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ABSTRACT: Clay minerals find a wide range of application in composites, paints, drilling liquids,

cosmetics, and medicine. This article reviews chemical and physical properties of natural and

organically modified clay minerals to understand the nanometre-scale structure, surface

characteristics, and application in functional materials. The relation between fundamental properties

and materials design is emphasized and illustrated by examples. The discussion comprises the

following: an overview; surface structure and cation density; solubility and solubility reversal by

surface modification; the degree of covalent and ionic bonding represented by atomic charges; the

distribution of metal substitution sites; measurements and simulations of interfacial properties at the

nanometre scale; self-assembly, packing density, and orientation of alkylammonium surfactants on

the clay mineral surface; the density and chain conformation of surfactants in organic interlayer

spaces; the free energy of exfoliation in polymer matrices and modifications by tuning the cleavage

energy; thermal transitions, diffusion, and optical responses of surfactants on the mineral surface;

elastic moduli and bending stability of clay layers; and the adsorption mechanism of peptides onto

clay mineral surfaces in aqueous solution. Potential applications in biotechnology and other future

uses are described.
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Clay minerals are widely used in drilling liquids,

cosmetics, detergents and, more recently, in

nanotechnology and biotechnology (Van Olphen,

1977; Ray & Bousmina, 2005; Bergaya et al., 2006;

Aguzzi et al., 2007; Paul & Robeson, 2008).

Applications in nanotechnology and biotechnology

exploit the utility of clay minerals as nanoscale

mechanical reinforcements in polymer matrices, as

additives to reduce gas diffusion, and as carriers of

drug molecules related to tunable wetting and ion

exchange properties. The extensive use as a filler in

polymer-clay nanocomposites began with develop-

ments in the Toyota Research Laboratories in the

late 1980s (Usuki et al., 1993).

Extensive natural resources of clay minerals are

available in geological deposits and soil that can be

harvested in many parts of the world. The minerals

are typically fine-grained in the micrometre range

and have a layered structure with nanometre-size

thickness of individual layers (Fig. 1) (Brown,

1961; Bailey, 1988). The individual layers are

composed of tetrahedrally coordinated silica sheets

(T) and octahedrally coordinated aluminum oxide

hydroxide sheets (O) in 1:1 (TO) and 2:1 (TOT)
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sandwich structures. Anionic metal substitutions

such as Si ? Al and Al ? Mg are commonly

found in tetrahedral and octahedral layers respec-

tively. These substitutions lead to the presence of

cations between individual layers to maintain

charge neutrality. Clay minerals differ in their

affinity for water depending on the area density and

type of cations, and can also be of different colours

contingent on additional substitution of silicon and

aluminum by transition metals (Fe, Cr).

The variation in chemical composition of clay

minerals facilitates widely tunable interactions with

water (Table 1). The affinity of clay minerals for

water has been extensively studied (Mooney et al.,

1952a,b; Giese et al., 1991; Cases et al., 1992a,b,

1997; Christenson, 1993; Michot et al., 1994;

Berend et al., 1996; Osman et al., 1999; Osman

& Suter, 1999, 2000; Giese & van Oss, 2002; Yariv

& Cross, 2002; Heinz et al., 2003; Schoonheydt &

Johnston, 2007, 2011) and can be classified as

water repellent, dispersible, and hygroscopic

depending on the cation density and on the enthalpy

of hydration of interlayer cations. The minerals tend

to be hydrophobic in the absence of cations, favour

cation dissociation and swelling for an intermediate

area density of monovalent cations around

1.0�0.3 per nm2, and become less hydrophilic

again for high area density of cations. Interlayer

cations of larger size (Cs+>Rb+>K+>Na+>Li+)

reduce the enthalpy of hydration and the affinity

of clay minerals to water, while smaller cations

augment the enthalpy of hydration along with a

higher affinity of clay minerals for water. Divalent

cations (Mg2+, Ca2+) increase the cohesion between

FIG. 1. Structure and chemical composition of selected 2:1 clay minerals that are widely used in nanotechnology

and biotechnology (smectites, vermiculites and micas).(a) The top view depicts the variable cation density on the

cleaved mineral surfaces and (b) the side view shows the nanometre-scale structure of the layers. Pyrophyllite

contains no interlayer cations, montmorillonite is of intermediate cation density, and muscovite mica has the

highest density of 2.14 cations per square nanometre on a cleaved surface. The cation exchange capacity (CEC) is

a measure of the amount of exchangeable cations in meq/100 g. The CEC for mica is a hypothetical maximum as

not all interlayer cations are exchangeable related to the cohesion between the layers (data from Rothbauer, 1971;

Lee & Guggenheim, 1981; adapted from Zartman et al., 2010).
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the mineral layers, making hydration more difficult.

