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Abstract

A new model is presented which can describe quantitatively the small angle neutron scattering from montmorillonite-type clay dispersions and

polymer-clay nanocomposites. The model is shown to be able to describe well the data from a series of dilute montmorillonite in water dispersions

in which the deuterium content of the water phase is varied. The fits combined with information from other techniques suggest strongly that H–D

exchange occurs in the montmorillonite-water dispersions. Deviations fromQK2 behaviour often observed experimentally for clay dispersions are

convincingly explained by the presence of a small proportion of tactoids.

q 2006 Elsevier Ltd. All rights reserved.
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1. Introduction and background

The interactions between polymers and clays have been

studied for many years [1]. Interest in this subject has exploded

[2] since the development and commercialisation of nylon-

montmorillonite nanocomposites by Toyota. Commercially,

these materials are of interest because at low clay contents

significant improvements in, for example, mechanical proper-

ties, heat distortion temperature and gas permeability may be

observed. In addition, due to the nature of the dispersed clay

particles, such clay-polymer nanocomposites may be processed

on standard machinery and transparency may be preserved. On

an academic level, these materials are of interest as ‘model’

high aspect ratio fillers. In the case of high clay content

materials in which the polymer is completely confined on a

(sub-)nanometre scale between the clay platelets, they are also

systems in which the effect of extreme confinement can be

studied

Sodium montmorillonites are the clays most commonly

used as the basis for polymer-clay nanocomposites. They are

naturally occurring expandable ‘smectite’ clays, or ‘layered
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silicates’ with an average chemical formula of [Si4Mg0.33
Al1.67H2O12][Na]0.33. The individual clay sheets are just under

1 nm-thick and have lateral dimensions of the order of

hundreds of nanometers. In the dry state these ‘platelets’ are

present as stacks known as ‘tactoids’. When interactions with

the clay are favourable, solvent or polymer can intercalate

between the platelets forming a ‘sandwich’ structure. Inter-

calation increases the interlayer distance between the platelets.

This can be measured for example, by X-ray diffraction. It is

possible for the interlayer distance to increase to such an extent

that the platelets become ‘exfoliated’. Fig. 1 illustrates

schematically the stacked and exfoliated structures. In reality,

a single sample may contain both tactoids and individual

platelets.

Neutron scattering has been used for some time to

investigate clay dispersions [3]. The interaction of polymers

with such dispersions has also been widely examined using this

technique [4]. By (partial) deuteration of, for example, the

solvent, the contrast between the system components can be

varied. As a result neutron scattering experiments can reveal

information not available from X-ray scattering which has been

used more extensively. In comparison with techniques such as

infra-red or nuclear magnetic spectroscopy which study

materials on the atomic level, neutron scattering looks at a

larger scale and can be used to study, for example, the effect of

clay on the conformation of polymer chains

Over the last several years Ho, Hanley, Glinka and co-

workers have presented a large volume of SANS data from

montmorillonite and organoclay dispersions [5]. For the
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Fig. 1. Schematic illustration of (a) tactoids, (b) intercalated tactoids and (c) exfoliated clay platelets.
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organoclays (clays such as montmorillonite in which the

