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Disorder of intercalated surfactant molecules in clay minerals

causes gradual swelling, rather than commonly assumed swelling

in discrete steps.

Nanocomposites of clay minerals and surfactants are of

practical importance in many fields.1 Beside the use of these

systems for pollution removal from waste water,2 they can also

be used as catalysts,3 to stabilize clay formations while drilling

for hydrocarbons,4 or for improving the strength of polymers.5,6

The nanocomposites are obtained through exchange of natural

counter ions by ionic surfactants, such as alkylammonium.7

Despite the importance of such nanocomposites, their behaviour

is not understood. It is commonly assumed that the distance

between the clay platelets (basal spacing) increases stepwise or

linearly with increasing alkylammonium chain length.8 The

traditional explanation for this observation is that the surfactants

form all-trans conformations between the clay platelets,8 either in

layers or tilted in a liquid crystalline ordered phase. However,

this explanation has recently been debated.9 X-Ray diffraction

measurements show a complex intercalation behaviour.7 For

example, when basal spacings are measured, corresponding to

values in-between monolayer and bilayer structures, then these

values are usually attributed to layer charge heterogeneity.10 In

this case, the explanation is that different layer charges within a

clay sample cause a varying surfactant loading in the interlayers

between two clay platelets and therefore an ensemble of mono-

and bilayer structures, but this has never been directly confirmed

experimentally. As X-ray diffraction peaks for such states over-

lap, the resulting peak is broad and difficult to interpret.

Molecular simulations are ideally suited for obtaining more

insight in the intercalation behaviour of surfactants in clay

minerals. Several simulation studies have been carried out to

compute the basal spacing for some clay minerals and some

alkylammonium surfactants.6,11–13 These simulation studies

show increasing disorder (phase transitions) of the surfactants

in mica clay minerals with increasing temperature.6,12 Our

simulations are complementary to the previous studies, in the

sense that they cover an extensive range of surfactant chain

lengths. Also, in contrast with mica, we consider clay minerals

that are able of swelling. We find, for the first time, full

quantitative agreement between the experimental and simu-

lated swelling behaviour of alkylammonium in montmorillo-

nite and vermiculite clay minerals. Based on our simulations,

we give a new explanation for the gradual increase of the clay

platelets distance. We show evidence that this is a true physical

phenomenon, caused by disorder of the surfactant molecules.

Out of several available molecular clay models,6,14,15 we

choose a clay model15 that has proven to be successful in

predicting the basal spacing of natural clay minerals with

water,15,16 the swelling capabilities of clay minerals,17,18 and

hysteresis in clay swelling.17,19 In our simulations, we use

molecular dynamics to move the flexible alkylammonium mo-

lecules with a time step t of 1.0 fs at a constant temperature T of

298 K using the Nosé-Hoover thermostat. The SHAKE algo-

rithm is included to constrain all bond lengths20 of the alky-

lammonium molecules. We describe the interactions between

alkylammonium molecules and the clay mineral using the

OPLS forcefield.21 For a correct sampling of the phase space

of the long-chain alkylammonium molecules, we found it

essential to use the configurational bias Monte Carlo scheme.22

Our simulations are performed in the isobaric–isothermal

(NPzT) ensemble, with Pz=1.0 atm. The basal spacing changes

are carried out with a Monte Carlo algorithm,22
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where acc (o - n) denotes the acceptance probability of going

from an old (o) to a new (n) configuration. DU and DV are the

difference in potential energy and volume, respectively, between

the new and the old configuration. k represents the Boltzmann

constant. The number of alkylammonium molecules is given by

Naa and the z-dimensions of the new and old configurations are

defined as Lz(n) and Lz(o), respectively. We investigate three

types of clay minerals: Wyoming montmorillonite, Cheto mont-

morillonite, and Vermiculite. In this order, these clays have a

systematically increasing negative layer charge7 of 0.625 e, 0.875 e,

and 1.3125 e per unit-cell, respectively. In our simulations, one

clay platelet consists of 32 unit-cells with Lx = 42.24 Å and

Ly = 36.56 Å, corresponding to the dimensions in the x and y

directions, respectively. The 32 unit-cells of a clay layer imply

a charge of 20, 28, and 42 e for Wyoming montmorillonite,

Cheto montmorillonite, and Vermiculite, respectively, which is

compensated by an equivalent amount of alkylammonium

molecules in each interlayer. More details on our models are
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given in the ESIw and in ref. 23. A typical snapshot of the

system is shown in Fig. 1.

Our simulations in the isobaric–isothermal allow us to mea-

sure the basal spacing of the intercalated clay systems from

ensemble averages, as a function of increasing chain length of

the alkylammonium ions, for the three different clays detailed

above. The results are shown in Fig. 2. We find that the

simulated basal spacings, as a function of the carbon chain

length, are in excellent agreement with experimental data.7 We

observe that the swelling behaviour strongly depends on the

composition of the clay mineral. In the following, we will show

that the differences in swelling behaviour can be explained in

terms of conformational differences of the surfactant molecules.

