further simulations. In
this configuration, the Naþ ions are found at about 1.8 Å from
the center of the surface oxygen atoms, or about 4.8 Å from the
central plane of the metal atoms, in excellent agreement with
previous simulations,34 and experimental NMR data.38 In fact,
surface lattice cavities are characteristic of the oxygen network
in all 2:1 layer silicates, and in cations primarily reside partially
inserted within these cavities.

Subsequently, 500 ps of NVT MD experiments were run at
300 K for each system, using the Verlet algorithm and an
integration step of 1 fs. The Ewald summation method39 was
applied for treating both van der Waals and electrostatic inter-
actions. Temperature was controlled using the Nos�e thermo-
stat.40 (Q ratio = 1). In order to reduce computational time,
during each MD both montmorillonite layers were treated as
rigid bodies by fixing all cell dimensions, and all atoms in the
interlayer space including the cations were allow to move with-
out any constraint. The total number of ternary systems gener-
ated was 40, 10 for each PEO DP value considered.

The procedure used to calculate the interaction energies
and, hence, the binding energy values Ebind between all
system components, is described in details in our previous
papers.21,23a-d,28f By definition, the binding energy Ebind is
the negative of the interaction energy. As an example, to
calculate the binary binding energy term Ebind(PEO/H2O), we
can first created a PEO-H2O system deleting theMMTplatelet
and the Naþ ions from one of the equilibrated MD trajectory
frames, and then calculated the potential energy of the system
EPEO/H2O

. Next, we deleted the water molecules, leaving the
PEO chain alone, and thus calculated the energy of the PEO
molecule, EPEO. Similarly, we deleted the PEO molecules from
the PEO-H2O system, and calculated EH2O

. Then, the binding
energy Ebind(PEO/H2O) is simply obtained from the following
equation:

EbindðPEO=H2OÞ ¼ EPEOþEH2O -EPEO=H2O ð1Þ
The remaining binding energy terms, Ebind(PEO/MMT) and

Ebind(MMT/H2O), can be calculated in an utterly analogous
fashion from the corresponding energy components.

As the MD frames choice is concerned, we decided to
calculate the system energies at 300, 350, 400, 450, and 500 ps.
We considered these as representative energy values,21 since
every energy component was well equilibrated after approxi-
mately 100 ps of simulation. All data collected have then been
averaged over the 10 different model systems for each PEODP.

Importantly, the binding energies between the individual
components of each nanocomposite system estimated using
the procedure outlined above will also constitute the input
parameters for the higher level, mesoscale simulations, as
described in the next section.

In order to investigate the arrangement of PEO and water
molecules in the silicate galleries along a plane normal to the
mineral surfaces, and to compare these with the corresponding
morphology resulting from mesoscale simulations (see below),
we applied an original procedure to simulate PEO chains
intercalation into the clay galleries. For the simulations, we
used the same molecular models employed in the NVT binding
energies calculations described above. Starting from the 10 � 5 �
2 MMT supercell, we performed a geometry optimization of
the system, keeping all cell parameters fixed except for the c
distance, and using a convergence criterion of 10-4 kcal/
(mol Å). The resulting configuration was then subjected to the
MDSA procedure, in order to sample as many system config-
urations as possible. The total simulation lasted 25 ps, with a
time step of 1 fs, and consisted of five annealing cycles with
a starting temperature of 300 K, a midcycle temperature of
1500 K, and five heating ramps per cycle. The Ewald method39

was again employed for treating the nonbonded energy compo-
nents, and the Nos�e thermostat40 was chosen for temperature
control. After each cycle, a molecular geometry optimization
was run with the same criteria described before. Finally, the
lowest potential energy conformation from the five different
frames obtained as output from the described procedure was
selected for further modeling. This frame was used as an initial
configuration for the polymer chain/water molecules insertion.
To this purpose, we used the different PEO chains built as
reported in the previous section, and the same water adsorption
recipe. After each polymer chain/s and water insertion, we
performed the optimization procedure described above. The
final systemswere subjected to the lastNVT annealing run, from
which we selected the lowest potential energy frames from the
trajectory files and used them as starting configurations to
perform productive 300 ps NVT runs. Once the simulations
were completed, 30 frames were extracted from the correspond-
ing trajectory files, and on each one we performed the density
profile calculations within the interlayer spaces.

