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Abstract: We present an innovative,
multiscale computational approach to
probe the behaviour of polymer–clay
nanocomposites (PCNs). Our modeling
recipe is based on 1) quantum/forcefield-based atomistic simulation to
derive interaction energies among all
system components; 2) mapping of
these values onto mesoscopic bead–
field (MBF) hybrid-method parameters; 3) mesoscopic simulations to de-

termine system density distributions
and morphologies (i.e., intercalated
versus exfoliated); and 4) simulations
at finite-element levels to calculate the
relative macroscopic properties. The
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Introduction
In recent years major scientific efforts have been devoted to
the possibility of using layered silicate (LS) nanoparticles as
fillers for novel structural and functional polymer materials.[1] This interest stems from many factors, above all the
abundant availability of the clay materials and the lack of
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entire computational procedure has
been applied to two well-known PCN
systems, namely Nylon 6/Cloisite 20A
and Nylon 6/Cloisite 30B, as test materials, and their mechanical properties
were predicted in excellent agreement
with the available experimental data.
Importantly, our methodology is a truly
bottom-up approach, and no “learning
from experiment” was needed in any
step of the entire procedure.

health hazards of these nanoparticles when compared to
prefabricated needle- and whisker-shaped ones. Moreover,
due to their high aspect ratio, the addition of very low
volume fractions of LS nanoparticles allows improvements
in material properties comparable to those of traditional fillers, and can even result in completely new features for the
polymer matrix. Finally, the possibility of using standard
synthetic routes (e.g., melt intercalation techniques) to produce these nanocomposites makes them extremely appealing also from the economical standpoint. Indeed, many efforts are currently being made in both industry and academia worldwide in the development of nanocomposites with
applications ranging from lightweight automotive engineering plastics with increased stiffness/toughness performance
and higher heat distortion temperature, to reinforced transparent glasses, barrier resins, low-stress advanced structural
materials, halogen-free flame-retardant coatings, polyelectrolyte membranes for fuel cells and batteries, and even
novel light-emitting diodes.[1, 2]
Depending on the nature of the components used and the
method of preparation, three main types of composites can
be obtained with layered silicate materials. When the polymer is unable to intercalate (or penetrate) between the silicate sheets, a phase-separated composite is obtained, and
the properties remain in the same range as those for traditional microcomposites. In an intercalated structure, in
which polymer chains can penetrate between the silicate

 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Chem. Eur. J. 2009, 15, 7586 – 7592

FULL PAPER
layers, a well-ordered multilayer morphology results with alternating polymer and inorganic layers. When the silicate
layers are completely and uniformly dispersed in a continuous polymer matrix, an exfoliated or delaminated structure
is obtained. In each case, the physical properties of the resultant composite are significantly different.
Fabricating polymer clay nanocomposites (PCNs) in an efficient and cost-effective manner, however, poses significant
synthetic challenges, which can be appreciated by considering the structure of the clay particles. The layered silicates
commonly used in nanocomposites, of which montmorillonite (MMT) is a prime example, belong to the structural
family known as the 2:1 phyllosilicates. Their crystal lattice
consists of two-dimensional layers in which a central octahedral sheet of alumina or magnesia is fused between two external silica tetrahedrons by the tips, so that the oxygen ions
of the octahedral sheet also belong to the tetrahedral sheets
(Figure 1 a). These layers organize themselves to form stacks
with a regular van der Waals gap in between them, called
the interlayer region or gallery. Isomorphic substitution of
some elements within the layers (e.g., Al3 + by Mg2 + , or
Mg2 + by K + ) generates negative charges that are counter-

balanced by alkali or alkaline earth metal cations situated in
the interlayers. The lateral dimensions of these layers can
vary from approximately 200  to several micrometers, depending on the particular composition of the silicate, while
the spacing between the closely packed sheets is on the
order of 1 nm, which is smaller than the radius of gyration
of typical polymers (Figure 1 b). Consequently, there is a
large entropic barrier that inhibits the polymers penetrating
this gap and becoming intermixed with the clay.
To enhance polymer–clay interaction, a cation-exchange
process is employed in which hydrophilic cations (e.g., Na +
or K + ) are exchanged by a surface modifier, usually selected
from a group of organic substances having at least one alkyl
group, most commonly quaternary ammonium salts (quats;
Figure 1 c). The role of this organic component in organosilicates is to lower the surface energy of the inorganic host
and improve the wetting characteristic with the polymer. Intuitively, the nature and the structure of these “compatibilisers” determines the hydrophobicity of the silicate layers and
hence their extent of exfoliation (Figure 1 d).
Although several issues must be addressed to optimise
the production of PCN materials, of foremost importance is