inorganic ion has been replaced by an organophilic compound,

usually a surfactant) they have investigated in detail the effect

of solvent solubility parameters on the degree of distribution of

the clay. To quantitatively describe the scattering data they

have developed a core-layer model. They assume that the next

neighbour distance in a stack of platelets obeys a Gaussian

distribution. The fits shown are for data from samples with

good contrast and are of good quality. In agreement with

previous studies, they find that montmorillonite in water is

dispersed as individual platelets. For the organoclay disper-

sions they find that the degree of dispersion depends on the

solubility parameter of the solvent

This paper introduces a new fitting model which has

been developed to quantitatively describe the scattering data

from montmorillonite platelets distributed as individual

platelets and/ or tactoids in a matrix which can be either

a polymer or a solvent. As described in more detail in the

next section, it differs from previous models in that it

concentrates on the larger scale, i.e. low Q-range scattering

data, which is related to the way in which the platelets are

distributed within the matrix, rather than focussing on the

internal structure of the tactoids. This novel approach

reveals information useful for explaining, for example, the

mechanical properties of clay nanocomposites. The accuracy

of the model is demonstrated on the basis of SANS data

from a series of dilute dispersions of montmorillonite in

water. Although the model is also capable of describing

organically modified clay systems, this initial work

concentrates on systems based on unmodified montmorillo-

nite. This reduces the number of components in the system

and thus the ambiguity of the fits
2. Proposed scattering model

The formation of intercalated tactoids is a multi-scale

phenomenon. On short length scales, a sandwich structure of

clay platelets and polymer or solvent is present. The thickness

of the intercalated material is not necessarily constant, i.e. the

internal structure of a tactoid is not strictly regular. Such short

range structures are frequently observed and described as

Bragg-peaks in the intermediate Q-range of X-ray scattering

experiments. Models published previously have described this

internal structure and the particle as a whole. By contrast,

whole tactoids are observed in the Q-range of a typical SANS
experiment such as described in this paper. Thus, our model

does not need to describe the internal structure, and, a

completely regular structure of the stacks is assumed. In

order to describe the scattering pattern from a many-particle

system the interactions between these must generally be

included. Correlations between the large tactoids are difficult to

treat due to the large aspect ratio (structure factors for spherical

particles are much more simple). However, in the dispersions

discussed in this paper, the concentration is low enough to

neglect large scale correlations.

In our SANS model we focus on the appearance of the

tactoid as a whole particle. We successfully describe the

statistics of the platelet number as simply as possible. The

internal structure is assumed to be regular. The previous model

by Hanley [5] assumed a Gaussian distribution of the platelet

distance. These distortions of the first kind affect the Bragg

peak width. The distribution of the platelet number used is

important to describe SANS scattering data but it is not

described explicitly by Hanley and co-workers. A more general

model of the internal structure which allows for these

distortions of the second kind was presented by Vaia and co-

workers [6]. However, this model failed to describe the

scattered intensity over the SANS Q-range. As shown below,

our refined model of the platelet number statistics does ensure a

good description in the SANS Q-range. The simplified

assumption of a regular internal structure leads to analytical

expressions of the structure factor Splatelet. A combination of

the Vaia model with our description of the platelet number

statistics could lead to a model describing the SANS Q-range

and the Bragg peaks observed at higher Q-values. However,

this combination would involve a numerical summation, which

would increase computational times significantly. In this paper

this refinement is not discussed further as our data do not cover

this Q-range.

In detail, the simple model we propose starts with a single

clay platelet with half of the polymer/solvent layer on either

side of the elementary particle. This is described by the form

factor Fplatelet. The formation of the whole tactoid is described

by the structure factor Splatelet. The detailed derivation of

expressions for these factors is given in the Appendix. The

whole tactoid is orientationally averaged, since no direction is

preferred. Thus, substituting in our expressions for the structure

and form factor yields the following expression for scattering

from clay systems
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Fig. 2. Simulation results illustrating the effect of the presence of tactoids on the

scattering pattern. Parameters used: rclayZ3.9!1010 cmK2, rsurrZ5.34!
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dS

dU
ðQÞZfð1KfÞ

ð
SplateletðQzÞFplateletðQxy;QzÞsinðbÞ db (1)

The components of the scattering vector are given by the angle

b, namely QzZjQjcos b and QxyZjQjsin b. The tactoid

fraction f appears in the prefactor as for concentrated systems.

The form factor Fplatelet factorizes by two amplitudes, which

describe the in-plane structure of a disc and the platelet

structure in the normal (z)-direction and is given by:

FplateletðQÞZ
jAdiscðQxyÞAzðQzÞj

2

Vplatelet

(2)

Normalisation by the single platelet volume Vplatelet ensures the

form factor is proportional to the actual volume.

