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Abstract—In order to understand the microscopic properties of alkylammonium-intercalated vermiculites,
molecular dynamics simulations employing the clayff-CVFF force field were performed to obtain the
interlayer structures and dynamics. The layering behavior of alkyl chains was uncovered. With the model
used in the present study (1.2 e per unit cell), the alkyl chains formed monolayers with carbon-chain
lengths of C6, bilayers from C7 to C10, and pseudo-trimolecular layers from C15 to C18. Intermediate states
also existed between bilayer and pseudo-trimolecular layer states from C11 to C14. The ammonium groups
had two locations: most ammonium groups were located over the six-member rings (~90%), and the rest
above the substitution sites (~10%). The ammonium groups interacted with the vermiculite surface through
H bonds between ammonium H atoms and surface O atoms. The ammonium groups were fixed firmly on
surfaces and, therefore, had very low mobility. The alkyl chains were slightly more mobile. The
similarities and differences between alkylammonium-intercalated vermiculites and smectites were
revealed. The layering behaviors of alkyl chains were similar in alkylammonium-intercalated vermiculites
and smectites: the alkyl chain behavior was controlled by both the amount of layer charge and the carbon
chain length. The distributions of ammonium groups, however, were different, caused by the layer-charge
distribution in vermiculites being different from that in smectites. The atomic-level results derived in the
present study will be useful for future research into and the applications of organo-vermiculites.

Key Words—Alkylammonium, Intercalation, Interlayer Structures, Mobility, Molecular Dynamics,
Vermiculites.

INTRODUCTION

Vermiculite is a 2:1 type clay mineral with negative

layer charge, which is caused by the isomorphic

substitution of Al for Si in the tetrahedral sheet

(Brigatti et al., 2013). Vermiculite is used widely in

many industrial processes because of its remarkable

physical and chemical properties: low thermal conduc-

tivity and density, refractory behavior, and large cation

exchange capacity (Harvey and Lagaly, 2013).

Vermiculite is quite different from smectite. Smectite

is generally a dioctahedral clay mineral while vermicu-

lite belongs to the trioctahedral type; the layer charge of

vermiculite (~1.2�1.8 e per unit cell) is greater than that

of smectite (~0.6�1.2 e per unit cell); isomorphic

substitutions occur mostly in the tetrahedral sheets for

vermiculite but in the octahedral sheets for smectite.

In nature, the negative layer charge of clay minerals is

usually balanced by inorganic cations such as Na+ and

Ca2+. They can be replaced by organic cations through ion

exchange, forming organic-clay complexes, known as

organoclays (Lagaly et al., 2013). Organoclays have many

applications in industry due to the excellent material

properties compared with natural clays, e.g. organophili-

city, increased strength and heat resistance, and decreased

gas permeability and flammability (Lagaly et al., 2013).

Among various organoclays, the alkylammonium-inter-

calated clays draw significant attention because they can

be prepared easily and the molecular structures of

alkylammonium species are relatively simple. The inter-

calation of alkylammonium ions changes clays from

organophobic to organophilic and expands the interlayer

space; this means that the uptake capacity for organic

matter is improved. For this reason, alkylammonium-

intercalated clays have been employed to remove organic

contaminants from water (Lee et al., 1989; Carrizosa et

al., 2004; Nguemtchouin et al., 2015). The alkylammo-

nium species are also important in the preparation of clay-

polymer nanocomposites (CPNs) (Lagaly et al., 2013;

Mykola et al., 2016; Al-Samhan et al., 2017).

Extensive experiments have been carried out to study

the interlayer structures of alkylammonium-intercalated

clays. X-ray diffraction (XRD) measurements show that

the basal spacings of alkylammonium-intercalated

smectites increase in steps, and the arrangement of the

intercalated alkylammonium ions depends on the layer

charge and the alkyl-chain length (Weiss, 1963; Lagaly,

1981; Laird et al., 1989; Janek and Smrcok, 1999).