As an example, the hydrophilicity of montmorillon-

ite leads to moist interlayer spaces and immediate

swelling in water. Flotation of montmorillonite

produces thixotropic slurry that is useful in drilling

liquids to mitigate the discharge of solid parts at

high drilling speed. The extraction of moisture by

montmorillonite also allows uses as an additive in

greases. The tunability of water retention among

various clay minerals facilitates applications in

paints and cosmetics, further enhanced by the

natural variability in colour and glossiness related

to transition metal substitution (Fe, Cr). Clay

minerals are also employed in aqueous media as

carriers for drug delivery, in formulations for

wound healing, and as antibacterial agents (Lin et

al., 2002; Ray Aguzzi et al., 2007). It has also

been shown that hydrophobic clay minerals can

exhibit hydrophilic character at the microscopic

scale (Michot et al., 1994).

Layered silicates, as well as surfactant-modified

layered silicates, are also used as fillers in plastics,

rubber, and polymer films to increase the mechan-

ical strength and barrier properties in comparison to

neat polymers and polymer blends (Paul &

Robeson, 2008) (Fig. 2). These applications rely

on the nanometre-scale anisotropy and stiffness of

the clay minerals, particularly the high in-plane

elastic moduli of ~160 GPa (Sachse & Ruoff, 1975;

Simmons & Wang, 1971; Vaughan & Guggenheim,

1986; McNeil & Grimsditch, 1993; Catti et al.,

1994; Habelitz et al., 1997; Smyth et al., 2000;

Pawley et al., 2002; Zartman et al., 2010) in

comparison to typical elastic moduli of polymers of

the order of 0.1 to 1 GPa (Brandrup et al., 1999)

(Table 2). Applications of clay-polymer nanocom-

TABLE 1. Affinity of clay minerals to water (data from Giese et al., 1991; Christenson, 1993; Osman & Suter,

1999; Schoonheydt & Johnston, 2007, 2011).

Water affinity Example Reason

Repellant Pyrophyllite No surface cations, contact angle 80º
Dispersible Mica (K+) High cation density, contact angle ~5º, no spontaneous

delamination
Hygroscopic Montmorillonite Intermediate cation density, contact angle 0º, instant

adsorption of vapour from air and swelling (solvation of
loosely packed interlayer cations)

TABLE 2. Linear mechanical properties of clay minerals (in GPa), showing a characteristically high Young’s

modulus in the layer plane and small shear moduli parallel to the layer plane. Square brackets indicate

approximate tensile and shear strengths. The values are experimental (Sachse & Ruoff, 1975; Simmons & Wang,

1971; Vaughan & Guggenheim, 1986; McNeil & Grimsditch, 1993; Catti et al., 1994; Habelitz et al., 1997;

Smyth et al., 2000; Pawley et al., 2002) and in part consistently derived from computation (ab initio calculations

and classical molecular dynamics; see Zartman et al., 2010). In comparison, the Young’s modulus of many

polymers is of the order of 0.1 to 1 GPa (Brandrup et al., 1999). Uncertainties are �5%.

Young’s
modulus in-plane

(xx and yy)

Young’s
modulus (zz)
at 1 GPa stress

Bulk modulus
at 1 GPa stress

Shear modulus
(xy)

Shear modulus
(xz and yz)

Pyrophyllite
(CEC 0)

160 [1, 4] 38 37 71 [1] 5 [0.2]

Montmorillonite
(CEC 91)

160 [3, 4] 32 29 71 [1] 2.5 [0.25]

Montmorillonite
(CEC 143)

160 [3, 20] 60 43 71 [3] 4 [0.25]

Mica
(max. CEC 251)

160 [6, 20] 60 59 71 [3] 16 [1]
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posites involve lightweight automotive and aero-

space parts to replace metals, thin films for

packaging, and other commodities. The minerals

are often mixed into the polymer at a weight

fraction of few percent, yet high weight fractions

(up to 50%) are also employed for laminates. In

many instances, the polar mineral surfaces are

organically modified prior to mixing to increase

compatibility with hydrophobic polymers.

Exfoliation of individual clay layers in the

polymer matrix, rather than aggregates, is

commonly desired to improve mechanical,

thermal, and dielectric properties although it is

often still a challenge.

For any application, control over desired

morphologies at the nanometre scale is usually a

challenge because experimental manipulation tools

are limited and monitoring of interfaces is often

impossible. For the analysis of such properties,

molecular models and simulations of clay minerals

and interfaces with surfactants, biomolecules and

polymers have been added to the available

laboratory instrumentation (Teppen et al., 1997;

Heinz et al., 2003, 2005; Cygan et al., 2004). The

utility of simulation as an integral tool for gaining

insight into multi-phase materials will also be

shown in the following sections.

The outline is as follows. First, nanoscale surface

properties and their relation to chemical structure are

reviewed, including quantitative insight into the

extent of ionic bonding versus covalent bonding.