The structure factor takes into account the statistics of the

tactoid formation and is given by:

SplateletðQzÞZ
sin 1

2
dzQzk

� �
sin 1

2
dzQz

� �
 !2* +

k

=hkik (3)

The inner bracket describes a structure factor with a given

number of platelets k. Normalization by the average number of

platelets yields the structure factor describing the mass average

of the tactoids. In the low Q-limit the structure factor is

SplateletðQzÞZ hk2i=hki.

In this model, the statistics assumed for the platelet

distribution are the sum of a Poisson distribution and a box

(flat homogenous) distribution. The parameters are: the mean

platelet number l of the Poisson distribution, the maximum

platelet number N of the box distribution, and a weight

parameter a, which describes the dominance of the Poisson

distribution. This assumption results in a small number of

parameters and seems to agree with published microscopy

results [7].

The model can be used to illustrate the effect of different

degrees of platelet dispersion on the scattering pattern. For

each simulation the scattering length densities of the clay and

solvent, the dimensions of the individual clay platelets and the

clay content were kept constant. The effect of increasing the

proportion of platelets present as tactoids is illustrated in Fig. 2.

When all platelets are present as individual platelets (i.e. aZ
0), the slope of the data in a log–log plot is seen to be K2.0 as

expected for non-interacting thin discs. If 1% of the platelets

are present as tactoids containing an average of 7 platelets, the

shape of the scattering curve changes minimally and the slope

decreases to approximately K2.2. Experimentally, slopes of

this order are often observed for clay dispersions. Increasing

the proportion of tactoids to 10% can be seen to have a more

significant effect on the scattering pattern. Careful observation

reveals two different slopes. This is because a sufficient

proportion of discs no longer meet the thin disc criterion such

that a QK4 ‘Porod-law’ component resulting from the surfaces

of the particles starts to become visible. This component is

clearer for the highest intensity curve which is a simulation

which assumes that all platelets are present as tactoids

containing on average 7 platelets. Here both the QK2

component resulting from the platelets making up the tactoids
and the QK4 component describing the surface scattering from

the tactoids are clearly visible. The change in slope occurs at a

Q-value approximately equal to the inverse of the average

thickness of the tactoid. This is clearly illustrated in Fig. 3

which illustrates the effect on the scattering pattern of average

number of platelets per tactoid if all the clay is present in this

form. These results illustrate that the experimentally observed

deviations from a QK2 slope in scattering data from clay

dispersions are due to the presence of a small proportion of

tactoids, i.e. non-exfoliated platelets, such that a QK4 surface

scattering component is superimposed on the QK2 scattering

from the non-interacting thin discs.



Fig. 4. WAXS data from a 1 wt% MMT in water (85 vol.% D2O) dispersion.
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3. Experimental methods

3.1. Materials

The sodium montmorillonite used, Nanofil 757, was

generously donated by Süd-Chemie, Moosberg, Germany.

According to the producer it is a highly pure sodium

montmorillonite with a density of approximately 2.6 g/cm3, a

cationic exchange capacity (CEC) of 80 mVal/100 g, and a

particle size of approximately 100–500 by 1 nm when fully

dispersed.

3.2. Sample preparation

To ensure that the montmorillonite in water dispersions

remained stable, i.e. did not settle, the montmorillonite was

fractionated prior to use using centrifugation in two stages. For

this an approximately 1 wt% dispersion of the clay in Millipore

water was prepared a day before centrifugation. To aid

exfoliation of the clay the dispersion was treated in an

ultrasound bath. After fractionation the water was removed

by freeze drying to a constant weight. The montmorillonite was

then placed in a vacuum oven at room temperature.

The 1 wt% dispersions for the scattering experiments were

prepared directly using the required H–D composition of the

water phase and a known quantity of clay. Millipore water and

high purity D2O were used. To ensure maximum dispersion,

i.e. exfoliation, the dispersions were placed in an ultrasound

bath. All dispersions were treated in an identical manner and

were optically clear. They were prepared 3 days prior to the

SANS experiments.

