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One method for production of polymer-clay nanocomposites involves dispersal of surface-modified

clay in a polymerisable monomeric solvent, followed by fast in situ polymerisation. In order to tailor the

properties of the final material we aim to control the dispersion state of the clay in the precursor solvent.

Here, we study dispersions of surface-modified Laponite, a synthetic clay, in styrene via large-scale

Monte-Carlo simulations and experimentally, using small angle X-ray and static light scattering. By

tuning the effective interaction between simulated laponite particles we are able to reproduce the

experimental scattering intensity patterns for this system, with good accuracy over a wide range of

length scales. However, this agreement could only be obtained by introducing a permanent electrostatic

dipole moment into the plane of each Laponite particle, which we explain in terms of the distribution of

substituted metal atoms within each Laponite particle. This suggests that Laponite dispersions, and

perhaps other clay suspensions, should display some of the structural characteristics of dipolar fluids.

Our simulated structures show aggregation regimes ranging from networks of long chains to dense

clusters of Laponite particles, and we also obtain some intriguing ‘globular’ clusters, similar to capsids.

We see no indication of any ‘house-of-cards’ structures. The simulation that most closely matches

experimental results indicates that gel-like networks are obtained in Laponite dispersions, which

however appear optically clear and non-sedimenting over extended periods of time. This suggests it

could be difficult to obtain truly isotropic equilibrium dispersion as a starting point for synthesis of

advanced polymer-clay nanocomposites with controlled structures.
1 Introduction

Polymer-clay nanocomposites, formed by dispersing suitably

modified clay within polymer, are known to impart enhanced

properties1,2 such as mechanical strength, gas impermeability and

fire retardance, to polymers. However, current methods for

producing these materials lack fine control over the dispersed

state of clay platelets, and so the resulting materials are not

optimal. Achieving fine control over the platelet dispersion state

would yield the next generation of nanocomposite materials with

novel and further improved properties. Unfortunately, even the

most advanced of current synthesis methods,3 which are gener-

ally based on mechanical mixing of clay and a polymer melt, lack

the fine control needed to produce optimised materials. Although

reasonable alignment, exfoliation (i.e. delamination), and

dispersion can be achieved at low loadings for some polymer-clay

combinations,2 at higher loadings this melt-mixing method leads

to poorly aligned, exfoliated and dispersed platelets. Moreover,
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this method cannot be used with polymers that degrade at melt

temperatures. Of all production methods, in situ polymerisation

has the greatest potential for generating optimal materials, since

in principle the state of the platelet dispersion can be controlled

by thermodynamic equilibrium in the monomer liquid state (this

is not possible in a polymer melt) and then ‘locked-in’ by fast

in situ polymerisation. The production polymer-clay nano-

composites, with fully exfoliated platelets, has been reported in

several works.4–6 Unfortunately, isotropic dispersion of clay in

polymerisable solvents has never been demonstrated, although

recent work suggests that it might be possible if clay particles are

suitably modified. For example, work by Leach et al.7 suggests

that Montmorillonite (MMT) and Laponite clays (MMT is

a natural smectite clay while Laponite is a synthetic hectorite

clay) can be dispersed in toluene if they are suitably sterically

stabilised. However, their work did not assess the long-range

structure of their dispersions, so it is not clear whether these were

actually isotropic dispersions of disconnected (non-networked)

particles or particles aggregated into clusters or gels. Also, work

by some of us (RP and JL)8 suggests that MMT could be

dispersed in methyl methacrylate if it is treated with LICA-44,

a titanate surface coupling agent. Here, MMT is exfoliated via

sonication and the viscosity of the resulting dispersion is
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significantly reduced on addition of LICA-44, without appar-

ently affecting the degree of exfoliation, indicating a significant

reduction in the degree of any clustering or networking.

These studies represent the first tentative steps towards novel

next-generation polymer-clay nanocomposites and applications.

On the other hand, Pluart et.al.9 found, on the basis of rheo-

logical studies, that MMT dispersed in epoxy and amine solvents

forms different kinds of gels depending on the effective interac-

tions between clay particles, which depend both on the type of

organic solvent and stabilising surfactant. They explain differ-

ences in observed viscosity and shear thinning behaviour in terms

of these different ‘weak’ and ‘strong’ gel structures. Weak gels

have a much lower yield stress than strong gels, exhibit much

more pronounced shear thinning behaviour, and reform rela-

tively quickly. Strong gels, on the other hand, display nearly

Newtonian flow behaviour once the gel is broken, and do not

reform (or are slow to reform) when quiescent. At a microscopic

level this is interpreted in terms of different kinds of platelet

structures and therefore effective platelet interactions. Weak gels

are thought to consist of more open and diffuse networks caused

by weaker effective interparticle interactions and therefore form

better dispersions, while strong gels are formed from more

compact networked strands caused by stronger effective inter-

particle interactions. Also, work involving environmental SEM

imaging and rheological studies by Oberhauser et al.10 indicates

that MMT, even with an excess of stabilising surfactant, forms

gels in p-xylene. Note that non-equilibrium gels generally

represent an uncontrolled dispersion state, and so are undesir-

able in the context of this present work. Although the solvents

used in the aforementioned work are all different kinds of

organic solvent, one might expect to see reasonably similar

dispersion behaviour. A potentially more significant difference in

these works is the kind of stabilising surfactant used. The use of

LICA-448 and the SAP stabiliser7 is thought to reduce edge-face

interactions and hence lead to improved dispersion. So perhaps

elimination of edge-face interactions is the key to control of clay

dispersion structure in organic solvents.