Figure 1. a) Silicate layers commonly used in PCNs. b) Single polymer chain. c) Molecular structure of an alkyl cationic surface modifier. d) Example of
a typical PCN system after intercalation. Color code: H white, O red, N blue, Si yellow, Al dark green, Mg light green.
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to identify conditions that promote penetration of the polymer into the narrow clay galleries. However, if the mineral
sheets ultimately phase-separate from the polymeric matrix,
the mixture will not exhibit improved strength, heat resistance, or barrier properties. Therefore, it is also essential to
determine the factors that control the macroscopic phase behaviour of the mixture. Finally, the properties of the hybrid
system commonly depend on the structure of the material;
thus, it is of particular interest to establish the morphology
of the final composite.
A current challenge of physical, chemical, and engineering sciences is to develop theoretical tools for predicting
structure and physical properties of PCNs from knowledge
of a few input parameters.[3] However, despite all efforts,
progress in the prediction of macroscopic physical properties
from structure has been slow. Major difficulties are related
to the fact that 1) the microstructural elements in multiphase materials are not shaped or oriented as in the idealizations of computer simulations, and more than one type
can coexist; 2) multiple length and timescales are generally
involved and must be taken into account when overall thermodynamic and mechanical properties are to be determined; and 3) the effect of the interphases and/or interfaces
on the physical properties is often not well understood and
characterized. As a consequence, their role is often neglected in the development of new theoretical tools or they are
treated in a very empirical way. In this work, we focus on
the understanding and efficient treatment of issues 2 and 3)
in a multiscale molecular simulation framework, with the ultimate goal of developing a computationally based nanocomposite design tool.
Currently, atomistic level simulations such as molecular
dynamics (MD) and Monte Carlo (MC) techniques allow
structure and properties to be predicted for systems with
large numbers of atoms and timescales on the order of microseconds. Although this can lead to many relevant results
in material design, many critical phenomena in this field still
require timescales and length scales far too large for practi-

cal MD/MC simulations. Therefore, we need to develop
methods treating the mesoscale (MS), which sets in between
the atomistic length and timescales of MD/MC and the macroscopic length and timescales (micro- to millimeter, and
microseconds to seconds) pertinent, for instance, to finite-element (FE) analysis. This linking through the mesoscale is
probably the greatest challenge for developing reliable firstprinciples methods for practical and effective material
design. Given these concepts, it is also necessary to carry
out calculations for realistic length/time scales fast enough
to be practically useful in materials design. This requires developing techniques functional for engineers, by incorporating the methods and results obtained at smaller scales (e.g.,
MD) into MS simulations, and the morphologies thus predicted into FE calculations. Accordingly, we developed a hierarchical procedure for bridging the gap between atomistic
and FE calculations for PCN design. The mesoscopic bead–
field (MBF)[4] hybrid method was adopted as the simulation
technique, and all necessary parameters of the mesoscopic
model are estimated by a step-by-step procedure involving
1) matching of the atomistic and mesoscopic pair-correlation
functions to determine the best mesoscopic topology for the
organic modifiers, 2) mapping of interaction energies obtained from atomistic simulations onto the mesoscopic
bead–bead interaction parameters, and 3) matching the
atomistic and polymer density profiles. Finally, the mesoscopic simulated structures are passed on to the FEM calculations, to estimate macroscopic properties of the PCN such
as Youngs modulus.

Results and Discussion
The multiscale molecular modeling strategy developed in
this work to obtain some industrially relevant macroscopic
properties of polymer clay nanocomposites relied on several
consecutive steps, which are summarized in Scheme 1.