3.3. Small angle neutron scattering (SANS)

The SANS experiments were performed on the KWS1 and

KWS2 instruments at the Forschungszentrum in Jülich. These

instruments have been described elsewhere [8]. The disper-

sions were placed in 1mm gap quartz cells. The SANS

measurements were performed at room temperature. By using

the neutron wavelength lZ7 Å and sample-detector distances

of 2 and 8 m, scattering data were collected over the Q-ranges

0.0045–0.125 ÅK1. The scattering patterns were isotropic. The

data was azimuthally averaged before being corrected for

sample transmission, empty cell, etc. and placed on an absolute

scale using standard procedures

3.4. X-ray scattering

X-ray scattering data were collected using a Bruker AXS D8

X-ray reflectometer [9] and a wavelength of 1.54 Å. The

dispersions were placed in an open trough. During these

measurements the water gradually evaporated such that several

repeat measurements were performed as a function of

concentration. These experiments were performed using the

dispersions which had been prepared for the SANS exper-

iments. The dispersions had been stored in sealed glass vials in

the dark at room temperature. They did not exhibit any signs of
settling or degradation and were optically identical. The data

were interpreted in terms of the peak position. In addition, the

average number of platelets per tactoid was estimated using the

Scherrer equation [10]. For these calculations, instrumental

broadening was neglected and a value for the Scherrer constant

of 0.9 was used such that the equation becomes:

tZ
0:9l

B cos q
(4)

where t is the average thickness of the tactoid, l is the

wavelength of the X-rays, B is the width of the observed

diffraction line at its half-intensity maximum and q is the peak

position of the diffraction line. B and q must be given in

radians. As the thickness of an individual platelet is known, the

average number of platelets per tactoid can be estimated from t.

4. Results and discussion

Two randomly chosen montmorillonite in water dispersions

which had been previously investigated using SANS were

investigated using X-ray scattering as a function of time, i.e.

concentration. The dispersions had been prepared concurrently

and were optically identical. Fig. 4 illustrates typical data

obtained. The broad halo at QO1 ÅK1 can be correlated with

the structure of water. Changes in the water halo were observed

for both dispersions as a function of concentration. This may

indicate a change in the structure of the water due to increasing

interactions with the clay. As this was not of direct interest in

this work, the effect was not investigated further. Pertinent to

this work is the distribution of the clay platelets. If the clay

platelets are fully exfoliated and randomly distributed, no peak

will be observed in the WAXS data. This was initially the case

for one dispersion. As illustrated in Fig. 4, the other dispersion

exhibited a peak just below QZ0.5 ÅK1. The position and

sharpness of the peak indicate that in this dispersion tactoids

with an interlayer distance of 15.7 Å and an average number of

platelets per tactoid of approximately 7 are present (Scherrer

equation). This interlayer distance is similar to that previously
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reported for the second hydration level in which the sodium ion

is surrounded by 12 water molecules [11]. As the concentration

of the dispersions increased due to evaporation, the peak

became visible in the data from both dispersions. Its intensity

subsequently increased indicating an increase in the average

number of platelets per tactoid with concentration. The

position of the peak did not change. For the detailed fitting

of SANS data discussed below, these X-ray scattering results

thus yield following information:

1. Tactoids may be present in optically clear dispersions

2. The platelet distribution in optically identical and con-

currently prepared dispersions may vary

3. The tactoids exhibit an average interlayer distance of

approximately 15.7 Å.

The complete series of nine 1 wt% montmorillonite in water

dispersions in which the H–D composition of the water phase

was varied systematically from 0 to 85% D2O was investigated

using SANS. Fig. 5 illustrates typical data obtained. One aim of

these experiments was to obtain an experimental value for the

scattering length density of the montmorillonite. Generally, the

scattering intensity can be described as [12]: dS=dUðQÞZ
fð1KfÞVðDrÞ2PtactoidðQÞStactoidðQÞ, where f is the volume