The aim of this work is to investigate this question in the

context of suitably modified Laponite in styrene to determine

whether this system can indeed be used to make the next gener-

ation of polymer-clay nanocomposites. We focus on Laponite

because its relatively narrow size and shape polydispersity,

compared to natural clays like MMT, will allow better

comparison between experiments and simulations. Our overall

strategy compares experimental static light scattering (SLS) and

small angle X-ray scattering (SAXS) investigations of Laponite

dispersions with Monte-Carlo simulation results. This particular

paper is devoted to description of the simulation work, and its

validation by comparison with experimental data, while details

of the more wide ranging experimental work will be presented

elsewhere. We present our work here as follows. In the next

section we briefly describe the experimental system of surface

modified Laponite in styrene. We then describe our simulation

strategy for modelling this system, our effective interaction

models, and details of our simulation methods. Next we describe

the results of simulations that attempt to mimic a range of

conditions and possibilities for effective Laponite-Laponite

interactions. These results are compared with experimental SLS

and SAXS results obtained from surface-modified Laponite
9158 | Soft Matter, 2011, 7, 9157–9166
dispersions, which are used to refine our simulation models. We

finally draw conclusions about the nature of (surface-modified)

Laponite effective interactions in organic solvents, as well as the

kinds of structure found in Laponite dispersions.
2 Experimental system

Laponite is a synthetic 2 : 1 layered phylosilicate of the hectorite

family. This means it is formed from a sandwich of two tetra-

hedral silica layers and a middle layer of octahedrally coordi-

nated magnesium oxide (and hydroxide). The metal layer is

highly defective, with many of the magnesium atoms randomly

substituted by lithium atoms. This leads to a planar crystal with

overall negative charge, which is counterbalanced by surface

adsorbed cations, typically sodium. The crystal edges, or rims,

will likely consist of a variety of terminal states consistent with an

interrupted crystal growth process. The size and shape of

Laponite crystals have been previously determined by AFM

studies11 to be fairly regular, with small polydispersity in thick-

ness and shape. These studies determined that Laponite particles

are elliptical in shape with a larger axis of 25 nm (at the peak of

the distribution) and an eccentricity of 0.8. Thickness was

determined to be 1 nm (at the peak of the distribution). There-

fore, for the purposes of the present study, Laponite particles

will be considered as having a circular shape, with diameter

D ¼ 25 nm and thickness L ¼ 1 nm. To make the platelets

organophillic the sodium cations are exchanged with an organic

cationic surfactant. For favourable surfactant-organic solvent

interactions it should then be possible to obtain well dispersed

states, perhaps via sonication, in organic solvents. However, the

crystal edges might still be relatively ‘bare’ after this treatment,

and so further steric stabilisation might be required to obtain

good dispersions. The aim of further experimental work carried

out in parallel with this work is to ascertain the effectiveness of

different surface treatments for complete isotropic dispersal of

Laponite in styrene.

In our room temperature experimental work structural char-

acteristics of dispersed Laponite are determined by a combina-

tion of small-angle X-ray scattering (SAXS) and static light

scattering (SLS). We tested many different kinds of Laponite

surface treatment and preparation methods, but we found that

Laponite formed particle clusters or networks in styrene at all

platelet concentrations regardless of our efforts. Complete details

of the extensive experimental methods and results will be pre-

sented in a following paper. Here we instead focus on the best

result we obtained, in the sense that it generated the most open

particle network (as measured in terms of the exponent in the

power law scaling of the SAXS and SLS intensity vs. scattering

vector amplitude, see Fig. 1), for comparison with our simulation

work. This involved a combined treatment consisting of silyla-

tion of Laponite, with faces already organically modified with

methyl tallow bis-2-hydroxyethyl ammonium cation (cation

exchange capacity is 90 mequiv/100 g; supplied by Rockwood

Additives Ltd), and then further modification with SAP (poly-

isobutylene based stabiliser; supplied by Infineum UK). The

organically modified Laponite was suspended in ethanol under

stirring and phenyl-trimethoxy-silane (supplied by Sigma-

Aldrich) was added to the suspension, which was then stirred and

heated at 65 �C while refluxing for 2 h. The resulting suspension
This journal is ª The Royal Society of Chemistry 2011



Fig. 1 Scattering intensities (in a.u.) obtained by SAXS (red diamonds)

and SLS (black circles) for a suspension of 1%(w/w) organically modified

Laponite in styrene. The black dashed line corresponds to the form factor

of a single platelet with a diameter D ¼ 27 nm and thickness L ¼ 3 nm.
was filtered and washed with ethanol to remove the excess silane

and solids were filtered and dried at 65 �C. The silylated Laponite

was dispersed in styrene with added 1 wt % of SAP by stirring

sonication method. Our observation that SAP is a good stabili-

sation agent agrees with the findings of Leach et al.7 We expect

this combined treatment to be more effective than others because

of the way that it stabilises platelet edges. Silylation in particular

is designed to reduce the potential for edge interactions.