Mesoscale Models and Simulations. In order to obtain the
morphology of polymer and water molecules between the
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montmorillonite layers, and to evaluate and compare the
influence of the polymer molecular weight at a mesoscopic
level, dissipative particle dynamics (DPD)22 simulations were
carried out using the DPD module of the Culgi modeling suite
(Culgi B.V., Leiden, The Netherlands).

In the dissipative particle dynamics simulation method, a set
of particles moves according to Newton’s equation of motion
and interacts dissipatively through simplified force laws. Also,
in the DPD model individual atoms or molecules are not
represented directly but are coarse-grained into beads. These
beads, or particles, constitute local “fluid packages” able to
move independently.

The force acting on the beads, which is pairwise additive, can
be decomposed into three elements: a conservative (Fij

C), a
dissipative (Fij

D), and a random (Fij
R) force.41 Accordingly, the

effective force fi acting on a particle i is given by

f i ¼
X

i 6¼j

ðFC
ijþFD

ij þFR
ij Þ ð2Þ

where the sum extends over all particles within a given distance
rc from the ith particle. This distance practically constitutes the
only length scale in the entire system. Therefore, it is convenient
to set the cutoff radius rc as a unit of length (i.e., rc=1), so that
all lengths are measured relative to the particles radius.41

In the framework of a multiscale approach to PCN simula-
tion, the conservative interaction parameters a needed as input
for the mesoscale level DPD calculations can be obtained by a
mapping procedure of the binding energy values between dif-
ferent species obtained from simulations at a lower (atomistic)
scale.21,23c The first step necessary for determination of theDPD
input parameters generally consists of defining the DPD bead
dimensions, thus implicitly defining characteristic length of the
system (rc). The interaction range rc sets the basic length scale of
the system; in other terms, rc can be defined as the side of the
cube containing an average number F of beads. Therefore

rc ¼ ðFVbÞ1=3 ð3Þ
where Vb is the volume of a DPD bead. It is important to recall
here that, even in a heterogeneous system consisting of several
different species such as a PCN, a basic DPD assumption is that
all bead types (each representing a single species) must be of a
comparable volume, Vb.

Starting mesoscale model generation with the polymer chain,
the basic strategy to calculate the volume of a DPD bead Vb

consists in mapping the real polymer chain onto a chain con-
sisting of Kuhn segments. Consequently, each DPD bead
represents a statistically correlated unit or Kuhn segment of
the polymer. A DPD chain should, therefore, be made up of
NDPD beads, where

NDPD ¼ Nmon

C¥
ð4Þ

where Nmon is equal to the degree of polymerization of the
molecular chain DP and C¥ is its characteristic ratio. If so, the
mesoscale simulations should capture in a reliable way two
essential features of a given polymer chain, namely its dimension
(given by Nmon) and flexibility (given by C¥). When a flexible
macromolecules is modeled as a Gaussian chain, however, C¥
represents also the number of monomers making up a Kuhn
segment (i.e., contained in a single DPD bead). Therefore, the
bead volume Vb can be simply obtained multiplying the char-
acteristic ratioC¥ by themonomer volumeVmon, here estimated
to be equal to 52.68 Å3 by the Connolly algorithm.42

For a polymeric chain, the characteristic ratio is defined as

C¥ ¼ ÆR0
2æ

Nl2
ð5Þ

where R0 is the unperturbed mean-square end-to end distance,
N is the total number of skeletal bonds, and l2 is themean-square
bond length. In the case of PEO, N is three times the degree of
polymerization, and l2 is calculated to be equal to 2.14 Å by
simply applying:

l2 ¼ l2ðC-CÞþ2l2ðC-OÞ
3

ð6Þ

where C-C=1.53 Å andC-O=1.43 Å.43,44 A conformation-
related property such asC¥ can be experimentally estimated, for
example, in dilute polymer solution under unperturbed or θ-
conditions or calculated, as done in this work, using amolecular
dynamics procedure based on the rotational isomeric state (RIS)
method.45,46 Generally speaking, for a given polymer at low
degree of polymerization the characteristic ratio varies with N.
According to our simulations (data not shown), we found that,
for PEO, C¥ is only weakly varying with molecular weight, and
the average value resulting from the application of the RIS
procedure is equal to 4.9. This finding is in good agreement with
the corresponding values available in the literature both from
experiments and simulation.43,44,47,48

The resulting values of the calculated bead volume Vb, the
corresponding number of beads for each PEO chain NDPD, and
the cutoff radius rc used in the DPD simulations are listed in
Table 1.