fraction of clay, V is the average volume of a scattering

particle, i.e. of a tactoid, (Dr)2 is the contrast resulting from the

difference in scattering length density between the particles and

matrix, Ptactoid(Q) is the form factor, which describes the shape

of the particles and Stactoid(Q) is the structure factor which

describes the interactions between the particles. As already

discussed, the structure factor of the tactoids is safely

neglected. Hence, if the concentration and nature (which

yields Ptactoid(Q)) of the particles in a dispersion are kept

constant, the observed scattering intensity is proportional only

to the square of the contrast between the particle and the

matrix, in this case solvent [13]. When the scattering length

density of the particles and the solvent are identical, the

scattering intensity will be theoretically zero. Practically, due

to inhomogeneities in the particles the minimum value is often

not zero. Nevertheless, the average scattering length density of
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Fig. 5. Typical SANS data for 1 wt% montmorillonite in water dispersions.
particles can be found by plotting the square root of the

scattering intensity at a particular small Q-value against the

scattering length density of the solvent. Fig. 6 illustrates such a

plot for the dispersions measured. From this the average

scattering length density of the montmorillonite appears to be

slightly higher than 4!1010 cmK2 which is somewhat higher

than the calculated values of 3.85!1010 cmK2 obtained if a

density of 2.66 g cmK3 is assumed [5] or 3.74!1010 cmK2 for

a density of 2.6 g cmK3. This deviation may be explained in

terms of compositional variations and impurities in a natural

product such as sodium montmorillonite. However, as will be

shown below, the true reason is that the scattering length

density of the clay actually varies with solvent composition due

to H–D exchange

The data from all dispersions were fit using our model

described in detail above. Figs. 7 and 8 illustrate typical data

(background has in this case not been removed) and fits

together with the obtained platelet distributions. For the

dispersions with good contrast, it was possible to fit the data

simply assuming that clay platelets with a constant (calculated

or experimentally measured) scattering length density were

present as a mixture of exfoliated platelets and tactoids in a

solvent of constant scattering length density. This was not the

case for the low contrast samples so that the two alternative

models discussed below were considered. When the scattering

length density of the clay was assumed to be constant, fits using

both 3.9!1010 and 4.0!1010 cmK2 were performed. Table 1

summarises which model was capable of fitting the data from

each dispersion.
4.1. Bound water layer

The existence on clay surfaces of a water layer with a

structure different to that in the bulk was suggested many years

ago [14]. NMR, X-ray diffraction and Monte Carlo simulations

have confirmed this [15] and suggest that the bound water layer

is more ‘solid’ than bulk water. By contrast, small angle X-ray

data have been interpreted to suggest an ‘electron inhomogen-

eity’ at the montmorillonite interface one interpretation of
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Fig. 6. Experimental contrast variation plot for 1 wt% MMT in water.
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which may be that the density of the adsorbed water is lower

than that of ‘free’ water [16]

The SANS data from the nine dispersions investigated in

this work were fit using both a lower and a higher density water

layer attached to the montmorillonite platelets. The thickness

of the layer was generally fixed at 3.1 Å ([15.7K9.5]/2). The
Table 1

Summary of quality of fits to data from montmorillonite in water dispersions for d

Sample

number

1 2 3 4 5

% D2O in

water phase

85 80 75 70 6

SLD of water

phase

(1010 cmK2)

5.340 4.958 4.632 4.313 3

Fitting results

Simple

model

(#) # (#) # !

Bound water:

density lower

than in bulk

! ! ! (#) #

Bound water:

density

higher than

in bulk

# # # #* #

H–D

exchange

# # # # #

#: data could be fit successfully using this model. (#): data could be fit using this mo

*A different density was required for this sample (see text for details).
lower density layer model was not successful at describing the

scattering from more than half the dispersions and was thus

discarded. By contrast all the data could be fit by assuming that

the water layers adjacent to the clay platelets have a density

higher than the bulk density of water. In almost all cases a

density 10% higher than the bulk water value could be
ifferent physical models

6 7 8 9

5 60 55 50 0

.917 3.598 3.251 2.911 K0.56

# # # #

! # # #

# # # #

# # # #

del, but the quality of the fit was poor.!:data could not be fit using this model.
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assumed. For one dispersion the density could only be

increased by approximately 5%.