For comparison with the computational study we used a

1%(w/w) system consisting of the above surface modified

Laponite dispersed in styrene. These suspensions are apparently

homogeneous, stable (within a time frame of a few hours), with

very low viscosity when compared to other samples produced

with other surface modification strategies. Synchrotron small

angle X-ray scattering measurements were carried out at beam-

line BL9 of DELTA synchrotron source in Dortmund, Germany

and at beamline A2 in Hasylab at DESY synchrotron source

Hamburg, Germany. The CCD or image plate scattered intensity

patterns were integrated by programme FIT2D to obtain the 2D

scattering data. Background intensities were subtracted from the

measured intensities as appropriate. Static light scattering

experiments were carried out by using the 3DDLS spectrometer

(LS instruments, Fribourg, Switzerland) using vertically polar-

ized He–Ne laser light (wavelength of 632.8 nm) with an

avalanche photodiode detector. Scattered intensities were recor-

ded for scattering angles between 15 to 135 degrees and back-

ground intensities were subtracted from the measured intensities

as appropriate. All measurements were carried out at 25 �C.
We will briefly analyse the scattering intensities, presented on

Fig. 1, as they form the basis for development of the computa-

tional model. The abscissa of this plot refers to the scattering

vector amplitude Q ¼ (4p/l)sin(q), where 2q is the scattering

angle,12 which is related to the range, d, of structural correlations

in the system by the expressionQ¼ 2p/d. The results from SAXS

show a power law scaling with an exponent of �2, with absence

of any peaks, indicating that the Laponite platelets in this system

are not stacked or otherwise correlated at lengthscales smaller

than their diameter. However, in a fully dispersed isotropic

system without any particle clustering one would expect to see
This journal is ª The Royal Society of Chemistry 2011
the intensity plot (in log/log scale) plateau at lower Q values

corresponding to the Guinier region for individual platelets. So,

for a fully dispersed system, we would expect to see a completely

flat profile for theQ region probed by our SLSmeasurements due

to the size of Laponite particles, as can be seen from theoretical

scattering expected from individual laponite particles as shown

by form factor P(Q) in Fig. 1. In our system, though, we observe

that the power law plot, starting in the SAXS range, extends to

very lowQ values indicating the presence of very large structures.

Furthermore, the slope of the intensity plot in the SLS region,

�1.8 � 0.02, with no peaks, is consistent with the formation of

very low density structures, such as fractal-like clusters or

networks of particles.13 From these experimental results alone it

is not possible to fully characterise the structure of the clusters or

networks that were formed in this and similar systems we also

prepared. The aim of the computational study, presented below,

is to provide additional insight into the nature of these

experimental structures and the effective interactions between

individual Laponite platelets, and hence to suggest suitable

conditions and surface modifications for the formation of good

isotropic dispersions.
3 Simulation details

We wish to simulate surface modified Laponite in styrene over

a wide range of length scales relevant to SAXS and SLS. To

achieve this we adopt a strategy based on integrating out the

solvent degrees of freedom. To justify this strategy consider that

each Laponite particle in solution will perturb the solvent in

a region surrounding it out to a range, typically, of a few solvent

molecules, and the magnitude of this perturbation will decay

rapidly with distance. Therefore, the zone of interference

between these perturbed regions when two Laponite particles

approach each other is generally relatively small, compared to

Laponite particle sizes, unless the Laponite particles happen to

be parallel and relatively close. Because of specific electrostatic

interactions between Laponite particles, we expect such parallel

configurations are highly unlikely. Moreover, for the same

reasons we consider higher order (three-body etc) solvent

perturbation effects to be even less significant. It follows that the

contribution of solvent perturbations to the effective interaction

between Laponite particles can be neglected, especially compared

to direct Laponite-Laponite interactions of electrostatic origin.

These arguments can been expressed more formally using the

theoretical treatment of Dijkstra et al.14 On this basis, we expect

Laponite dispersions can be modelled adequately in terms of

effective pair interactions that ignore solvent perturbations. The

most significant of these are i) hard-core (excluded volume)

interactions that prevent particle overlaps, and ii) electrostatic

interactions. Dispersion (London) effective platelet-platelet

pair interactions, being shorter in range, are considered less

significant than electrostatic interactions andwe also neglect them

here.
3.1 Models for Laponite in styrene

For convenience we model the excluded volume interactions of

surface modified Laponite particles in terms of the hard cut-

sphere model.15,16 In reality Laponite particles are not quite
Soft Matter, 2011, 7, 9157–9166 | 9159



Fig. 2 a) Double cut-sphere model: the inner disk represents the

Laponite crystal and the outer disk represents the organic modification.

b) Charge pattern used to cover the surface (blue) and rim (red) of the

Laponite crystal. c) Diagram showing the charge layers used on the faces

and rim (q and q0 are, respectively, the surface and rim charge densities).

d) Triple cut-sphere model: a layer of attractive surfactant, represented by

the yellow disk, is added to the model in a). e) Double cut-sphere model

incorporating a dipole, simulated by the two charges, q0 0.
circular (although they are relatively thin and flat), and we expect

the surfactant layers on particle surfaces to exhibit a mutual soft

repulsion rather than a hard-core interaction. But we do not

expect these differences to be significant, and so we consider our

model to be adequate. Actually, we consider our platelet model

to comprise two concentric cut-spheres (see Fig. 2a): an inner one

with thickness L¼ 1 nm and diameterD¼ 25 nm at the centre of

an outer one with thickness and diameter increased by a certain

distance, S, beyond the inner one. The inner cut-sphere repre-

sents the Laponite crystal and the outer one represents the

surfactant layer covering the platelet. Laponite crystals bear

negative charge (nearly�700 e) on each face, and positive charge

(nearly +70 e) on their rims.17–23 The negative charge on the faces

is compensated by a layer of adsorbed cations, either Na+ or

cationic surfactant. This charge distribution is represented in our

model by four layers of charge, each bearing 700 interaction sites

distributed in a uniform pattern, located at the surface of the

inner cut-sphere. The pattern for the distribution of charge is

shown in Fig. 2b and the charge layers are diagrammatically

represented on Fig. 2c. The two inner layers are negative and the

two outer layers are positive and bear half of the face charge.