Fourier-transform infrared spectroscopy (Vaia et al.,

1994; Osman et al., 2000, 2002, 2004; Zhu et al., 2005;
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Li et al., 2008; Sarkar et al., 2011; Pazos et al., 2015),

nuclear magnetic resonance spectroscopy (Wang et al.,

2000; Osman et al., 2002, 2004; Zhu et al., 2005; Wen et

al., 2006; Pazos et al., 2015), and near-infrared spectro-

scopy (Jankovič et al., 2015; Madejová et al., 2016)

techniques have also been used to investigate the

conformations of alkylammonium species.

In recent decades, molecular simulation has been

applied to investigate clay minerals, and this technique

has proven to be powerful because it can complement

experimental results (Escamilla-Roa et al., 2016;

Ferrage, 2016; Kalinichev et al., 2016; Szczerba et al.,

2016). Many simulation studies have been conducted to

investigate the interlayer structures and dynamics of

alkylammonium-intercalated clays (Zeng et al., 2003,

2004; He et al., 2005; Tambach et al., 2006; Liu et al.,

2007, 2009; Zhao and Burns, 2012; Bardziński, 2014;

Scholtzová et al., 2016).

Most of the research, however, has focused on

alkylammonium-intercalated smectites while less attention

has been paid to vermiculite. For instance, the evolution of

basal spacings of alkylammonium-intercalated vermiculite

as a function of carbon-chain length and the layering

behavior of alkylammonium were investigated by Lagaly

(1982) using XRD measurements. The swelling and

conformations of alkylammonium intercalated in vermi-

culite were investigated by Tambach et al. (2006) but the

carbon-chain lengths of alkylammonium only ranged from

5 to 13 and the very long chains were not involved. In both

studies, the authors were less concerned with the

interactions of alkylammonium ions with clay mineral

surfaces and more about the layering behavior of

alkylammonium; dynamic information was not considered.

The different structures and layer charges between

vermiculites and smectites may lead to different proper-

ties in the corresponding organoclays. How do the

alkylammonium species behave in the interlayer space

of vermiculite? Are they different? These questions have

yet to be answered. The purpose of the present study was

to help answer those questions about the interlayer

structures and dynamics of alkylammonium-intercalated

vermiculite using molecular dynamics (MD) simulations

with the clayff-CVFF force field (Cygan et al., 2004;

Dauber-Osguthorpe et al., 1988). Of particular interest

were the evolution of basal spacings as a function of

carbon-chain lengths ranging from C6 to C18 and the

validation of the reliability of the clayff-CVFF force

field method.

METHODS

To accomplish the objective of this study, four

representative systems, C6, C10, C13, and C18 ammo-

nium-intercalated vermiculites, were chosen to investi-

gate the layering behavior of alkyl chains, the mobility

of interlayer species, and the interaction between

alkylammonium ions and clay surfaces.

The organoclay model

The clay model was modified from the prototype

introduced by Gruner (1934), with a chemical formula of

X1.2(Si6.8Al1.2)Mg6O20(OH)4, where X stands for the

interlayer compensation cation. The clay’s framework

had a negative layer charge of 1.2 e per unit cell. The

isomorphic substitutions were constrained to obey

Loewenstein’s (1954) rule, i.e. two substitution sites

cannot be adjacent. The supercell used for simulation

consisted of two clay platelets, and each of them

contained 40 unit cells: ten in the x dimension and

four in the y dimension. The model included two

interlayer spaces, and 48 alkylammonium ions were

placed randomly in each of them to neutralize the

negative charges of the clay framework (Figure 1). The

basal surface area was 53.10 Å636.80 Å and the

thickness of the clay platelet was ~6.50 Å. To

accommodate the alkylammonium ions with long chains,

the initial basal spacing was set at 39 Å.

Simulation details

All MD simulations were carried out using the

DL_POLY_2.20 package (Smith and Forester, 1996).