Second, surface modification of clay minerals with

organic surfactants, thermal transitions, and

responses to light are described. This section also

describes quantitative measures of exfoliation in

polymer matrices and the accessible spectrum of

cleavage energies. Third, tensile, shear, and bending

properties are discussed, including stability limits

and failure mechanisms under stress. Fourth, the

mechanism of biomolecular adsorption on clay

mineral surfaces is reviewed. The paper closes with

a brief summary and view of future perspectives.

FIG. 2. (a) Aggregation state of filler materials. The aspect ratio (length over thickness) is highest for individual

elements such as single aluminosilicate layers or carbon nanotubes. High aspect ratio leads to more interfacial

area in an organic or biological matrix and increased mechanical stability. The directed assembly of smaller units

into desired bulk morphology opens up a wider spectrum of potential properties. (b) Common techniques for the

characterization of clay-polymer nanocomposites and clay-biological hybrid materials. A transmission electron

micrograph of a montmorillonite-polymer nanocomposite is displayed in the background. Dispersed

montmorillonite layers appear as ‘‘hairs’’ perpendicular to the plane (courtesy of Richard A. Vaia, AFRL).
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NANOSCALE SURFACE

PROPERT IES AND MOLECULAR
MODELS

The interaction of clay minerals with water,

surfactants, polymers and biomolecules is largely

controlled by exchangeable cations, polar interac-

tions, hydrogen bonds at the mineral surface, and

van der Waals interactions. Laboratory measure-

ments often provide only indirect information, so

that better understanding has been achieved in

conjunction with atomistic models and simulation

(Fig. 2b) (Hackett et al., 1998; Pospisil et al., 2001,

2004; Kuppa & Manias, 2002; Heinz, 2010; Heinz

& Suter, 2004a,b; Heinz et al., 2003, 2004, 2005,

2006, 2007, 2008a,b; Cygan et al., 2004, 2009;

Zeng et al., 2004; Pandey et al., 2005, 2010;

Greenwell et al., 2005; He et al., 2005; Fermeglia

& Pricl, 2007; Suter & Coveney, 2009; Mazo et al.,

2008; Zartman et al., 2010; Fu & Heinz, 2010a,b;

Fu et al., 2011).

The structure of dioctahedral clay minerals

involves stacked layers (Fig. 1). Each layer is a

triplet of sheets of silica, aluminum oxide

hydroxide, and another sheet of silica that are

covalently joined. The layers stack non-covalently

on top of each other, and an example for this core

TOT structure is pyrophyllite (Fig. 1). The presence

of [SiO2] ? [AlO2
�] K+ substitutions in the

tetrahedral outer sheets and of [AlO(OH)] ?
[MgO(OH)�] Na+ substitutions in the octahedral

inner sheet, respectively, leads to the addition of

cations such as K+ and Na+ in the spaces between

the layers. Examples of these structures are

montmorillonites and mica (Fig. 1). The cations

are located in superficial cavities of [Si, O] rings in

the tetrahedral layer, close to the sites of negative

charge (Brown, 1961; Rothbauer, 1971; Lee &

Guggenheim, 1981; Heinz et al., 2005).

The unique properties of clay minerals are

associated with the anisotropic layered structure,

the polarity and the interlayer charge. Models have

shown that quantitative understanding of the

polarity in clay minerals is key to explaining

numerous properties (Fig. 3) (Heinz & Suter,

2004b).The polarity can be represented by spatially

(~spherically) averaged atomic charges which

amount to +1.1�0.1e on Si atoms and �0.55e on

O atoms (e represents units of the elementary

charge) in the outer tetrahedrally coordinated silica

sheets. The atomic charge on octahedral aluminum

atoms amounts to +1.45�0.10e and the associated

negative charge is distributed over the coordinated

O atoms. The values are supported by multiple

evidence including deformation electron densities

from X-ray diffraction (Hill, 1979; Ngo &

Schwarzenbach, 1979; Lewis et al., 1982;

Belokoneva et al., 2002), dipole moments of

silicon compounds by laboratory measurements, an

Extended Born model, and relationships to analo-

gous compounds in the periodic table (see Heinz &

Suter, 2004b). Previous computer models assumed

values between 0.5e and +4e on Si that have no

physical significance and resulted in misleading

surface properties. For example, surface tensions

and cleavage energies could be up to 15 times

(1500%) overestimated and excessive water

ordering observed at the interface compared to

experimental measurements when formal charges

such as +4e on Si and �2e on O are employed in

models (Table 3) (Heinz et al, 2005).