Analogously, two charged rings are placed at the rims of the

inner cut-sphere, as shown in Fig. 2b. The inner rim is positively

charged with a total charge of �70 e and the outer rim is nega-

tively charged by the same amount. Positive and negative

charges, in faces and rims, are separated by a distance of 2.4 �A.

We assume, then, that in the same way that the faces have a layer

of adsorbed counterions, the rims are also covered by a layer of

anions in order to maintain electroneutrality. This distribution of

platelet charge exhibits a quadrupole moment perpendicular to

the faces, and a null dipole moment, and is comparable at large

separations to other quadrupolar models used in the litera-

ture24–27 for the simulation of aqueous dispersions of Laponite.

We will refer to this basic model as ‘‘quadrupole plus repulsive

surfactant’’ (QPRS). One simple way of approximating the

interaction energy would be to use a point quadrupole at the

centre of the platelets but this would be accurate only at large

distances.28 At short distances it would introduce spurious effects

returning incorrect energies for some configurations that would

have to be corrected.17,18

Using a large number of sites for the placement of partial

charges enables a more accurate description of the electrostatic

interactions between platelets but on the other hand it becomes

prohibitively expensive to calculate the interaction energy for

the large number of platelets required in a simulation. It is

therefore necessary to tabulate the interaction for a pair of

platelets. To that effect, the following coordinate system (see

Fig. 3) is used to identify the configuration between two plate-

lets: the distance between the geometric centres of the platelets,

r, the angle between the vector (r) connecting the geometric

centres and the vector perpendicular to the faces of the first

platelet (n1), q, the angle between the vector perpendicular to the

faces of the second platelet (n2) and n1, g, and the angle between

the projection of the vectors r and n2 on the equatorial plane of

the first platelet, f. The interactions are tabulated, covering all

the space up to a sphere of radius of 75 nm at which distance the

energy values are already negligible (less than 1% of the

minimum of the interaction at short distances). The sampling

intervals used in the construction of the table are Dr ¼ 0.2 nm
9160 | Soft Matter, 2011, 7, 9157–9166 This journal is ª The Royal Society of Chemistry 2011



and Dq ¼ Dg ¼ Df ¼ p/40 rad. In the simulations the elec-

trostatic contribution to the energy from a pair of platelets is

calculated from the table by a tetra-linear interpolation.29

Coulomb interaction energy curves for a group of selected

orientations, {q,g,f}, are presented in Fig. 4. As expected, from

what is effectively a quadrupole-quadrupole interaction at large

separations, the configurations for parallel plates, {0,0,0}, are

always repulsive (which supports our argument above about

neglecting solvent perturbation effects) and the T-configuration,

{0,90,0}, is attractive. But unlike a quadrupole-quadrupole

interaction, the configurations that are most attractive, within

the limits imposed by hard disk repulsion, are when the angles

between the normals to the faces are of about 20 degrees and the

platelets approach each other along the equatorial plane. This

behaviour cannot be reproduced with simple point multipole

interactions. We initially tried several different interaction

models for electrostatics, including a point quadrupole model

and models that used fewer partial charge sites. But we found

that these models could not reproduce the same qualitative

behaviour obtained with the full resolution model used here. A

similar account of the problems encountered in using lower

resolution electrostatic interaction models for platelet systems is

given by Odriozola et al.30

In order to understand the influence of the surfactant layer on

platelet interactions and dispersion structure twomodifications to

the previous model are tested. The first involves using a different

thickness of surfactant repulsive layer. This truncates the

electrostatics at different ranges making them softer for larger

surfactant thickness (see Fig. 4). The second is to add a third cut-

sphere to the model (see Fig. 2d) representing a layer of attractive

surfactant. This tests the hypothesis that there could be some
Fig. 3 Coordinate system used to identify the configuration between two

platelets. Symbols are identified on the text.

This journal is ª The Royal Society of Chemistry 2011
effective attraction between platelets caused by surfactant, either

by attractive effective interactions between surfactant tails, or

perhaps due to bridging of surfactant between platelets.

As a final modification we also test the possibility that there

might be a permanent electrostatic dipole in the plane of the

Laponite platelet. Although the origin of any electrostatic dipole

is not obvious, we suggest that it is unlikely that any particular

platelet will have a perfectly symmetric distribution of

substituted metal atoms or terminating atoms around its edge.

Therefore, each Laponite disk might be expected to exhibit

a residual electrostatic dipole in the plane of the crystal.