In the present study, the clayff-CVFF force field (Cygan

et al., 2004; Dauber-Osguthorpe et al., 1988) was

employed to describe the interatomic interactions, i.e.

clayff for vermiculite and CVFF for the intercalated

organic ions. In clayff-CVFF, the total energy can be

expressed as (Cygan, 2001; Perry et al., 2006):

Etotal = ECoul + EVDW + Ebond stretch + Ebond bend + Etorsion

(1)

Here Ecoul, EVDW, Ebond stretch, Ebond bend, and Etorsion

are the energy contribution of coulombic interaction, the

Van der Waals interaction, the bond stretching, the bond

bending, and the dihedral torsion, respectively. For

vermiculite, only the first three terms were taken into

account according to clayff, and all five terms were

applied to the intercalated alkylammonium ions accord-

ing to CVFF. A cutoff of 12.0 Å was used for the short-

range Van der Waals interaction in the simulation, and

the coulombic interaction was evaluated by the Ewald

summation with a precision of 1.0610�6.

The isothermal-isobaric (NPT) (constant particle

numbers, pressure, and temperature) simulations for

the systems intercalated by alkylammonium ions with

different alkyl chain lengths (ranging from 6 to 18) were

performed at 298K and 1 atm to obtain the swelling

curve. All NPT simulations were carried out first with an

equilibration stage of 1 ns, followed by a 1 ns production

stage to record the results. To study the microscopic

structures and mobility of interlayer species, other 2 ns

simulations were performed in the canonical ensembles

(NVT) (constant particle numbers, volume, and tem-

perature) at 298K for the representative C6, C10, C13, and

C18 systems following the previous NPT simulations. In

all simulations, the time step was set at 1.0 fs and an
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interval of 100 fs was used for recording trajectories. All

atoms were allowed to move.

RESULTS

Basal spacings

The swelling curves of simulated and experimental

results were plotted together for comparison (Figure 2).

The experimental data were from XRD analysis of

alkylammonium-intercalated vermiculite (Lagaly, 1982)

with a layer charge (1.22 e per unit cell) similar to the

present model (1.2 e per unit cell). The differences

between simulated and experimental basal spacings were

<1.0 Å, except for C16 (1.1 Å) and C17 (2.2 Å). The

simulated results agreed in essence with experimental

data, indicating that the combined clayff-CVFF force

field was applicable for this system.

The swelling curves showed that the basal spacings

increased in step with the carbon-chain length. This was

also found by Lagaly et al. (2013) for low-charge

vermiculites (layer charge 41.2 e per unit cell). The

first plateau occurred from C7 to C10, and the other from

C15 to C17. The two plateaus represented monolayer and

bilayer configurations of the alkyl chains, respectively,

described in detail below.

Density distributions in the z direction

All interlayer species presented clear peaks in the

density distribution profiles of the four representative

systems (Figure 3). The ammonium nitrogen atoms all

showed two peaks in each interlayer space of the four

systems, and they were close to the clay surfaces. The

different peaks of carbon chains in the C6, C10, C13, and C18

systems revealed the layering behavior. In the C6 system,

the two single peaks stood for the monolayer configurations

of the alkyl chains (see Figures 3a, 4a). In the C10 system,

the appearance of double peaks in each interlayer space

denoted the bilayer configurations (Figures 3b, 4b). As for

the C18 system, the three peaks in each interlayer space

indicated the formation of pseudo-trimolecular layers

(Figures 3d, 4d). The peaks of carbon atoms in the C13

system indicated the intermediate state between bilayer and

pseudo-trimolecular layer configurations (Figures 3c, 4c).

Figure 1. Snapshot of vermiculite intercalated by C10-alkylammoniums.

Figure 2. Swelling curves of alkylammonium-vermiculite.