In the presence of [SiO2] ? [AlO2
�] K+ defects

and [AlO(OH)] ? [MgO(OH)�] Na+ defects, the

additional negative charge at the metal defect sites

is distributed over the metal atom and the

surrounding electronegative O atoms so that the

metal atom then carries a reduced charge of about

+0.8e (AlO2
� defect) and +1.1e (MgO(OH)� defect)

(Fig. 3a,b). The spatial distribution of these defect

sites on the superficial tetrahedral sheet and in the

inner octahedral sheet for a given stoichiometry of

the mineral is known from 29Si and 27Al solid state

nuclear magnetic resonance (NMR) measurements

(Lipsicas et al., 1984; Sanz & Serratosa, 1984;

Herrero & Sanz, 1991; see summary in Heinz &

Suter, 2004a) and has been implemented in models

(Fig. 3c,d). Direct O bridges between defect metals

such as Al�O�Al or Mg�O�Mg are avoided

(Loewenstein’s rule) and the preferred pattern of

defect sites involves some clustering, i.e. it is not

fully homogeneous.

The surface structure and polarity control many

properties, such as aggregation versus solubility of

the layers, diffusion constants of cations and

surfactants on the surface, adsorption equilibria of

proteins, drug molecules, and humic substances in

aqueous environment, as well as the orientation and

morphology of self-assembled alkyl monolayers.

For analysis on the nanometer scale, models for

molecular simulation of clay minerals and inter-

faces with surfactants, biomolecules and polymers

have been developed (Teppen et al, 1997; Heinz et

al, 2003, 2005; Cygan et al, 2004). The classical

(non-quantum mechanical) energy expression for
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atomistic models typically includes terms for

quadratic bond stretching, quadratic angle bending,

Coulomb interactions and van der Waals energy.

The phyllosilicate force field (PFF) (Heinz et al.,

2005) yields computed cell parameters of clay

minerals in about 0.5% agreement with X-ray data

(Lee & Guggenheim, 1981; Rothbauer, 1971)

(Fig. 1), and computed surface tensions and

cleavage energies in about 5% agreement with

experimental measurements (Chassin et al., 1986;

FIG. 3. (a,b) Atomic charges for the smallest structural repeat fragments in units of the elementary charge. The

charges characterize the polarity of clay minerals and of anionic-cationic substitution sites. Quantitative

knowledge of the extent of covalent versus ionic bonding is a key aspect for reliable simulations and

understanding interfacial properties. The values are experimental (Hill, 1979; Ngo & Schwarzenbach, 1979;

Lewis et al., 1982; Belokoneva et al., 2002) and consistent with the extended Born model (see Heinz & Suter

2004b). (a) Atomic charges in the tetrahedral sheet, including the redistribution of electron density at a [SiO2] ?
[AlO2

�] K+ substitution site in mica (top view). The potassium ion is located in a superficial cavity. (b) Atomic

charges in the octahedral sheet in units of the elementary charge, including the redistribution of electron density

at a [AlO(OH)] ? [MgO(OH)�] Na+ substitution site in montmorillonite (top view). The corresponding Na+ ion

is located on top of the tetrahedral sheet and is not shown. (c,d) Top view onto the outer tetrahedral layer and the

inner octahedral layer across a larger area (3.2663.26 nm2). The spatial distribution of the anionic-cationic

substitution sites is shown by large spheres in agreement with solid state 29Si and 27Al NMR data (Lipsicas et al.,

1984; Sanz & Serratosa, 1984; Herrero & Sanz, 1991; see summary in Heinz & Suter, 2004a). (c) The spatial

distribution of tetrahedral defect sites (Al) in mica and (d) of octahedral defect sites (Mg) in montmorillonite

(CEC 91 meq/100 g). A certain local association of defects is seen as opposed to a fully homogeneous

distribution.
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Adams & Gast, 1997; Giese & van Oss, 2002)

(Table 3). The quantitative evaluation of atomic

charges for Coulomb interactions and of van der

Waals parameters enables the reproduction of

electrostatic and van der Waals contributions to

the surface tension of pyrophyllite (Giese & van

Oss, 2002). Thermodynamic consistency of the

phyllosilicate energy expression with biological

and materials oriented force fields (PCFF, CVFF,

CHARMM, AMBER) facilitates the simulation of

mineral-organic and aqueous mineral interfaces for

durations of nanoseconds to microseconds at a

length scale of 1 to 100 nm (up to approximately

one million atoms). Shortcomings in experimental

and theoretical validation of other computer models

can lead to significantly higher deviations from

measurements, such as up to 5% in cell parameters

compared to X-ray data and up to 500% in surface

energies (Teppen et al., 1997; Greathouse et al.,

2000; Kuppa & Manias, 2002; Cygan et al., 2004;

Mazo et al., 2008).

Using the PFF models, it is possible to analyse

the composition of the surface and cleavage

energies of montmorillonite and mica (Fig. 4).