Scheme 1. Multiscale computational recipe for characterizing a novel PCN for a given application. Where applicable the used simulation method is given
in parentheses. QM, quantum mechanics; MD, molecular dynamics; BD, Brownian dynamics; MBF, mesoscopic bead–field hybrid method; FE, finite-element method.
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After building and optimizing the three-dimensional
models of each PCN system component (i.e., MMT, polymer, and surface compatibiliser or quat) (Scheme 1, step 1),
matching of the atomistic and mesoscopic pair correlation
functions for the quats, obtained from atomistic MD and
mesoscopic BD simulations, respectively, was performed to
determine the best mesoscopic topology for the organic
modifiers (Figure 2; Scheme 1, steps 2–4).
The mesoscopic nanocomposite models resulting from the
mapping procedures contained four different species of
beads: one for the polymer chain (P), two for the quat (H
for the polar head and T for the apolar tails), and one for
the MMT surface (M). The nonbonded interaction energies
among the PCN components, calculated by atomistic MD
simulations and rescaled by a combinatorial method which
accounts for the number of contacts between ni particles of
type i and nj particles of type j, led to the mesoscopic interaction parameters listed in Table 1 (Scheme 1, steps 5–9).
According to the recipe, the corresponding MBF hybrid
simulations were then performed, and the relevant meso-

Figure 2. Mapping of alkyl cationic surface modifier. a) Snapshot of
atomistic structure. b) Snapshot of optimal mesoscopic structure containing one head bead and three beads per tail. c) Typical mapping of a pair
correlation function of the atomistic model and the mesoscopic model.
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Table 1. Mesoscopic interaction parameters for the two PCN systems
considered.[a] Top set of values: MMT/Nylon6 M2ACHTUNGRE(C18)2 ; bottom set of
values: MMT/Nylon6 M3C18.
aij
H
M
T
cij
P
aij
H
M
T
cij
P

H
496.3
5
37.8
H
5
H
500
5
30.9
H
5

M
5
15
32.5
M
5
M
5
15
30.6
M
5.5

T
37.8
32.5
32
T
10
T
30.9
30.6
31.8
T
9.5

[a] Mesoscopic bead types: P = polymer bead; H = quat polar head bead;
T = quat apolar tail bead; M = montmorillonite bead.

scale morphologies of the systems were obtained. Figure 3
illustrates the MBF simulation results obtained for one of
the two Nylon 6/MMT nanocomposites considered. The
compatibiliser chosen here was a dimethyl dioctadecyl quaternary ammonium chloride (M3C18), in line with the idea of
modeling a commercial surfactant (Cloisite 20A; see
Scheme 1, step 10). The predicted morphology compares
well with recent TEM images of Nylon 6 nanocomposites:[5]
a fixed wall of nanoclay is obtained, to which the polar
heads of the surfactant molecules are attracted to and onto
which the long, apolar hydrocarbon surfactant tail is flattened. The charged parts of the surfactant remain close to
the MMT layers, leaving the tails of the organic molecules

Figure 3. Snapshot of the structure of PCN obtained with the MBF
hybrid simulation method. The clay platelets and compatibiliser molecules are represented in the method as soft-core beads, and the polymer
is represented by a field model. Bead color code: brown, clay bead; blue/
light green, compatibiliser. Field color code: red, high density values;
green, intermediate density values; blue, low density values.
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to interact with the Nylon 6 chains. However, areas are
available on the clay surface for entering into contact with
the polymer, and thus the effective binding between the
components of the nanosystem is rendered almost ideal.
The mesoscale morphologies thus obtained were used as
input for a finite-element (FE) analysis to estimate the
value of the Youngs modulus of intercalated stacks and,
subsequently, of the relevant composite (Scheme 1, step 11).
Figure 4 a shows a cut plane of the reference cell (Figure 4 b)
implemented in the calculations.

Figure 4. a) Cut plane of reference cell b) for the FE calculation. Clay
layers embedded in the matrix are colored in orange. In the reference
cell b), the polymer is omitted for clarity.