Experimental data are from Lagaly (1982). The numbers in the

parentheses are the layer charge per unit cell. The error bars are

smaller than the symbol size. The lines between the data are used

to guide the eye.
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For monolayer and bilayer configurations, the alkyl-chain

axes were parallel to the basal plane. For pseudo-

trimolecular layer configurations, the part close to the

head group was parallel to the basal plane while the other

part of the alkyl chain was not because of the formation of

kinks (Lagaly et al., 2013). For the intermediate state, some

alkylammonium ions were arranged in bilayer configura-

tions while the others were in pseudo-trimolecular layer

configurations.

The location of ammonium groups

Two locations of ammonium groups (Figure 5) were

identified from the detailed analyses of trajectories. A

minority of ammonium groups (~10%) were located

above the Al substitution sites. Most ammonium groups

(~90%), however, were located above the six-member

rings. The ammonium groups interacted with the

vermiculite surface through H bonds between

ammonium H atoms and surface O atoms. The

ammonium groups over the substitution sites formed

H bonds through ammonium H atoms and the three O

atoms attached to the same Al atom (Figure 6a), while

the others formed H bonds through ammonium H atoms

and the three O atoms of a six-member ring

(Figure 6b). A ratio of 1:9 for the two locations of

ammonium groups indicated that the latter structure

was more stable.

Mean square displacements (MSDs)

The mean square displacements (MSDs) of the

ammonium and alkyl groups of the four systems are

shown in Figure 7. The MSD of the alkyl groups in the

C6 system (~0.7 Å2) is the smallest among the four

systems. The MSDs of the alkyl groups are similar in the

C10, C18, and C13 systems, 1.60 Å2, 2.0 Å2, and 3.0 Å2,

respectively. The MSDs of the ammonium groups were

smaller than that of the alkyl groups, and they had

almost the same value of 0.2 Å2 in the four systems. The

small MSDs of alkyl groups and ammonium groups

indicated that their motions were very restricted, and

hence the Einstein relation (Allen and Tildesley, 1987;

Chang et al., 1997) was not applicable to calculate the

diffusion coefficients.

DISCUSSION

Interlayer structure

The layering behavior of alkyl chains was deduced

from the swelling curves and density distribution

Figure 3. Density distribution profiles of interlayer atomic species in the organoclays of the four selected carbon chain lengths: (a)

C6; (b) C10; (c) C13; and (d) C18.
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profiles. For C6, the alkyl chains formed monolayers.

The alkyl chains formed bilayers as the carbon chain

lengths increased from C7 to C10, and pseudo-trimole-

cular layers when the carbon chain lengths ranged from

C15 to C18. The intermediate states between bilayer and

pseudo-trimolecular layer existed from C11 to C14.

The layering behavior of alkylammonium interca-

lated in vermiculites agreed well with those in smectites

with the same amount of layer charge (Lagaly et al.,

2013). The layer-charge distribution, therefore, has little

influence on the layering behavior and the amount of

layer charge is the key factor controlling the layering

behavior of the intercalated alkylammonium ions. The

layering behavior of alkylammonium intercalated in

smectites as a function of layer charge and carbon-chain

length is also applicable to other alkylammonium-

intercalated clays.

The layering behavior of alkylammonium interca-

lated into smectites was different from the results for

vermiculite according to the results of the studies by Liu

et al. (2007) and Tambach et al. (2006). The alkylam-

monium ions formed monolayers up to a carbon-chain

Figure 4. Snapshots of vermiculite intercalated by: (a) C6; (b) C10; (c) C13; and (d) C18 ammoniums. Color scheme: Mg = green, Si =

orange, Al = pink, O = red, H = white, C = brown, N = blue.
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length of 12 and bilayers for the longer chains, but

pseudo-trimolecular layers did not appear in the studies

of those authors. The different amounts of layer charge

between vermiculites (1.2 e per unit-cell) and smectites

(0.625 e per unit-cell) are responsible for this difference.