Cohesion between the layers in the natural

minerals is clearly dominated by Coulomb

contributions (Fig. 4a). Surface modification by

organic surfactants leads to the separation of

surface cations before cleavage occurs and

reduces the cleavage energy by nearly an order

of magnitude (Heinz et al., 2006) (Fig. 4b). Then,

in essence, only van der Waals interactions remain

between the layers.

SURFACE MODIF ICAT ION AND

RESPONSES TO HEAT AND L IGHT

Overview of surfactant self-assembly, packing

density, and the inorganic-organic interface

Some polymers for nanocomposites are soluble in

water and can be mixed with hydrophilic clay

minerals, e.g. montmorillonite, without surface

modification. Such polymers are, for example,

polyethylene oxide, polyacrylic acid, chitosan and

hyaluronic acid. Most polymers for automotive,

aerospace and packaging applications, however, are

hydrophobic and require aluminosilicate layers with

hydrophobic surfaces to achieve exfoliation and

dispersion. Examples of such polymers are poly-

ethylene, polypropylene, polystyrene, polymethyl-

methacrylate (PMMA), bisphenol-A polycarbonate,

epoxy resins, polyurethanes, polyimides, nylon-6

and aramides. Therefore, organic surface modifica-

tion of clay minerals plays an important role in

achieving miscibility with hydrophobic polymer

matrices (Fig. 4). The properties of organically

modified clay surfaces also affect the nanoscale

structure and micrometre-scale morphology of clay-

polymer nanocomposites, and thus the desired

mechanical, gas permeation and thermal properties.

Modification of clay minerals by cation exchange

with amphiphilic surfactants has been known for a

long time and is well understood today (Weiss et

al., 1956; Gaines, 1957; Lagaly & Weiss, 1970,

1971; Breen et al., 1997; Osman & Suter, 1999,

2000; Osman et al., 1999, 2000, 2002, 2004;

Bergaya & Lagaly, 2001; Heinz et al., 2003,

TABLE 3. Reliability of force fields for the simulation of interfaces of clay minerals with water, polymers, and

biological molecules. The phyllosilicate force field (PFF, Heinz et al., 2005) yields surface tensions (gtot = gel +
gvdW) and cleavage energies in vacuum (DEc) in quantitative agreement with laboratory measurements (data from

Chassin et al., 1986; Adams & Gast, 1997; Giese & van Oss, 2002). Earlier force fields including CLAYFF

(Cygan et al., 2004) deviate from physically justified charges and van der Waals parameters, leading to large

deviations in computed surface properties.

Surface tension
Pyrophyllite (mJ m�2)

Cleavage energy
Montm. Mica

Atomic
charges (e)

VdW param/Well depths
(kcal/mol)

gtot gel gvdW DEc (mJ/m2) Sitet Aloct Si Al O

Expt 39.7 5.8 33.9 50–200 375 1.2 1.45 – – –
Sim PFF 40 8 32 140 380 1.1 1.45 0.03 0.03 0.015
Sim CLAYFF 81 30 51 167 484 2.1 1.58 10�6 10�6 0.155
Sim OTHER –1094

to
+265

+2
to

+155

–1107
to

+252

–3000
to

+340

–433
to

+683

0.52
to
4.0

1.33
to
3.0

0
to
0.40

0
to
9.04

0
to
6.86
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2005, 2007). To achieve the conversion of the polar

and often hydrophilic surfaces of clay minerals into

less polar and hydrophobic surfaces, ion exchange

reactions often involve alkylammonium or alkyl-

phosphonium halides in aqueous and alcoholic

solution. The surfactants replace alkali cations on

the mineral surface through the ammonium head

groups. After washing and solvent removal, the

alkyl tails of the surfactants aggregate as horizontal

alkyl layers, tilted alkyl layers, or nearly perpendi-

cular alkyl layers on the mineral surface, depending

on the cation density, extent of ion exchange and

length of the alkyl chains (Fig. 5) (Weiss et al.,

1956; Lagaly, 1976; Lagaly & Weiss, 1970, 1971;

Vaia et al., 1994; Hayes & Schwartz, 1998;

Brovelli et al., 1999; Pospisil et al., 2001, 2004;

Zeng et al., 2004; Heinz & Suter, 2004a; Heinz et

al., 2003, 2004, 2005, 2006, 2007, 2008a,b; He et

al., 2005; Greenwell et al., 2005).