The FE calculations of the Youngs modulus E yielded results which are in excellent agreement with the corresponding experimental data. Indeed, the predicted value of E =
4.19 GPa for the Nylon 6/MMT PCN with M3C18 as compatibiliser compares well to the experimental value of
4.32 GPa.[5] Applying the same procedure to the Nylon 6/
MMT nanocomposite with M2ACHTUNGRE(C18)2 as quat gave analogous
quantitative results (Ecalcd = 4.41, Eexptl = 4.60 GPa).[5] The estimated value for the nanocomposite with M3C18 as quat is
higher than that of the PCN with M2ACHTUNGRE(C18)2, in harmony with
the different degrees of exfoliation that were modelled. Discrepancies between predicted and measured quantities
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could be due, for instance, to a different degree of crystallinity or different crystalline forms of Nylon 6 in the presence
of MMT nanofillers, as claimed by some authors.[6]

Conclusions
There are many levels at which molecular modeling and
simulation can be useful, ranging from the highly detailed
ab initio quantum mechanics, through classical, atomistic
molecular modeling, to process engineering modeling. These
computations can significantly reduce the need for experiments, allow products and processes to be optimized and
permit large numbers of candidate materials to be screened
prior to production. These techniques are currently used to
obtain thermodynamic information about pure or mixed systems. Properties obtained using these microscopic properties
assume the system to be homogeneous in composition,
structure and density, which is clearly a limitation. When a
system is complex, comprizing several components, which
may sparingly miscible, of which PCNs are prime examples,
peculiar phases with remarkable properties can be observed.
These so-called mesophases comprise far too many atoms
for description by atomistic modeling. Hence, coarse-grained
methods are better suited to simulate such structures.
One of the primary techniques for mesoscale simulation is
the mesoscopic bead–field (MBF) hybrid method,[4] an innovative technique in which beads and fields are both part of
the same simulation. However, retrieving information on
mesophase structures is not enough for predicting macroscopic features of such materials. This is possible if mesophase modeling is coupled with appropriate finite-element
tools that, provided properties of pure components are
given or can be in turn obtained by simulation, allows a realistic estimation of many nanocomposite features to be obtained.
The global perspective of our work is the complete integration of all available simulation scales, in a hierarchical
procedure, to provide an efficient and robust simulation protocol for the successful design of PCNs of industrial interest
and predict their final performance. Although the proposed
computational recipe could still be refined by considering,
for instance, the a priori definition of platelet spatial distribution and a more precise analysis of different morphologies
(issues that are currently being addressed by us), to our
knowledge this is the first successful computational procedure able to predict, with a high degree of confidence, hierarchical structures and behaviour of PCNs, and to capture
all the phenomena taking place on length scales that typically span 5–6 orders of magnitudes and timescales encompassing a dozen of orders of magnitude.