For Wyoming montmorillonite, with a low coverage of

alkylammonium ions, we observe that monolayers are stable

up to a carbon chain length of 13. The corresponding basal

spacing is approximately 13.6 Å. Chains with 16 to 18 carbon

atoms form bilayers with a basal spacing of 17.6 Å. In-between

the mono- and bilayer domains, we find intermediate basal

spacings. Cheto montmorillonite, with a higher alkylammo-

nium coverage, shows a more gradual mono- to bilayer transi-

tion, which starts at a shorter chain length in comparison with

Wyoming montmorillonite. Stable mono- and bilayers almost

disappear in the case of Vermiculite with the highest layer

charge and alkylammonium loading. This results in an almost

continuous increase of the basal spacing as a function of the

carbon chain length. Our simulation results confirm the experi-

mental observations for both low and high clay layer charges.

We recall that the common belief is that clay minerals with a

relatively low loading and layer charge show a stepwise beha-

viour from mono- to bilayers.7,8 On the other hand, a linear

increase of the basal spacing with increasing carbon chain

length is assumed for clay minerals with a high layer charge

and loading. Recent experimental results support our simulated

smooth curves.24 As a reference, Fig. 2 also shows estimates of

the basal spacing for the hypothetical case that alkylammonium

would behave as a bulk fluid between the clay platelets, using

computed bulk fluid densities of alkanes. Interestingly, this

model nicely reproduces the experimental and simulated curves

for Vermiculite with the highest loading, but deviates signifi-

cantly for the other two clay minerals with lower layer charge.

We can explain the difference in the behaviour of the three

clay minerals, using the average percentage of gauche orienta-

tions in the alkylammonium chains (Fig. 3). In the bulk fluid

reference, approximately 25% of the chains have gauche

orientations, close to the value that is normally observed in

liquid alkanes.9 We show that oscillations in the distribution

of gauche conformations occur for surfactants in clay nano-

composites. This indicates a fluctuating order and disorder of

the alkylammonium molecules. We recall that, up till now, the

surfactants are usually considered to form all-trans

Fig. 1 Snapshot of intercalated surfactants (butadecylammonium;

H3N
1C14H29) in the interlayer space of Cheto montmorillonite. The

snapshot shows a bilayer structure with a basal spacing of 17.6 Å. In

the clay crystal, O= red, H= silver, Si = yellow, Al = purple, Mg=

green. For the surfactants, N = blue, H = silver, and C = cyan.

Fig. 2 Basal spacing as a function of the alkylammonium carbon chain

length for Wyoming montmorillonite (Wy), Cheto montmorillonite

(Ch), and Vermiculite (Ve). The closed symbols represent our simulation

results and the open symbols are experimental data.7 We computed the

bulk fluid densities of normal alkanes to estimate the basal spacing of a

clay system where the alkylammonium molecules would behave as a

bulk fluid (BF). The error bars of our simulation results are smaller than

the symbol size and the lines between the data points are to guide the eye.

Fig. 3 Average percentage of gauche conformations in the alkylammo-

nium molecules as a function of the carbon chain length for Wyoming

montmorillonite (Wy), Cheto montmorillonite (Ch), and Vermiculite

(Ve). As a reference we included the percentage of gauche conformations

in the bulk fluid (BF). Most error bars are smaller than the symbol size

and the lines between the data points are to guide the eye.
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conformations between the clay platelets.8 Recent molecular

simulation work, on the other hand, shows that the surfactant

molecules display a distribution of gauche and trans conforma-

tions.6,13,25 Here, we observe that the occurrence of gauche

conformations in the system is related to the basal spacing (Fig.

2). Mono- and bilayer configurations in the clay systems have a

smaller percentage of gauche conformations than the bulk

reference. This implies more ordering due to confinement. On

the other hand, the transition domains from mono- to bilayers

have a relatively high percentage of gauche conformations.

Consequently, these structures are more disordered and have

more fluid-like properties. To investigate this point in more

detail, we carried out additional simulations where the mole-

cules are artificially constrained in all-trans configurations (not

shown). Interestingly, we do observe a stepwise increase of the

spacing in the artificially constrained case. This confirms our

explanation suggested above. The observation of more fluid-

like properties in the transition domain is supported by the

sampling of the basal spacing fluctuations. Fig. 4 shows these

fluctuations for Cheto montmorillonite. We find that the dis-

tribution of basal spacings is broader in the transition domain.

This indicates that fluctuations occur over a larger domain of

the basal spacing. This, in a qualitative sense, also implies a

higher compressibility. Stronger fluctuations become especially

apparent in the case of a carbon chain length of 11. We suggest

that the increased fluidity in the transition domain may be

considered as an alternative explanation for the broadening of

X-ray diffraction peaks, commonly observed experimen-

tally.10,23

From the results described above, we conclude that at small

clay layer spacings, the confinement induces a (limited) molecular

ordering of the alkylammonium ions. At larger clay layer

spacings, on the other hand, the density and molecular config-

urations of the systems resemble those of ordinary bulk fluids.

Our simulations confirm the experimental X-ray measurements

of the clay basal spacing as a function of increasing alkylammo-

nium chain length, for three different clays with increasing layer

charge. The results can be explained in terms of different

distributions of gauche–trans conformations of the surfactants.

We find that a gradual increase of the basal spacing is physically

stable. This can be explained by a complex disordering of the

alkylammoniummolecules, resulting in more fluidlike behaviour.
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Fig. 4 Distribution of the basal spacing fluctuations (P(sBS)) for Cheto
montmorillonite and alkylammonium carbon chain lengths of 8 to 12.
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