A useful order parameter for the observed surface

structure and dynamics of organically modified clay

minerals is the packing density l0 of the alkyl

chains, which equals the ratio between the cross-

sectional area of an extended alkyl chain AC,0 and

the available surface area per cation AS (Heinz et

al., 2003, 2008a). The packing density is controlled

FIG. 4. Cleavage energy of sodium montmorillonite and shielding of Coulomb forces by the alkyl chains in the

interlayer of octadecylammonium montmorillonite. (a) The cleavage energy of the unmodified mineral is

predominantly composed of Coulomb energy to afford the distribution of the alkali cations between the two

layers, which occurs at short distances below 0.5 nm layer separation. (b) The cleavage energy of the modified

mineral is reduced by ~70% due to the separation of the head groups pertaining to each of the two layers before

cleavage by the ~0.8 nm thick organic layer (see oval highlights). Entropic contributions to the cleavage free

energy are negligible in the natural clay minerals and typically low for organically modified clay minerals

(smaller than �5 mJ m�2), related to conformational changes of the alkyl chains. For the unmodified and for the

modified mineral, no significant forces (<3 mJ/m�2) are felt beyond the 2�3 nm separation of the layers (adapted

from Heinz et al., 2006).
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by the surfactant geometry, i.e. number of alkyl

chains per head group, and by the cation density of

the surface, i.e. the known CEC of a clay mineral

(Fig. 1). In cases of non-stoichiometric cation

exchange, island formation of the alkyl chains on

the surface has also been observed (Hayes &

Schwartz, 1998; Osman et al., 2002; Heinz &

Suter, 2004a). In homogeneous portions of the

modified surface, the packing density ranges

between 0 and 1 whereby flat-on layers correspond

to lowest packing densities between 0.0 and 0.2,

intermediately tilted layers to packing densities

between 0.2 and 0.75, and well ordered, nearly

perpendicular monolayers to packing densities

between 0.75 and 1.0 (Fig. 5).

The type of surfactant head group also influences

the structure of the inorganic-organic interface

(Fig. 6) (Heinz et al., 2005, 2007). Primary

ammonium ions are located closer to superficial

cavities in comparison to quaternary ammonium

ions due to the formation of up to three hydrogen

bonds. Coulomb forces between the head group and

the layer are, therefore, strongly shielded by

primary ammonium groups (Fu & Heinz,

2010a,b). The nitrogen atom in quaternary ammo-

nium groups is, in contrast, located more than twice

as far from the surface compared to the nitrogen

atom in primary ammonium groups, which leads to

more conformational flexibility, ease of lateral

diffusion, and significantly less shielding of

Coulomb forces between the surfactant and the

mineral. The strength of surface-head group

interaction affects lateral diffusion of the surfactants

on the surface, thermal transitions and cleavage

energies, while the influence on the structure of the

alkyl monolayer and on the gallery spacing is small.

Modification of the clay mineral surface with

surfactants can also introduce new chemical

FIG. 5. Range of structures and thermal properties of homogeneous alkyl layers on even surfaces of clay minerals

(as well as on oxidic, metallic and other surfaces). The packing density l0 is a useful order parameter, defined as

the cross-sectional area of a fully extended alkyl chain AC,0 divided by the available surface area per chain AS (a)

At low packing density, alkyl chains are conformationally disordered and oriented nearly horizontal to the

surface. (b) At intermediate packing density, intermediate tilt angles and intermediate conformational order of the

backbones are found, and reversible melting transitions upon heating occur. (c) At high packing density, well

ordered, near perpendicular alkyl monolayers are formed. The self-assembled patterns can be explained by

optimization of van der Waals interactions between individual alkyl chains. The packing density determines the

average segmental tilt angle of the alkyl chains relative to the surface normal y0. Order-disorder transitions upon
heating occur at intermediate packing density as a result of increased thermal motion of the alkyl backbones and

lateral mobility of the surfactant head groups on the surface (adapted from Heinz et al., 2008a).
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functionality. For example, superficial alkylammo-

nium surfactants containing additional alcohol or

amine groups enable cross-linking reactions of the

modified clay minerals with epoxy precursors for

the in situ preparation of clay-epoxy thermoplastic

nanocomposites. In the following we will system-

atically discuss the structure, dynamics and inter-

facial properties of organically modified clay

minerals.

Alkylammonium-modified layered silicates at

low packing density: interlayer structure,

chain conformation, cleavage energy, and

exfoliation in nanocomposites

The packing density l0 of single-chain surfac-

tants on montmorillonites and other smectites is

low. The reason is the cross-sectional area of a

single alkyl chain of AC,0 = 0.188 nm2 and the low

number density of cations per surface area, for

example 1/AS = 0.71 nm�2 and 1/AS = 1.14 nm�2

for montmorillonite of CECs of 91 and 143 meq/

100 g, respectively. The resulting packing density

of 0.13 to 0.21 for n-alkylammonium ions (or

n-alkyltrimethylammonium ions) on montmorillon-

ite leads to the arrangement of flat-on alkyl layers

in the interlayer space (Fig. 5). The basal plane

spacing and the interlayer thickness increase

stepwise as the length of the alkyl chains increases

(Fig. 7). The assembly of a loosely packed

horizontal alkyl monolayer, a densely packed

alkyl monolayer, a partial alkyl bilayer, a densely

packed alkyl bilayer, and so forth upon increase in

chain length has been observed in X-ray diffraction

and by molecular simulation (Table 4). The

layering effect decreases beyond trilayers and

quadrilayers due to the conformational flexibility

of the alkyl chains (Lagaly & Weiss, 1971; Vaia et

al., 1994, 1997; Osman et al., 2004, 2005; Lagaly

& Dekany, 2005; Heinz et al., 2007, 2008b).