Having determined the bead size, and fixed the system density
to F=3, the characteristic dimension of the mesoscopic system
could be calculated from eq 3 as rc=9.23 Å3. As said, this value
represents the soft potential cutoff distance, but also sets the
length of theDPD simulation box. Our overall DPD systemwas
chosen to be constituted by 20� 20� 3 unit cells, and hence was
characterized by effective dimensions of 18.5 nm � 18.5 nm �
2.8 nm.

At this point, the number of DPD beads of each individual
system component (i.e., MMT, PEO, and H2O) must be esti-
mated. To this purpose, the PEO-based PCN can be devised as
composed of three different species of beads: one for the
polymer chains (P), one for the water molecules (W), and one
for the MMT surface (M). The modeling of the MMT layers in
the context of DPD has been addressed by freezing locally the
particles representing the silicate solid boundaries. These parti-
cles behave as fluid particles but maintain a fixed position and
possess zero velocity. Therefore, theseMMTwalls interacts with
each bead in the system with a potential of the same form as the
bead-bead conservative force. This force is short-ranged, so the
systembeads are not strictly forbidden frompassing through the
barrier. To prevent particles from entering the wall region,
several methods have been proposed. In his work, we decided
to apply the bounce-forward reflection approach49 in all calcu-
lations. Lastly, the number of individual polymer (Table 1) and
water beads can be easily obtained from the atomistic polymer/
water molecular volume ratio.

The next, important issue of a DPD simulation is the deter-
mination of the bead interaction parameters. The detailed
procedure for obtaining these mesoscale interaction parameters
from atomistic molecular dynamics binding energies is reported
in details elsewhere.21,23c Adapting this recipe to the present
system, the bead-bead interaction parameter for water-water
interaction was set equal to aWW = 25, in agreement with the
correct value for a density value of F = 3.41 The clay-water

Table 1. Characteristics of the DPD Beads and Chains Used in
This Work

NDPD
c

Vb
a (Å3) rc

b (Å) PEO19 PEO28 PEO56 PEO113

262 9.23 4 6 11 23
aDPDbead volume. bCutoff radius. cTotal number of DPDbeads in

each PEO chain.
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interaction parameter was set to a lower value (i.e., aMW = 15),
in order to mimic the good affinity between the silicate and
water. Once these two parameters were set, and their values
associated with the corresponding values of the self-and mixed
rescaledDPDenergies, all the remaining bead-bead interaction
parameters for the DPD simulation could be easily obtained,
starting from the atomistic binding energy values, as described
previously.21,23c The entire set of DPD interaction parameters
employed in this work are summarized in Table 2.

In the framework of a multiscale modeling approach, one of
themost important outputs of themesoscale level calculations is
the obtainment of the three-dimensional density profiles for
each type of bead or, in other words, the systemmorphology. In
fact, these density profiles constitute the input information for
the last recipe step: the finite element calculations to estimate
macroscopical properties.

Finite Elements Calculations of Macroscopic Properties. Pre-
diction of macroscopic properties of the PEO/MMT PCNs
considered in this work, as a function of polymer molecular
weight and clays loading, constitutes the final step of our
multiscale modeling recipe. To this purpose, finite element
(FE) simulations at ordinary temperature were performed using
the software Palmyra (v. 2.5, MatSim, Z€urich, CH). This soft-
ware has been validated on different composite material mor-
phologies by several authors, including us,23c,e50,51 yielding
reliable results. FE calculations were applied in order to analyze
both platelet stacks and overall nanocomposite properties,
using fixed and variable grid, respectively. In particular, thermal
expansion coefficients and electrical conductivity were the
macroscopic properties of election, since it is in these perfor-
mances that lies most of the industrial interest toward these new
materials. The properties of the pure system components (i.e.,
silicate, polymer, and water) were taken from the available
literature.52

One of themajor concerns in creating a suitable model for FE
calculations is the definition of an appropriate reactive volume
element (RVE), which could be representative of the different
morphologies characterizing such complex materials as PCNs.
Since most of the effects exerted by layered silicate addition is
generally observed at low clay contents, we decided to adopt the
following values for clay loading: 1%, 2%, 3%, 4%, and 5%
w/w. Given the PEO and MMT experimental density values
(1.14 and 2.71 g/cm3, respectively),52,53 these amounts corre-
spond to clay volume fraction Vf ranging from 2.2% to 0.42%.
Relying on previous studies,23c,e and on extensive trials (data
not shown), we selected to simulate an RVE made up of 48
MMT particles, grouped in stacks of different size, representing
both the exfoliated and intercalated states (vide infra).