Although any such electrostatic dipole would be counter-

balanced, or screened, to some degree by relatively mobile

cationic surface charges (Na+ or cationic surfactant), these

residual dipole - dipole interactions might still be significant at

small pair separations. So, an in-plane electrostatic dipole is

added by placing two additional charges symmetrically along the

platelet’s diameter (see Fig. 2e) at a distance from each other of

two thirds of the platelet diameter. Dipole-dipole interactions are

calculated with the screened potential

Uij ¼ Udipole � exp(�rij/lD) (1)

where Udipole is the standard Coulomb energy of the four charge-

charge interactions comprising the dipole and lD is the charac-

teristic Debye screening length31 which, in our case, is set to six

platelet diameters. A fortunate consequence of screening the

dipole potential in our calculations is that it speeds up simula-

tions by avoiding more computationally expensive methods, e.g.

Ewald summation. Ideally, one would like to use a larger number

of partial charges to represent this dipolar interaction, as for the

faces and rims. But, unfortunately, the inclusion of a dipole

breaks the symmetry of the charge distribution in the platelets,

and the additional degrees of freedomwould render tabulation of

the pair-interaction too expensive (the required table would need

gigabytes of memory to be stored). For the same reason, we do

not include the interaction between the screened dipole and the

original charge distribution of the QPRS model. We expect this
Fig. 4 Electrostatic potential energy, U, for the QPRS model. A

representative set of relative orientations of platelets is shown. Dashed

lines represent the continuation of the interaction for distances corre-

sponding to surfactant overlap.

Soft Matter, 2011, 7, 9157–9166 | 9161



simplified platelet dipole model to be sufficient to capture the

main features of this dipole - dipole interaction.
Fig. 5 Typical configurations for the QRPS model at T* ¼ 0.016 (a),

T* ¼ 0.035 (b) and T* ¼ 0.045 (c). The corresponding intensity plots are

shown in part d (T* ¼ 0.016 - green, T*¼ 0.035 - blue,T*¼ 0.045 - orange,

SAXS - red, SLS - black).
3.2 Monte Carlo simulations

Monte Carlo simulations are performed using the NVT ensemble

(constant number of particles N, constant volume V, and

constant temperature T) with number density 2.302 � 10�6 nm�3

and N ¼ 7776 platelets. This density corresponds approximately

to a volume fraction of f ¼ 0.0035 and approximately 0.5%

(w/w) of organically modified Laponite in styrene which belongs

to the interval of densities studied experimentally. Each simula-

tion ran for more than 106 Monte Carlo cycles where each cycle

corresponds to, on average, a translation and a rotation of each

particle in the system. Standard cluster moves32 are used in order

to improve the sampling of networked structures. Cluster bonds

are constructed for pairs of particles where the distance between

their centres of mass is less than 1.1D, and clusters are built for

sets of particles mutually connected by any possible bonded

chain of particles. After building a set of clusters, a number of

translation and rotation moves are tried with the appropriate

acceptance probabilities.32 A new set of clusters was built, on

average, every 100 Monte Carlo cycles. Solvent dispersion

interactions are ignored in these simulations but the dielectric

constant (3 � 2.4 for styrene) is included. The initial configura-

tion for each simulation is a fully dispersed suspension obtained

by simulating the system at high temperature. During simula-

tions evolution of the radial distribution function (RDF) is

monitored and analysed by block sampling. For cases where the

system forms arrested cluster or networked structures the RDF

and energy of the system evolve very slowly as any significant

changes in the system can only be achieved by concerted indi-

vidual movements of the platelets (because cluster moves are very

rare). In this case, the last set of RDFs is used to calculate

structure factors and scattering intensities of those networks.

Simulated RDFs are always converted to scattering intensities

because characteristics of both short (corresponding to SAXS)

and long-range (corresponding to SLS) structural correlations

important in this study are most readily seen in the latter plots, as

discussed in the previous section. The normalised scattering

intensity is given by

I(Q) ¼ S(Q)P(Q) (2)

where I is the scattering intensity, S is the static structure factor,

P is the form factor, andQ is the scattering vector amplitude. The

form factor is the scattering intensity from a single platelet and is

given by12,33

PðQÞ ¼ Cn2
ðp=2
0

�
sin½QL cosðbÞ=2�
QL cosðbÞ=2

�2

�
2J1½QD sinðbÞ=2�
QD sinðbÞ=2

�2

sinðbÞdb (3)

where C is a constant related to the scattering properties of the

platelets and the medium, n is the volume of one platelet (e.g. cut-

sphere), J1 is the first order Bessel function and b is the angle

between the platelet axis (director vector) and the scattering
9162 | Soft Matter, 2011, 7, 9157–9166
vector, Q. The static structure factor, S, is related to the radial

distribution function by a sine Fourier transform12,34

SðQÞ ¼ 1þ 4pr Q�1

ðN
0

½gðrÞ � 1�r sinðQrÞdr (4)

where r is the number density. Each scattering intensity plot,

both the experimental and simulation ones, can be arbitrarily

shifted vertically since C is different for the SAXS and SLS

experiments. So we have made a judgement about how to place

these intensity plots. This adjustment is allowed because

results are analysed primarily in terms of the slopes of the plots in

each region. Because we can only calculate the RDF up to half

of the simulation box length the minimum wave vector is

l ¼ 2p/(L/2) ¼ 0.00803.
4 Simulation results

4.1 Model with quadrupole plus repulsive surfactant

Above a certain, system dependent, crossover temperature all the

systems form stable isotropic dispersions showing no long-range

orientational correlations or clustering. For the ‘‘quadrupole

plus repulsive surfactant’’ (QPRS) model the reduced crossover

temperature is about 0.045. Throughout this work, temperature

will be presented in reduced units using the standard formula,

T* ¼ TkB/3, where 3 is the minimum interaction energy for the

QPRS model, 3 ¼ 0.437eV (see Fig. 4). As can be seen in Fig. 5,

the simulated scattering intensity shows the expected plateau for

Q < 0.1 nm�1 at temperatures above the crossover temperature.