The nonlinear plateau-and-step increase in basal

plane spacing as a function of chain length leads to

fluctuations in the interlayer density of the alkyl

chains and in backbone conformations, represented

by the percentage of gauche conformations (Fig. 8).

For example, the observation of nearly constant

basal plane spacing for a range of increasing chain

lengths of the surfactants from C14 to C20 for CEC

91 meq/100 g (Fig. 7a) causes an increase in

interlayer density. The interlayer density is thus

low in the presence of a partially packed horizontal

alkyl monolayer and increases toward high inter-

layer density for a densely packed alkyl monolayer,

followed by a drop in interlayer density upon

FIG. 6. Differences between head groups at the aluminosilicate-surfactant interface. The closest O···H distance is

shorter for hydrogen-bonded primary ammonium groups (Si2O···H�N) than for non-hydrogen-bonded quaternary

ammonium groups (Si2O···H�C), leading to stronger adsorption and lower mobility on the surface (adapted from

Heinz et al., 2007).
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FIG. 7. Basal plane spacing and interlayer structure of n-alkylammonium montmorillonites as a function of chain

length at low packing density. (a) CEC 91 meq/100 g, packing density l0 = 0.13. (b) CEC 143 meq/100 g,

packing density l0 = 0.21. The flat-on orientation of the alkyl chains and successive layer-by-layer ‘‘filling’’ of
the interlayer space as a function of chain length can be seen. The plateau-and-step progression of the thickness

of the alkyl layers is more pronounced at lower packing density (a) as the segmental tilt angle of the alkyl chains

relative to the surface normal is then nearer to 90º (adapted from Heinz et al., 2007; Fu & Heinz, 2010b).
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formation of a partially packed horizontal alkyl

bilayer (Fig. 8a). The low-density interlayer space

in loosely packed alkyl layers easily attracts solvent

molecules or CO2 from air unless the organically

modified clay minerals are kept under low pressure

or vacuum.

Assuming dry clay minerals, the variation in

interlayer packing and in interlayer density as a

function of chain length causes differences in the

conformation of the alkyl chains (Fig. 8b). A lower

interlayer density allows the alkyl chains to assume

a higher percentage of energetically favourable anti-

conformations since more lateral interlayer space is

available. A higher interlayer density enforces a

higher fraction of gauche conformations because the

alkyl chains pack more densely and assume

energetically less favourable chain rotations. In

this manner, van der Waals contacts are optimized

and lower basal plane spacing is maintained unless

the chains are longer, so that an additional, loosely

packed alkyl layer is formed (Heinz et al., 2007).

The binding of head groups to the surface

(Fig. 6) exerts an additional influence on chain

conformations. Primary ammonium head groups

H3N
+�R are smaller than quaternary head groups

(CH3)3N
+�R and located in the cavities of [Si, O]

12-rings in the tetrahedral layer close to negatively

charged metal substitution sites. H atoms of the

primary ammonium head groups form up to three

hydrogen bonds with superficial O atoms in the

tetrahedral layer, leading to a tripod-like position on

the surface (Fig. 6). This position of primary

alkylammonium ions on the clay mineral surface

increases the amount of gauche conformations of

the C�C bond near the N-terminus which is

reflected in an increased percentage of gauche

conformations at short chain lengths (Fig. 8b). In

contrast, larger and non-hydrogen bonding trimethy-

lalkylammonium head groups have orientational

freedom on the surface (Fig. 6), higher lateral

mobility, and do not impose additional gauche

conformations (Fig. 8b). The head-group dependent

and chain-length dependent amount of gauche

conformations is supported by infrared (IR) and

nuclear magnetic resonance (NMR) measurements,

i.e. by shifts in the symmetric and asymmetric CH2

stretching frequencies as well as by 13C spectral

shifts (Vaia et al., 1994; Osman et al., 2000, 2002,

2004; Zhu et al., 2005; Jacobs et al., 2006; see

Heinz, 2007).