MMT particles (both single particles and stacks) were mod-
eled as disks with a toroidal rim. Each platelet thickness was
defined by the height of the corresponding symmetry axis h and
diameter d, thus being characterized by an aspect ratio of a =
d/h. By setting d=120 nmand h=1nm for each single particle,
the aspect ratio a was equal to 120, a value in agreement with
common literature data for layer silicates.1 According to these
settings, the volume of a singleMMTplatelet isVp=11.3� 103

nm3; this information, coupledwith theMMTVf values for each
loading and the number ofMMT sheets in each model box, was
used to retrieve the dimensions of the FE cubic calculation cells.

The mixed nature of intercalation and exfoliation of PEO/
MMT PCNs was accounted for by grouping some MMT

platelets in stacks; in other words, the models contained two
different elements: single MMT sheets, representing exfoliated
nanoparticles, and polymer intercalated MMT sheets (or
stacks). Stacks weremodeled using the same particle representa-
tion employed for MMT isolate sheets, but varying the platelet
thickness according to the number of sheets characterizing each
stack element. As PEO/MMT systems are known to be highly
intercalated,52,54 based on our previous studies,23c,e and on the
d-spacing of stacks resulting from our lower-scale simulations,
we convene to represent a PCN characterized by a low exfolia-
tion/high intercalation morphology according to the conditions
reported in Table 4. Single particles and stacks were then
oriented in the FE simulation box according to a method
reported previously.23c

Once all model systems were prepared, appropriate surface
and volumemeshes had to be generated in order to run Palmyra
solver and retrieve the macroscopic properties of interest. Mesh
generation and refinement methods in Palmyra are quite com-
plex, and their thorough description is beyond the scope of the
present work. By applying a displacement-based finite element
method to the total mesh, the responses to external deforma-
tions were calculated. In order to calculate thermal expansion
coefficients, a thermo-elastic solver was used, and a seventh
“deformation” (an increase of temperature by 1 K) was applied
in order to obtain the linear thermal expansion coefficients. For
other physical properties such as electrical conductivity, a La-
place solver was employed, that applies a field in the three main
directions to the finite element mesh, and minimizes the energy
of the composite.55

3. Results and Discussion

Atomistic MD Simulations. In order to study the effect of
PEO molecular weight and of the presence of water mole-
cules on the interactions between polymer and clay platelets,
we performed atomistic MD simulations of PEO-based
PCNs in a solvated environment using polymers of different
chain length but with an approximately constant total
number of atoms. Accordingly, we modeled 6 PEO chains
with a degree of polymerization DP equal to 19, four chains
with DP=28, two chains with DP=56, and one chain with
DP = 113, respectively, approximately corresponding to a
molecular weight of 750, 1100, 2000, and 5000. parts a and b
of Figure 1 show twoMD snapshots of the hydrated MMT/
PEO systems with the lowest and highest polymer Mw

considered, respectively. The resultant binding energy values
between the individual system components are listed in
Table 3, from which it can be readily seen that the favorable
interactions between clay and polymer, as quantified by the
term Ebind(MMT/PEO), increase with increasing polymer
molecular weight. Thermodynamic arguments can be in-
voked to account for this trend. Indeed, it can be argued
that the PEO macromolecules would generally adopt a
conformation that allows for maximum segment-surface
interactions.56 For a given amount of polymer, the number
of polymer segments can be assumed to be approximately the
same. A higher molecular mass PEO possesses the potential

Table 2. Bead-Bead Interaction Parameters obtained for
Water-Based PEO-MMT Nanocomposites

P

aij PEO19 PEO28 PEO56 PEO113 W M

P 29.7 30.4 30.8 31.2
W 24.1 26.0 28.1 30.0 25
M 17.4 16.0 14.6 12.8 15 0

Table 3. Binding Energies in Water Systems with PEO Chains of
Different Molecular Weight, Where All Energy Values Are

Expressed in kcal/mol

system MMT/PEO/H2O

polymer Ebind(MMT/PEO) Ebind(MMT/H2O) Ebind(PEO/H2O) NA
a

PEO19 -695 -5300 -891 810
PEO28 -761 -5276 -861 792
PEO56 -898 -5205 -784 788
PEO113 -1015 -5104 -641 798

aTotal number of polymer atoms in each simulation cell.
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to realize larger segment/MMT surface contacts, which
favor surface adsorption and, ultimately, result in the highest
level on polymer intercalation into the silicate galleries.