Experimental Section
The entire modeling recipe is based on 1) quantum/molecular mechanicsbased atomistic simulation to derive interaction energies among all PCN
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system components; 2) mapping of these values onto mesoscale parameters and subsequent simulations to determine system density distributions; and 3) simulations at finite-element levels to calculate the relative
macroscopic properties (see Scheme 1). For the sake of brevity, the entire
procedure is briefly reported. More detailed information about the
recipe can be found in the Supporting Information.
The optimized chemical structure of montmorillonite (MMT) was taken
from our previous work.[7] To model an MMT with a cation-exchange capacity (CEC) of approximately 92 meq/100 g (roughly corresponding to
the CEC of the most commonly employed commercial products, e.g.,
Cloisite 20A and Cloisite 30B from Southern Clay Products, Inc., Gonzales, TX, USA), the basic cell was replicated three times in the a direction and twice in the b direction to obtain a supercell of dimensions
15.5  17.9  10 , and four Al3 + ions were replaced by an equal number
of Mg2 + . The resulting MMT model is described by the unit formula
(Al3.33Mg0.67)Si8O20(OH)4–Na0.67). The charges on the individual atoms
were placed by following the charge scheme proposed by Cygan et al.,[8]
and this finally yielded the overall neutral MMT cell model that was
used in all subsequent simulations. In accordance with the idea of modeling Cloisite 20A and Cloisite 30B, 3D models of dimethyl- and trimethyldehydrogenated tallow quaternary ammonium chlorides (M2ACHTUNGRE(C18)2 and
M3C18, respectively; or quats) were built and optimized by using the
Compass force field (FF).[9] The quat conformational search was carried
out with our well-validated combined molecular mechanics/molecular dynamics simulated-annealing (MDSA) protocol.[7, 10] These calculations
were performed with the Materials Studio Discover module (v. 4.4, Accelrys, San Diego, CA, USA) and the Compass FF. The electrostatic
charges for the geometrically optimized quat molecule were finally obtained by restrained electrostatic potential fitting,[11] and electrostatic potentials were produced by single-point quantum mechanical calculations
at the Hartree–Fock level with a 6-31G* basis set. All ab initio calculations were carried out with the DMol3 module,[12] as implemented in the
Materials Studio modeling suite. To obtain a reasonable sampling of the
Nylon 6 conformational space, ten different configurations of Nylon 6
chains at 298 K with a density of 1.12 g cm 3 were built. Each polymeric
structure was then relaxed and subjected to the same MDSA protocol
applied to model the quat molecule. Each final chain structure was assigned atomic charges according to the charge scheme proposed by Li
and Goddard[13] (Scheme 1, step 1).
To generate atom-based pair correlation functions for the quats, 1 ms MD
simulation at 300 K was performed with each single quat molecule in
vacuo. Simple velocity rescaling was used to thermostat the temperature.
The Verlet algorithm was employed to integrate the equations of motion,
with a time step of 0.5 fs, the atomic valence interactions described with
the OPLS all-atom force field,[14] and the intermolecular interactions
were turned off. Atom coordinates were saved every 0.1 ps. The calculation was performed with the SingleMoleculeMD-Calculator of the Culgi
software package.[15] To generate soft-core pair correlation functions for
the quats, coarse-grained Brownian dynamics (BD) simulations were performed on each single quat molecule in vacuo with a repulsion parameter
of 25 for all bead–bead interactions aii, a temperature value of 1 and a
time step of 0.05. Each simulation lasted four million steps, and the bead
coordinates were saved every 200 steps. The soft-core pair correlations
were mapped onto atom-based pair correlation functions for the quats by
overlapping the pair correlation functions obtained from the atomistically
detailed model and the coarse-grained model, and judging the quality by
visual inspection. If a positive agreement was obtained, then the MS
bead number and architecture were established; otherwise, the number
and type of bead were changed and the procedure repeated iteratively
until a match was reached. As a final result, it was verified that the intramolecular size of an atomistically detailed model of the quat molecules
had an optimal mapping if the coarse-grained molecule featured one
head bead and one/two tails of each three beads (Scheme 1, steps 2–4).
The binding energies between the different components of each PCN
system were obtained by performing constant volume/constant temperature (NVT) MD simulations. To reduce computational time, during each
MD simulation, both montmorillonite layers were treated as rigid bodies
by fixing all cell dimensions. All other atoms in the interlayer space
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(except the Na + ions of the MMT upper platelet) were allowed to move
without any constraint. Each NVT simulation was run at 298 K for 500 ps
with application of the Ewald summation method[16] for treating both van
der Waals and electrostatic interactions. An integration time step of 1 fs
and the Nos thermostat[17] were also adopted (Scheme 1, step 5). The
mesoscale nanocomposite model resulting from steps 2–4 contained four
species of different beads: one for the polymer chain (P), two for the
quat (H for the polar head and T for the apolar tail) and one to represent
the MMT surface (M). The most complicated step in the entire proposed
ansatz was proper mapping of the atomistic length scale to the mesoscale.
For this purpose, a combinatorial approach was used to rescale the nonbonded interaction energies calculated at step 5 onto the repulsive DPD