As mentioned above, the ammonium groups had two

locations: above the substitution sites and above the six-

member rings. The ammonium groups in both locations

interacted with the vermiculite surface through H bonds

between ammonium H atoms and surface O atoms. The

cases were different for alkylammonium and poly

(propylene oxide)-ammonium intercalated in smectites

(Heinz et al., 2005; Liu et al., 2007; Greenwell et al.,

2005), where only the second situation was observed; all

ammonium groups were located above the six-member

rings. This was caused by the difference of substitution

sites between vermiculites and smectites; the isomorphic

substitutions of vermiculites mainly happen in the

tetrahedral sheets, but in the octahedral sheets for

smectites. The substitutions in the tetrahedral sheets

make the charges of the three O atoms connected to the

Al atom more negative and, thus, have greater attraction

to the ammonium groups. This led some ammonium

groups to locate above the substitution sites. In

alkylammonium-intercalated vermiculite, however, the

ammonium groups locating above the substitution sites

constituted just 10% of the ammonium groups overall, so

the six-member rings were still the most important

locations for ammonium groups.

Mobility of interlayer species

The small MSDs of ammnonium and alkyl groups

indicated that their motions were very restricted. As

discussed above, the ammonium groups were fixed firmly

over the two locations and, therefore, had very low

mobility. The alkyl groups were slightly more mobile.

Figure 5. Snapshot of vermiculite intercalated by C10 ammonium, viewed from the direction perpendicular to the basal surface.

Figure 6. Two different locations of ammonium groups: (a) over the substitution site; (b) over the six-member ring.
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This was very similar to the results of alkylammonium

intercalated into smectites (Liu et al., 2007), but the

MSDs of the alkyl groups in alkylammonium-intercalated

vermiculites in this research were smaller than those in

alkylammonium-intercalated smectites in previous simu-

lations by Liu et al (2007). For example, the MSDs of the

alkyl groups in the C18 systems were 2.0 Å2 and 7.5 Å2 in

the present study and in the research of Liu et al (2007),

respectively. The larger layer charge of vermiculites

compared to smectites resulted in more alkylammonium

ions in the interlayer space. This may cause the relatively

low mobility of alkyl groups in alkylammonium-inter-

calated vermiculites. Besides, the MSDs of the alkyl

groups in alkylammomonium-intercalated vermiculites

with different carbon-chain lengths also varied from

each other a little. This may be caused by the different

densities of organic phases in the organoclays with

different carbon-chain lengths.

The interlayer structures form a basis for investigat-

ing the sorption of small organic contaminants into

organoclays, such as deducing the adsorption sites for

organic pollutants. The low mobility of interlayer

species indicates that the negatively charged surface of

vermiculite can firmly fix groups with a positive charge.

Based on this property, the inference can be made that

vermiculite should be also able to fix other positively

charged organics on its surface. These organics can be

pollutants or the molecular groups used for the synthesis

of advanced hybrid materials.

CONCLUSIONS

Molecular-dynamics simulations were performed to

investigate the interlayer structures and dynamics of

alkylammonium-intercalated vermiculites. The follow-

ing conclusions were reached:

(1) The layering behavior of alkyl chains was

established. The alkyl chains formed monolayers,

bilayers, and pseudo-trimolecular layers as the carbon-

chain length increased. The layering behaviors of alkyl

chains were similar in alkylammonium-intercalated ver-

miculites and smectites, and they were controlled by both

the amount of layer charge and the carbon-chain length.

(2) The ammonium groups had two locations: most

ammonium groups were located above the six-member

rings (~90%), and the rest were located above the

substitution sites (~10%). In smectites, all ammonium

groups were located above the six-member rings. This

difference was caused by different layer-charge distribu-

tions in vermiculites and smectites.

Figure 7. Mean square displacements of interlayer species in the organoclays of the four selected systems: C6, C10, C13, and C18.
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(3) The ammonium groups had low mobility and the

alkyl groups were slightly more mobile. This was similar

to alkylammonium intercalated in smectites.

The results derived will be useful in further research

into and in the applications of organo-vermiculites, e.g.

in the synthesis of new hybrid materials and the removal

of organic pollutants.
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