Also, montmorillonite as a inorganic mineral is generally
considered as being hydrophilic.57 Nonetheless, the basal
Si-O groups in the spaces between hydrated cations in the
clay interlayers are relatively hydrophobic, and, as results
from the inspection of the corresponding density distribution
profiles (vide infra), and in line with some other simulation
and convincing experimental evidence,35,58 PEO tends to
adsorb preferentially on these sites. A low molecular mass
PEO chain features a higher number of hydrophilic -OH
end groupswith respect to a highmolecularmass one; this, in
principle, should facilitate the preferential intercalation and
adsorption of the longer PEO chains with respect to the
smaller ones, for which, conversely, the contact with the
MMT are fewer and the chains tend to cluster, with water, in
the middle of the interlayer space.

In harmony with the foregoing discussion, both interac-
tion energy terms between clay andwater (Ebind(MMT/H2O)

and polymer and water (Ebind(PEO/H2O)) decrease with
increasing polymer chain length. Generally speaking, water
molecules preferably reside on the surface of the clay, by
virtue of strong Coulombic interactions between the water
dipoles and the chargedMMT surface. Further, a number of
water molecules are engaged in hydrogen bonds with the
surface -OH groups of the MMT platelet as well as with
the-OHmoieties of the PEO chains. As the chainmolecular

Figure 1. Equilibrated MD trajectory frames for pseudo 2D solvated
MMTsystemswith (a) 6PEOchainsofDP=19and (b) 1 PEOchain of
DP=113, respectively.MMT is represented in CKP style, the polymer
is depicted in blue stick rendering, and water molecules are shown as
atom-colored sticks. Color legend: gold, silicon; red, oxygen; white,
hydrogen; purple, Na; pink, Al; light green, Mg.

Figure 2. Starting frame (a) and equilibratedMDtrajectory frame for a
solvated MMT systems with 6 PEO chains of DP = 19. Molecule
representation and color scheme as in Figure 1. (c) Number density
profiles of PEO with different DP in solvated MMT nanocomposites:
continuous line, PEO DP = 113; dotted-broken line, PEO DP = 56;
broken line, PEO DP= 28; dotted line, PEO DP= 19.

Table 4. Platelet Stacking Parameters a and Relative Aspect Ratio
for a Low Exfoliation/High Intercalation Morphology of

PEO/MMT PCN Systemsa

particle type no. of particles a

single 4 120
2-stack 8 15
4-stack 4 7.5
6-stack 2 5

aThe term particle designates both single, exfoliated clay sheets and
intercalated stacks.
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mass increases, however, less MMT surface is available for
water contacts due to a more extensive coverage from the
long PEO chains; accordingly, Ebind(MMT/H2O) becomes
lower. Also, the decreased hydrophilic character of longer
PEO macromolecules with respect to shorter ones reflects in
the lower interaction energy values (see Table 3).

Further molecular dynamics simulations were conducted
to derive number density profiles, showing the arrangement
polymer molecules in the clay galleries, through a plane
normal to the silicate galleries, again as a function of the
PEOMw. Parts a and b of Figure 2 show, as an example, the
starting configuration and an equilibrated MD frame of the
solvated MMT/PEO nanocomposite with PEO chains of
molecular mass equal to 750, respectively. Interestingly, the
equilibrium interlayer spacing, or d-spacing, is relatively
insensitive to the degree of polymerization, being equal to
18.2, 18.0, 17.9, and 17.7, forMw 750, 1100, 2000, and 5000,
respectively. These values are in excellent agreements with
both experimental and other simulation studies.34,54,59 A
slightly higher d-spacing is obtained for the lowest Mw

PEO PCN system, an evidence which could be rationalized
by the decreasing concentration of available -OH end
groups as Mw increases. Also, the preferential location for
smaller chains in themiddle region of the interlayer space can
account for this (albeit small) larger value of d (see
Figure 2a). Interestingly, Naþ cations in all cases were found
located close to the surface of themineral platelet, although a
number of them were also observed at some distance from
the MMT sheets (see Figure 2b), again in agreement with
previous studies.59