parameters aij between beads of different types (Scheme 1, step 6).
The generation of atom-based polymer density profiles required a complex MD-based procedure to carefully substitute the sodium ions with
the corresponding quats, to insert the polymer chains and to obtain the
correct equilibrium interlayer d spacing. Each corresponding system was
in turn subjected to a final NVT annealing run, from which the lowest potential energy frame from the trajectory file was selected and used as
starting configuration to perform a productive 300 ps NVT run with the
Compass FF. Once the simulation was completed, 30 frames were extracted from the corresponding trajectory file, and on each one the density profile of the organic species (polymer and quat) within the interlayer
space was calculated (Scheme 1, Step 7). To obtain a density profile of
the polymer at the mesoscale level matching that obtained from the MD
simulations of the previous step, several MS simulations were carried out
with the mesoscopic bead–field (MBF) hybrid method. The quantity optimized was the so-called hybrid bead–field coupling parameter cjk, where j
is a field model and k a bead type, and its value is a measure of the free
energy of interaction between the field and the bead. All calculations
were performed with the MBFHybridCalculator of the Culgi software
package[15] (Scheme 1, step 8). In similar fashion to the mapping of the
quat (step 4), the density profile of the polymer obtained from the MD
simulation with the density profile of the field model of the polymer as
obtained from the MBF hybrid simulation was mapped by visual inspection. The optimal mapping was obtained by varying the hybrid bead–field
coupling parameters.
The mesoscopic morphology of the PNC systems (Scheme 1, step 10) was
generated by constructing a periodic system that consisted of clay platelets, cationic surfactant molecules (i.e., the quats) and the Nylon 6 polymer. Clay platelets and compatibiliser were represented as beads, and the
polymer was chosen as the field model. Two to three square platelets,
each one bead thick (ca. 7.4 ), 15 beads long (11.1 nm), that is, the x
and y edges of the simulation box, and an interlayer distance of five
beads (ca. 3.7 nm) were employed. In agreement with the value obtained
from the MD simulations the d spacing was 4.2 nm. The quat molecules
consisted of one head bead and two tails of each three beads (i.e.,
H(T3)2) in the case of M2ACHTUNGRE(C18) and of one head bead and one tail of three
beads (i.e., HT3) in the case of M3C18. The molecules were placed in a
regular fashion, as far away as possible from each other, covering the platelets on both sites up to a cation exchange capacity of 1.0. Every molecule covered a surface area of about 139 2 in agreement with the MD
simulations (i.e., full coverage). For the bead–bead interaction parameters we used the values as obtained from step 6 and the beads did not
bear a net charge. The reason we did not assign charges to the beads is
that the effect of the charges is intrinsically already captured by the repulsion parameters computed at step 6. The Nylon 6 polymer consisted
of a Gaussian chain of eight monomers corresponding to a length of
about 6 nm. To get an overall system density of 3 we used a value of 4.6
for the Helfand compressibility parameter of the polymer field. For the
bead–field coupling parameters we used the values as obtained at step 9.
Initially, the polymer field model was equilibrated by means of dynamic
density functional theory[18] by performing 2500 steps with a diffusion
factor of 0.05 for the polymer field and all the beads fixed. In the second
step we turned on bead diffusion, and a full hybrid MBF simulation was
performed until the system was equilibrated. Since the system was still
relatively small, equilibration was obtained after 50 000 steps. The time
step for the equation of motion of the beads was set to 0.02 and the temperature was set to 1. The diffusion factor was set to 0.01 for all bead
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types, except for the clay beads, for which the value was set to 0. All calculations were performed with the MBFHybridCalculator of the Culgi
software package.[15]
Finally, to calculate macroscopic properties of the investigated nanocomposite systems FEM simulations with fixed and variable grid were performed with the software Palmyra (v. 2.5, MatSim, Zrich, Switzerland).
FE calculations were applied to analyze both platelet stacks and overall
nanocomposite properties by using fixed and variable grids, respectively.
In particular, Youngs modulus was the macroscopic property of choice,
since most of the industrial interest in these new materials lies in the mechanical performance. With regard to modeling the platelet stack, the
hybrid density fields were imported into Palmyra after appropriate formatting of the MBF output files. Once imported, the density fields were
divided into mesh elements, and the serial averaging system was selected
to estimate the mechanical properties of the stack model. The properties
of the quat molecules where chosen to match those of MMT and Nylon 6
for the cation heads and tails, respectively. Mechanical properties for
pure silicate and polymer were taken from the available literature.[5, 6a, 19]
Our MFB box resulted in 100  100  30 Palmyra volume elements containing 300 000 nodes and 1800 000 tetrahedrons. After properties were
assigned to each grid element, stack properties were calculated by using
the method described for the variable grid mesh. Subsequently, overall
nanocomposite properties were retrieved by defining a morphology similar to the corresponding TEM images,[5, 6a] applying a variable grid mesh
to the model and finally running Palmyra solver.
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