For lower temperatures the system is not ergodic any more and

fails to reach equilibrium, and either forms low density net-

worked structures, that percolate the whole system, or a disper-

sion of clusters that very slowly incorporate the remaining
This journal is ª The Royal Society of Chemistry 2011



Fig. 6 Typical configurations for the QPIRS model at T* ¼ 0.020 for

different surfactant layers; 1.5 nm repulsive layer (a), and 2 nm repulsive

layer (b). A typical configuration is shown for the square well attractive

surfactant layer model at T* ¼ 0.049 in part c. The corresponding

intensity plots are shown in part d (1.5 nm repulsive - green, 2.0 nm

repulsive - blue, square well attractive - orange, SAXS - red, SLS - black).
dispersed platelets as the simulation progresses. A snapshot of

a configuration of an arrested network can be seen in Fig. 5a for

the QPRS model at T* ¼ 0.016. The slope of the calculated

scattering intensity (see Fig. 5d - green) for the long range

correlations (SLS range) matches the slope from the experi-

mental scattering intensity quite well. This suggests that these

simulated networks have the correct density and fractal struc-

ture. Throughout the text we refer to ‘‘slope’’ as the absolute

value of the slope of the scattering intensity curves as they

approach the SLS range of Q values. At higher temperatures

(T* ¼ 0.035 - Fig. 5b), closer to the crossover temperature, the

long range networks take longer to form, or do not form at all,

and instead the particles form clusters that do not percolate the

system. These structures produce scattering intensities (see

Fig. 5d - blue) that show a slight turn, at long range (small Q),

towards the plateau that is expected for a full dispersion, indi-

cating a dispersion of clusters. We can see that the slope at

medium range, 0.1 nm�1, is larger than the experimental one

indicating that these clustered structures have a higher density

than the ones present in the experimental system.

Looking at short-range correlations (high Q, SAXS range) the

calculated intensities for systems below the crossover tempera-

ture always have a pronounced peak at �0.3 nm�1 that the

experimental one does not show. This peak is related to the local,

nearest-neighbour, structure of these clusters and networks. At

low temperature the platelets arrange themselves to form small

relatively planar structures shown in the left inset of Fig. 5d, that

then connect to each other to form the long range structures. At

higher temperature the planar structures still dominate the

overall structure but another type of local structure starts to

emerge. These star shaped structures, as presented on the right

inset of Fig. 5d, are composed of three platelets connected by face

edge contacts. Both the planar structures and the star ones are

related to the electrostatic interaction curves, presented in Fig. 4,

for the configurations {90, 22.5, 22.5} and {90, 22.5, 135}. It is

worth noting that these structures are remarkably different from

the typical house of cards18,35–37 structure proposed for the gel

structure of clays, including Laponite, where pairs of platelets are

said to adopt T-shaped structures formed by edge-face interac-

tions. Nevertheless, the results generated with the QPRS model

are not in agreement with the experimental ones and hence

further hypotheses are tested.
4.2 Influence of surfactant

We studied the influence of the surfactant layer by performing

simulations with different thicknesses of surfactant and by

incorporating an outer attractive layer of surfactant. Some

results are presented in Fig. 6 for simulations below the crossover

temperature for dispersion. Results for the models with increased

surfactant layer thickness (QPIRS) are presented in Fig. 6a (L ¼
4 nm, D ¼ 28 nm, T* ¼ 0.020), 6b (L ¼ 5 nm, D ¼ 29 nm, T* ¼
0.020) and 6d - green and blue lines, respectively. As in the QPRS

model, they also exhibit a correlation peak at �0.3 nm�1 for

short-range correlations. Low temperatures (T* ¼ 0.020) are

needed to obtain networked structures for which the slope of the

scattering intensity is similar to the experimental one. The

structures obtained with this model are either low density

networks, based on planar structures (Fig. 6a) and percolating
This journal is ª The Royal Society of Chemistry 2011
the system, or smaller, dense networks (Fig. 6b) based on

a mixture of planar and star like structures. The crossover

temperature for dispersion, in these models, is lower than for the

QPRS model because the electrostatic interactions (Fig. 4) are

cut at larger distances and are, therefore, weaker at particle

contact. The electrostatic potential energy surface for the QPIRS

model displays both weaker and softer interactions with less deep

potential wells and lower potential energy barriers between

different configurations. Therefore the particles adopt a larger

number of short-range configurations giving rise to denser

networks than before, obtained closer to the dispersion temper-

ature (see Fig. 6b). In these denser networks a large number of

particles form star configurations. The number of contacts for

such configurations is larger than for planar structures and so the

peak for the short range correlations at 0.3 nm�1 is, consequently,

more intense for this model.

For the model with an outer shell of attractive surfactant

(QPRSPAS) we obtained some long range networks that generate

scattering intensities with approximately the same slope as the

experimental one. In Fig. 6c we present a snapshot of a system

(L ¼ 3 nm, D ¼ 27 nm, L0 ¼ 4 nm, D0 ¼ 28 nm, USW ¼ 53T*,

T* ¼ 0.049, where USW is the energy of the square-well potential

characterising the attraction between surfactant layers) forming

such a network and in Fig. 6d (orange line) the respective scat-

tering intensity. However, these networks are formed from very

dense structures almost completely built from platelet star-like

conformations. Therefore, a very pronounced peak at�0.3 nm�1

is seen, corresponding to strong short range correlations.