Figure 2c illustrates the density profiles within the silicate
galleries as obtained from all PEO samples considered. As
can be inferred from this Figure, the density profiles of the

polymer carbon atoms change from those typical of a bilayer
structure, featuring maxima near the clay platelets and a flat
region in the middle in the intergallery space (highest Mw

PEO sample), to those pertaining to a trilayer structure, in
which some chains still remain in the vicinity of the mineral
surface but a substantial part of the material tends to
concentrate in the middle of the MMT interlayer (lowest
MwPEO sample). As discussed above, highmass PEO chains
feature the highest binding energy with the MMT surface
(see Table 3). In line with this evidence, these longer macro-
molecules tend to align themselves parallel to the claywall, so
that the highest number of chain segments can line up in a
single layer and, thus, maximize the number of favorable
contacts with the mineral. Quite an opposite situation is
encountered at the other extreme of PEO molecular mass
values considered in our study. Indeed, the high number of
hydrophilic -OH chain ends tend to limit contacts with the
basal Si-O groups, and improve the number of the more
favorable water-polymer contacts (see Table 3), a situation
which can be aptly realized by confining a consistent amount
of PEO in the central part of the clay intergallery space.
Finally, a smooth, continuum transition between these two
extremes is seen for the remaining two intermediateMw PEO
PCN, again in line with the progressively decreasing valued
of the corresponding Ebind(MMT/PEO) values listed in
Table 3.

Mesoscopic Simulations. By using the dissipative particle
dynamics approach along with the interaction parameters
obtained from lower scale (i.e., atomistic MD) simulations
as described in the Materials and Methods section, we
modeled and simulated all solvated MMT/PEO PCNs at a
mesoscopic level. In harmony with the MD approach, to
mimic polymers of different Mw we simulated four types of

Figure 3. Equilibrated mesoscale morphologies for (a) a solvatedMMT systems PEO chains of DP= 19 and (b) a solvatedMMT systems with PEO
chains of DP= 113. PEOmolecules are shows as green sticks-and-balls, MMTwalls are portrayed as gold balls, and water molecules are depicted as
transparent blue spheres. The top MMT sheet is not shown for clarity.
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PEO chains with different number of beads; the total
number of PEO beads, however, was kept constant in all
systems. Parts a and b of Figure 3 illustrate the system
morphologies obtained from these simulations for the lowest
and highestMw PEO solvated PCN system, as an example. A
cursory comparison of Figure 3b with Figure 2b reveals a
very good agreement between atomistic and mesoscale pre-
dictions. In fact, the highest tendency to flatten onto the
MMT surface for the longer PEO with respect to preferred
water contacts for chains of lower mass is well preserved at
the scale level.

A quantitative analysis of these systems can be carried
out by considering the density profiles along the direction
normal to the silicate surface, which are reported in Figure 4,
parts a and b. The shape of all density curves reveal the
high but different affinity of polymer and water molecules
for the inorganic surface: indeed, the density of water beads
near the MMT surface is higher than that of the poly-
mer chains (see Figure 4a), in agreement with the results
gathered from MD simulations, again indicating that water
molecules preferably reside on the surface of the clay. Also,
the density profiles of polymer beads in the DPD simulation
box (see Figure 4b) clearly confirm the predictions obtained

from the lower scale simulation that higher molecular
weight polymers possess a higher affinity for the MMT
surface. In fact, the density of polymer chains near the clay
surface increases with increasing polymer chain length. This
effect progressively levels out as the polymer chain decreases
in length, and a further maximum in the density profile
correspondingly appears, located in the clay gallery middle
space, in harmony with the corresponding MD quantitative
results.

Finite Element Estimation of Macroscopic Properties.
Polymer-clay nanocomposites in which an hydrophilic
polymer, such as PEO, is highly intercalatedwithin the sheets
of layered silicates such as sodium/lithium MMT show
interesting electromechanical responses, rendering them po-
tential candidates for applications as electrolytes in, for
instance, solid batteries.5-7 Accordingly, for FE calculations
we decided to focus on the predictions of those macroscopic
properties of PEO/MMT systems most relevant to these

Figure 4. (a) DPDmesoscale density profiles of the interlayer polymer/
water phase in the direction normal to the clay layers for water and
polymer at differentmolecular weight. (b) Same data but without water
curves for a better appreciation of the polymer density distribution.
Legend: full symbols, polymer; empty symbols, water; blue squares,
PEO with DP=113; yellow triangles, PEO with DP=56; green circles,
PEO with DP=28; purple diamonds, PEO with DP=19.