4.2. H–D exchange between the solvent and the clay such that

the clay SLD changes

The possibility that H–D exchange between deuterated

water and clay may occur has been discussed previously in the

interpretation of neutron scattering results: Nelson and

Cosgrove report a higher than expected value for the scattering

length density of laponite determined experimentally using a

contrast variation plot [4] whilst Smalley and co-workers

discuss ‘extra’ peaks in a diffraction pattern of vermiculite in

terms of H–D exchange [17] (laponite and vermiculite are clays

with structures similar to montmorillonite). A brief survey of

the literature reveals that the exchange between heavy water

and montmorillonite and other clay minerals has been

investigated for many years [18]. Despite this, results published

for montmorillonite at ambient conditions range from rapid and

almost complete exchange [19] to minimal exchange [20]. This

difference may be a result of the different ways in which the

D2O and clay were contacted and/or subsequent exchange with

atmospheric moisture

The SANS data for all nine dispersions were fit allowing

both the scattering length density of the clay and the platelet

distribution to vary. To some extent variations in these

parameters have similar effects on the scattering pattern in

the Q-range investigated. These subtle changes can be

discussed in the context of trends of the whole series. The

fitting results can be summarised as follows:

a. The interlayer spacing used has no significant effect on the

scattering pattern in the SANS Q-range investigated. We

therefore, used the WAXS result to fix the parameter.

b. It is not possible to fit the data assuming that the relative

amounts of hydrogen and deuterium in the clay are the

same as in the water phase. The water phase must contain a

higher proportion of deuterium. This agrees with previous

reports [21] and is presumably related to the accessibility

of the hydrogen in the clay
c. Allowing the scattering length density and the platelet

distribution of the clay to be fit freely yielded the values for

the clay scattering length density plotted in Fig. 9. This plot

does not include values for the low contrast dispersions

(60, 65, 70% D2O in the water phase) because for these

dispersions allowing both variables to be fit simultaneously

resulted in unreasonable fits. However, data from these

dispersions could be fit using the clay scattering length

density calculated using the relationship described by

straight line fit illustrated in Fig. 9 and allowing only the

platelet distribution to vary.

d. The distribution of the platelets was found to vary

randomly from one dispersion to the next. The majority

of dispersions were found to contain a high proportion of

individual platelets, in some cases 100%. Generally, the

number of platelets per tactoid was found to be around 7 in

agreement with the X-ray scattering results.

As illustrated above, although the simple physical model

of platelets distributed in the water phase can be excluded,

both the bound water layer and H–D exchange models can

be used to fit the data. However, the effect of these different

physical models on a contrast variation plot is different.

Fig. 10 is a simplified contrast variation plot. (SLD(clay)-

SLD(water phase))2, which determines the intensity of the

scattering as described above if all other factors are

constant, is plot as a function of the solvent scattering

length density. Careful observation of the values reveals that

the bound layer model does not affect the position of the

minimum merely the sharpness of the curve. By contrast,

assuming H–D exchange occurs according to the relation-

ship found in Fig. 9 shifts the minimum in the contrast

variation plot to a position similar to that found

experimentally. Thus, combining this result with the

model fits to the data strongly suggests that montmorillonite
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in water dispersions undergo H–D exchange with the water