To summarise, we are unable to reproduce the experimental

scattering intensity curves using the ‘standard’ quadrupolar

charge distribution of Laponite, regardless of our surfactant
Soft Matter, 2011, 7, 9157–9166 | 9163



model. These results show that the main problem in modelling

Laponite gels is not in building a model that generates long range

structures with the correct fractal dimension, but in designing

a model that generates local arrangements of platelets with the

correct short-range scattering intensity.
4.3 Model with quadrupole and dipole plus repulsive surfactant

Simulations with the model incorporating a quadrupole and

a dipole (QDPRS) were performed to test the influence of

a hypothetical small dipole placed along the equatorial plane of

Laponite platelets. The dipole strength was varied by changing

the charge magnitude and keeping the distance between charges

constant. As we will see, the complexity of these platelet inter-

actions, introduced by the presence of the dipole, is enough to

generate a much wider range of structures, some of them pre-

senting a very good match with our experimental results. In

Fig. 7, we present the most relevant results, corresponding to

different conditions of temperature and dipole strength, that we

obtained for this model.
Fig. 7 Typical configurations for the QDPRS model with q ¼ 2.0 e at

T* ¼ 0.020 (a), q ¼ 2.0 e at T* ¼ 0.035 (b) and q ¼ 2.0 e at 0.053 (c), and

q¼ 1.5 e at 0.045 (d). The corresponding intensity plots are shown in part

e (q ¼ 2.0 e at 0.020 - green, q ¼ 2.0 e at 0.035 - blue, q ¼ 2.0 e at 0.053 -

orange, q ¼ 1.5 e at 0.045 - magenta, SAXS - red, SLS - black).
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The quadrupolar-dipolar disc model, bearing charge distri-

butions (as opposed to point quadrupole and dipole moments) is

incredibly rich in the morphology of the structures it can yield

and just as an example we show, in Fig. 7d, the spontaneous self

assembly of globular structures from a dispersion of platelets

with L ¼ 3 nm, D ¼ 27 nm and q ¼ 1.5 e. These structures bear

some resemblance to self-assembled capsids reported recently38

constructed from ‘designer’ molecules, and also to capsids con-

structed via directed assembly on a spherical template.39 The

scattering intensity of these structures is presented in Fig. 7e

(magenta line) showing a high slope in the SLS range, corre-

sponding to the higher density of these structures, and a strong

peak in the SAXS region due to the strong close range correla-

tions in these structures. From the snapshot we can see that the

walls of these structures are formed by chains of platelets placed

side by side in order to form a curved wall. The structures are not

completely empty but the interior definitely has a lower density

than the walls. This result points to a potential route for the

experimental production of shell like structures from suspensions

of discotic particles, although the relationship between quadru-

pole, dipole and geometric parameters (e.g. aspect ratio) that

gives rise to this phenomena needs further investigation. These

structures, if they are found to actually occur in aqueous solu-

tions, might also be relevant for the formation of life on Earth,

considering that clay (Montmorillonite) surfaces are thought to

catalyse the formation of vesicles.40,41

The case with L ¼ 3 nm,D¼ 27 nm, q¼ 2 e (see Fig. 7a, b and

c and Fig. 7e - green, orange and blue lines) is the one that best

matches the experimental results. Analysing the calculated scat-

tering intensities, shown in Fig. 7e, it is clear that the peak cor-

responding to the short range correlations, at �0.3 nm�1, is very

weak. This means that the short range arrangements of the

platelets must be very different from before. Indeed, from the

snapshots of Fig. 7, we can see that the particles are now

arranged into chains, rather than plates or star-like structures,

having a lower number of contact neighbours. These chains are

a consequence of the alignment of the dipoles in the platelets,

although the effect of the quadrupolar charge distribution is still

very important. The quadrupolar repulsive interaction for

configurations where the platelets approach face-to-face prevents

the platelets from stacking into small columns and, therefore,

forces the platelets to form open structures. At low temperature

(see Fig. 7a for T* ¼ 0.020) the system forms very low density

networked structures, that percolate the whole simulation box.

This ‘string’-like or ‘polymer’ phase is to be expected for

a strongly dipolar dispersion. Actually, this structure appears to

closely resemble the structures seen below the percolation

threshold for dipolar dumbbells.42 The slope of the correspond-

ing calculated scattering intensity (see Fig. 7e - green) in the SLS

range is �0.95 � 0.03, in agreement with what is expected for

single chains (�1). Nevertheless, this is clearly lower than the

experimental one, meaning that these networks are ‘‘too open’’

when compared to the structure of the experimental system.