Figure 5. Intercalated stack in the FE RVE model of the PEO/MMT
PCN (a), global model configuration (b), and relative meshed volume
(c) used in the FE calculations for the PEO/MMT system with PEO of
Mw = 5000 and 5% clay loading.
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practical purposes, i.e., thermal expansion coefficients and
electrical conductivity. To this end, we took into considera-
tion the dependence of these properties on the PEO Mw

(in the range 750-5000) and on the MMT loading (between
1% and 5% w/w). Parts a-c of Figure 5 illustrate an
intercalated stack in the FERVEmodel of the PCN, a global
model configuration, and the relativemeshed volume used in
the FE calculations for the PEO/MMT system with PEO of
Mw = 5000 and 5% clay loading, as an example.

The results of the FE calculations for the coefficient of
thermal expansion (CTE) for the different PEO/MMT as a
functionof clay loadingare shown inFigure 6a.As canbe seen
from this image, the values of CTE linearly decrease asMMT
loading increases, for all molecular weight PEOs, in agree-
ment with available experimental evidence on closely related
systems.60 The linear thermal expansion of a nanocomposite
will greatly depend on the average orientation of the platelets.
The effect of inorganic filler orientation on the reduction of
linear thermal expansion is similar to the effect on modulus
enhancement or reinforcement which has been studied more
extensively. Filler geometry can also greatly affect physical
properties of composites; e.g., high aspect ratios contribute to
greater reduction in thermal expansion.1,60a The high value of
the thermal expansion coefficient of polymers is caused by the
low energy barrier for the chain conformation to be changed.
The thermal expansion coefficient always decreases with
increasing aspect ratio and filler loading due to themechanical
constraint of the filler. Enhancement of dimensional stability
is expected when a filler with high modulus and low thermal
expansion coefficient is dispersed in a matrix of lower mod-
ulus and higher thermal expansion coefficient owing to simple
mechanical restraints.Layered silicates seemattractive for this
purpose owing to their high modulus, high aspect ratio, and

low coefficient of thermal expansion; in addition, they are
likely to be less detrimental to surface finish and ductility than
conventional fillers. The larger constraining effect imposed by
dispersed rigid platelets translates into lower thermal expan-
sion coefficients.

The rate of CTE decreasing with increasing clay content is
slightly higher for polymers with smaller chains. This ob-
servation can be rationalized by considering that, for a given
MT loading, the corresponding low molecular weight PEO
fractions, characterized by higher chain mobility, should
suffer the larger constraining effects imposed by dispersed
rigid platelets more than their longer counterparts, and this
ultimately translates onto lower thermal expansion coeffi-
cients for lower DP PEO/MMT PCNs. Notably, above a
certain filler content (between 6 and 8%), the CTE values for
all PNCs seems to converge, suggesting that the effect of the
polymer molecular mass levels off when a substantial
amount of filler is present, and polymer chains undergo
comparable constraining effects imposed by the mineral
particles independently on their relative length.

Figure 6b shows the behavior of electrical conductivity σ
for all PEO/MMT PCNs as a function of clay loading, as
estimated with our multiscale simulation procedure.
Although the effect of polymer molecular weight on σ is less
pronounced than in the case of CTE, we can still observe
that, in particular at lower clay contents, PNCs with shorter
PEO chains features higher values of σ with respect to high
molecular weight samples. Intuitively, this can be ascribed
once more to the higher mobility of smaller PEO chains but,
importantly, also to the lower affinity of these shorter
macromolecules for theMMT surface (see Table 3, Figure 1,
and discussion above). MMT samples in equilibrium with
the atmospheric moisture have water molecules associated
with the interlayer cations; accordingly, the enhanced ionic
conductivity of these systems can be mainly ascribed to the
interlayer cations associated with water molecules.52 By
interacting less tightly with the clay platelet, and being
distributed mainly at the center of the interlayer galleries,
the low DP PEO chains allows for a higher mobility of the
interlayer cations and their hydration shell. In the presence
of high molecular weight chains, on the contrary, the high
affinity of these macromolecules for the clay surface, and the
tendency to adopt chain conformations which maximize
polymer segments/clay platelet interactions, ultimately pro-
duce a strong association of the interlayer cations and the
clay surface oxygens. As a consequence, these metal ions
remain entrapped into a highly constrained system where
their mobility is prevented, and very high temperatures (e.g.,
up to 600K) are required to observe ionic conductivity in the
range 10-8-10-9 S/cm.7