phase
5. Conclusions and outlook

It has been illustrated that the relatively simple new model

presented can successfully describe SANS data over a wide

Q-range from dilute montmorillonite in water dispersions. By

fitting the data from a series of solutions with various contrast it

has been shown that the montmorillonite dispersions cannot

simply be depicted as platelets with constant scattering length

density dispersed in the water phase. Although a bound water

layer model was successful at describing the data it was shown

that H–D exchange between the water phase and the clay

occurs such that the scattering length density of the clay varies

with the deuterium content of the water phase. In addition, the

fits illustrated that the relative amounts of tactoids and

exfoliated platelets in optically clear and concurrently prepared

dispersions may vary. It is the presence of these tactoids which

results in deviations from the QK2 scattering behaviour

expected from isolated thin discs. Application of the model

presented to describe the neutron scattering data from polymer-

clay nanocomposites is currently on-going. It has been found

that the clay dispersion in these composites can again be

described as a Poisson distribution coexisting with a flat

unstructured (box) distribution [22]. Similar distributions have

been observed directly by the interpretation of electron

microscopy micrographs [7]. The model presented is sensitive

not only to the SANS regime but also to the USANS regime

which can be used to look at longer length scales [23]. In this

paper, the lower Q-range limit yielded a lower limit of the

parameter N. It is hoped that in the near future, USANS

experiments will yield a more precise value for this parameter
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Appendix A. Derivation of the form and structure factors

used

The form factor of a single platelet, Fplatelet, is given by the

product of two amplitudes, which describe the structures in the

plane and in the normal direction. The in-plane structure can be

described as a spherical disk with diameter D

AdiscðQxyÞZ 2
J1

1
2
DQxy

� �
1
2

� �
DQxy

where J1 is the Bessel-function of the first kind. It should be

noted that due to the lateral size of the clay particles, the shape
is not observed in the experimental SANS range. Hence, the

particle shape assumed is unimportant.

The structure in z-direction is given by the clay as the central

particle and the intercalating material. The respective

amplitudes have to be simply added:

AzðQzÞZAclayðQzÞCAinterðQzÞ

The amplitude of a limited, one-dimensional particle then

becomes:

AclayðQzÞZ ðrclayKrsurrÞ$Vclay$
sin 1

2
dclayQz

� �
1
2
dclayQz

Here, the contrast between the clay and the surrounding is

described by the scattering length density difference rclayK
rsurr. The volume of the clay particle is given by the

thickness and the area of the disc-like particle VclayZ
dclay$

p
4
$D2. Two layers of intercalating material are situated

at a distance 1
2
ðdclayCdinterÞ such that:

AinterðQzÞZ ðrinterKrsurrÞVinter2 cos
1

2
ðdclay CdinterÞQz

� �

!
sin 1

2
dinterQz

� �
1
2
dinterQz

The volume of one intercalating layer fraction is given by

VinterZdinter$
p
4
$D2. It should be stressed that such a layer

fraction has half the thickness of the whole intercalating

material. The full thickness of the polymer/solvent is 2dinter
The actual notation involves the contrasts and volumes for

the amplitudes describing the structures in normal (z)-

direction. This is due to the notation of the amplitudes of the

clay and the intercalating material. Overall, the one-dimen-

sional properties are combined with volume properties

(contrast and volumes) and finally meet the area properties in

the expression of the form-factor (Eq. 2).

The structure factor of the platelets depends on the statistics

of the platelet number (Eq. 3). Two different distributions are

assumed, namely a Poisson distribution and a homogenous, flat

‘box’ distribution. The combined structure factor reads:

SplateletðQz; l;N;aÞZ ðaSpoissonðQz; lÞC ð1KaÞSflatðQz;NÞÞ=

! alC ð1KaÞ
1

2
ðNC1Þ

� �

The weight parameter a switches between the Poisson

distribution (aZ1) and the box distribution (aZ0). The mean

platelet number of the Poisson distribution is given by l, and

the maximum platelet number of the box distribution is given

by N. The summation over the individual tactoids can be

performed analytically. The solution for the Poisson distri-

bution reads:

SpoissonðQz; lÞZ
1

2
½1Kcosðl sinðdzQzÞÞe

lðcosðdzQzÞK1Þ�=

!sin2
1

2
dzQz

� �
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The solution for the box distribution reads:

SflatðQz;NÞZ
1

2

sin dzQz NC1
2ð Þð Þ

sin 1
2
dzQzð Þ

K1
� �

sin2 1
2
dzQz

� �
The total platelet thickness is dzZdclayC2dinter: It should

be noted that this structure factor assumes a regular internal

structure. Only in this case are analytical expressions available.

A combination of distortions of the first or second kind with

these statistics is possible numerically but results in slower

computation.
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