From the simulations we observed that the platelets in the chains

were very static and we correlate this observation with the

presence of a small peak, at �0.3 nm�1, corresponding to short

range correlations. At higher temperatures we obtained better

agreement with the experimental results since, due to higher

mobility of the platelets, the peak for short range correlations
This journal is ª The Royal Society of Chemistry 2011



becomes increasingly flattened. A snapshot of the network that

gave the best match between the calculated and experimental

scattering intensities is presented in Fig. 7b (T* ¼ 0.035) and the

respective intensity in Fig. 7e (blue line). This network is

composed mainly of platelet chains but now, in contrast with the

very open chains at low temperature, they can form some

medium range planar aggregates in which two or three chains

pair up, side by side. At higher temperatures the mobility of the

particles is highly increased and the networks start to collapse

into more dense structures, as presented in Fig. 7c (T* ¼ 0.053)

that stay in equilibrium with oligomeric units which are mostly

planar or ring shaped. Due to the higher density these networks

have higher fractal dimension as indicated by the slightly larger

slope of the calculated scattering intensity (see Fig. 7e - orange

line). The behaviour observed in the simulations seems to indi-

cate that a rise in temperature, below the crossover temperature

for dispersion, may speed up the formation of higher density

structures and therefore increase the rate of sedimentation of the

samples. This effect remains to be confirmed as higher temper-

ature experiments with styrene are, at the moment, too compli-

cated to perform. There is still the matter of the small peak

present in the calculated scattering intensity at short range that is

not present in the experimental scattering intensity. We suggest

that this small peak might be a consequence of the monodisperse

simulation model. Laponite particles, however, have a range of

diameters (thickness is fairly constant) and face shape anisot-

ropies11 which could result in the smooth scattering intensity seen

in the experiments.
5 Summary

By fine-tuning a simulation model we are able to closely match

the scattering intensities generated by large-scale Monte-Carlo

simulations and experiments for a particular surface modified

Laponite dispersed in styrene. Our results suggest that Laponite

might have a permanent electrostatic dipole in the plane of the

crystal. This possibility seems not to have been mentioned in the

literature before, which brings into question some of the early

theoretical work on polymer-clay phase behavior.43–45 In that

work concerning clay particles dispersed in a polymer melt clay

particles are represented in terms of hard disks modeled with

excluded volume interactions only,43 or by hard disks with an

anisotropic interaction that favours parallel alignment of

disks.44,45 Our work suggests these models are likely to be inad-

equate for theoretical treatment of both monomer-Laponite and

polymer melt-Laponite mixtures. Also note that several experi-

mental reports provide hints that inclusion of an in-plane elec-

trostatic dipole should be considered. For example, in

electrorheological experimental studies on suspensions of

organically modified Laponite in non polar solvents46,47 the

authors refer to dipole moments induced by an electric field. We

suggest, instead, that Laponite carries a permanent dipole that is

enhanced in the presence of an electric field by the polarization of

surfactant layers, and therefore produces the strong alignment of

the platelets observed in these studies. Also consider the cryo-

fracture imaging experiments ofMourchid et al.17 for Laponite in

brine (without any electric field) that appear to show Laponite

particles forming kinds of broken chain-like structures at higher

concentrations. In their images the Laponite particles are well
This journal is ª The Royal Society of Chemistry 2011
separated, as expected for Laponite in brine, but nevertheless

they appear to be aligned into short chains, potentially indicative

of an in-plane dipole moment.

However, we cannot state definitively that this is the only

simulation model able to match the experimental results; it is

simply the only model that we tried that was able. Nevertheless, it

does seem that whatever simulation model is designed, its

interactions should lead to a low number of platelet contacts,

since otherwise a sharp peak in the SAXS range will be observed.

It follows that for our system of Laponite in styrene we can rule

out house-of-cards36 or similar structures. Indeed, the best match

with experiment is generated by a networked or clustered system

that more closely resembles the ‘cellular foam’ structure

proposed by Morris and Zbik48 for smectite in water, and the

‘bifurcated’ string-phase seen in simulations of dipolar dumb-

bells.42 Indeed, the apparent agreement between our simulated

structure in Fig. 6b and a TEM image of a dried cluster of surface

modified Laponite7 is remarkable. However, the range of

morphologies exhibited by our quadrupolar-dipolar platelet

model is rather wide, including intriguing self-assembled glob-

ular structures, and it seems likely to us that this could be

mirrored by experimental systems for a range of clay systems

dispersed in a range of solvents over a range of temperatures. The

classification of such gels into ‘strong’ and ‘weak’ kinds following

Pluart et al.,9 while suitable for some systems, might well be too

simplistic for general use.

Ultimately, this work suggests that it will be very difficult to

obtain good isotropic dispersions of Laponite, and therefore

perhaps other clays, without any clustering in typical monomeric

solvents such as styrene. Our results suggests these systems are

dominated by a combination of dipolar and quadrupolar inter-

actions, and since dipole - dipole interactions are relatively long-

ranged it could be difficult to eliminate their effects unless very

thick layers of surfactant can be achieved. This could be a major

problem for the development of polymer-clay nanocomposites

formed via the in situ polymerisation route and the development

of polymer-clay nanocomposites with well controlled structures.

While we cannot be sure whether or not gelled structures

occurred in earlier work involving Laponite that motivated this

work,7,8 our results here do question the existence of isotropic

dispersions without clustering in those systems.

Finally, we remark on the utility and novelty of these kinds of

platelet-level simulations for understanding clay dispersions. By

matching, for the first time, large-scale simulation data with

experimental scattering data over multiple length-scales for

a clay dispersion, we are able to gain new insight into dispersion

structure, and therefore into effective interactions between clay

particles, that is difficult to obtain using only simulations or

experiments alone or indeed any method that analyses only

relatively limited structural length-scales. Although the applica-

tion here is to a synthetic clay dispersion, we expect our methods

can be applied to a wide range of platelet dispersions, synthetic or

otherwise.
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