PEO intercalation into the MMT galleries, coupled with
the presence of water molecules in the sheet spacing pro-
duce drastic cation environment modifications that allow
appreciable electric conductivity even at ordinary tempera-
ture. Following Aranda,7 and in harmony with the morpho-
logies predicted at all scales in this work, in water-PEO
intercalated PCNs the organic polymers with smaller mass
chains, by maximizing their density in the interlayer spacing,
act as a sort of pillar, causing a permanent separation
between the silicate layers on one side and, on the other,
reducing the cations mobility restrictions. In addition to this
so-called “pillar-effect”, other factors, mainly associated
with the relaxation of the polymer chains, can also concur
to the increase of the cation mobility,61 although a detailed
discussion on these effects is outside the scope of the present
paper.

Figure 6. Coefficient of thermal expansion (CTE) (a) and electrical
conductivity σ (b) for all PEO/MMT PCNs as a function of clay
loading, as predicted from finite element calculations based upon the
multiscale modeling procedure developed in this work.
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3. Conclusions

There are many levels at which computer-based molecular
simulation techniques can be useful, ranging from highly detailed
ab initio quantummechanics, through classical, atomistic molec-
ular dynamics, to process engineering modeling. These computa-
tions can significantly contribute to reduce wasted experiments,
allow products and processes to be optimized, and permit large
numbers of candidate materials to be screened a priori, even
before their synthesis. These techniques are currently used to
obtain thermodynamic information about pure or mixed sys-
tems. This information obtained by using microscopic properties
assumes any system tobe homogeneous in composition, structure
and density, which is clearly a severe limitation.When a system is
complex, comprising several components, eventually sparingly
miscible, PCNs being prime examples, peculiar phases with
remarkable properties can be observed. These so-called meso-
phases comprise far too many atoms for atomistic modeling
description. Hence, coarse-grained methods are better suited to
simulate such structures. One of the primary techniques for
mesoscopic modeling is DPD, a particle-based method that uses
soft-spheres to represent groups of atoms, and incorporates
hydrodynamic behavior via a random noise, which is coupled
to a pairwise dissipation. However, retrieving information on
mesophase structures is not enough for predicting macroscopic
features of suchmaterials. This is possible if mesophasemodeling
is coupled with appropriate finite element tools like Palmyra
that;provided properties of pure components are given or can
be in turn obtained by simulation;allow obtaining a realistic
estimation of many nanocomposites features, if integrated with
experimental/simulated morphological data.

In this work we presented the derivation and application of a
multiscalemolecularmodelingprocedure to characterize polymer-
clay nanocomposite materials obtained from water solution
intercalation. This approach relies on a step-by step message-
passing technique from atomistic to mesoscale to finite element
level; thus, computer simulations at all scales are completely
integrated, and virtually no experimental data are necessary to
characterize the systems, at least at a preliminary stage of the
analysis.

The entire computational procedure has been applied to four
PCN systems based onmontmorillonite and poly(ethylene oxide)
with different molecular weights as test materials, and their
thermal and electrical macroscopical properties were predicted
in excellent agreement with the available experimental data.

The global perspective of our current research in this field is the
complete integration of all available simulation scales, in a
hierarchical procedure, to provide an efficient and robust simula-
tion protocol for the successful design of PCNs of industrial
interest, and the prediction of their final performance. Although
the proposed computational recipe could still be refined by
considering, for instance, a more precise analysis of different
morphologies, matrix morphology next to the single exfoliated
platelet surface, and exfoliation rate (issues that are currently
being addressed by our group), to our knowledge this is the first,
successful computational procedure applied to water-based
PCNs able to predict, with a high degree of confidence, PCNs
hierarchical structures and behavior, and to capture all the
phenomena taking place on length scales that typically span
5-6 orders of magnitude and time scales encompassing a dozen
of orders of magnitude.
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