Differences in the interlayer environment further

lead to variations in the cleavage energy of

organically modified layered silicates (Figs 4 and

9) (Heinz et al., 2006; Fu & Heinz, 2010a,b). The

cleavage energy is high for short chains of

alkyltrimethylammonium ions (Fig. 9a,b) because

bulky quaternary ammonium groups reside in the

middle of the interlayer and lead to very strong

Coulomb interactions (Fig. 9c), similar to alkali

cations in montmorillonite (Fig. 4a). The cleavage

energy is low for short chains of primary

alkylammonium ions (Fig. 9a,b) because the head

groups are pre-separated between the two layers, so

that only marginal Coulomb forces must be

TABLE 4. The basal plane (nm) spacing of alkylammonium montmorillonites of different charge (meq/100 g)

according to X-ray data (Lagaly & Weiss, 1971; Vaia & Giannelis, 1997; Vaia et al, 1997; Osman et al., 2004,

2005; Lagaly & Dekany, 2005; Heinz et al., 2007) and atomistic simulation (Heinz et al., 2007). The agreement

is very good and differences of the order of 5% are related to uncertainties in mineral composition and

homogeneity (experimental) as well as limitations in the molecular models (simulation).

— H3NR
+/CEC = 91 — — H3NR

+/CEC = 145 —
Expt Sim. Expt. Sim.

C4 1.36 (3) 1.45 (2)
C6 1.36 (3) 1.42 (2) 1.50 (3) 1.44 (2)
C8 1.36 (3) 1.42 (2)
C10 1.45 (3) 1.48 (3) 1.80 (3) 1.89 (3)
C12 1.70 (3) 1.62 (3) 1.87 (3) 1.97 (3)
C14 1.75 (3) 1.80 (3) 2.03 (3) 2.09 (3)
C16 1.75 (3) 1.88 (3) 2.28 (3) 2.29 (3)
C18 1.85 (2) 1.91 (3) 2.30 (3) 2.36 (3)
Std. dev. to expt. 0.08 (5%) 0.08 (5%)

216 H. Heinz

https://doi.org/10.1180/claymin.2012.047.2.05 Published online by Cambridge University Press

https://doi.org/10.1180/claymin.2012.047.2.05


overcome to separate the layers (Fig. 9c), similar to

alkylammonium montmorillonite with longer alkyl

chains (Fig. 4b). In addition to these electrostatic

effects, the cleavage energy depends on the strength

of van der Waals interactions between the modified

clay layers as a function of chain length. Lower

FIG. 8. (a) Interlayer density and (b) percentage of gauche conformations of the alkyl chains in n-alkylammonium

montmorillonite of CEC 91 meq/100 g as a function of head group chemistry and chain length (l0 = 0.13). The

percentage of gauche conformations in liquid nonadecane is shown for comparison. The alkyl chains on the

montmorillonite surface have a lower percentage of gauche conformations and can be considered between solid

and liquid state (adapted from Heinz et al., 2007).
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FIG. 9. Cleavage energy of alkylammonium montmorillonites as a function of CEC, head group, and chain length.

(a) CEC 91 meq/100 g, (b) CEC 143 meq/100 g, (c) short quaternary versus short primary ammonium surfactants

at CEC 143 meq/100 g. Shielding of Coulomb interactions and low interlayer density can lead to minimal

cleavage energies (circled highlights) up to 15 mJ m�2 lower than surface tensions of the cleaved and

reconstructed surfaces. Integer labels 1, 2, 3 on the graphs indicate the formation of densely packed alkyl

monolayers, bilayers and trilayers respectively (adapted from Fu & Heinz, 2010a).
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interlayer density and loose packing of alkyl chains

decrease the cleavage energy (circular highlights in

Fig. 9a,b). Densely packed interlayers with higher

interlayer density increase the cleavage energy. In

summary, the cleavage energy of alkylammonium-

modified montmorillonites depends on electrostatic

interactions and on packing of the surfactant chains.

The lowest cleavage energy was identified for

butylammonium montmorillonites as 25 mJ m�2

(circular highlights in Fig. 9a,b). We note that these

data rely on computational models (Heinz et al.,

2005) as experimental instrumentation is not

available to perform equivalent measurements.

The confidence in simulation results is high,

however, as the computation of related properties

(basal plane spacing, interlayer density, chain

conformations and surface tensions) shows quanti-

tative agreement with experiment (Heinz et al.,

2005, 2006, 2007; Fu & Heinz, 2010a,b).

Cleavage energies make a contribution to exfolia-

tion and dispersion of modified layered silicates in

polymer matrices (Fig. 10). The free energy balance

of dispersion of mineral layers in polymer matrices

DG has three contributions (Fig. 10a,b). These are

the cleavage of the mineral layers DGM, the creation

of void spaces in the polymer DGP, and the

formation of the mineral-polymer interface DGMP.

One possibility to lower DG and improve exfoliation

consists in lowering the cleavage energies to less

than surface tensions by choice of a specific clay

mineral and a specific surfactant. This is possible

because cleavage free energies DGM differ from

surface tensions gM (Fig. 10c). For example, the

cleavage energy of mica is 375 mJ m�2 and the

surface tension is ~60 mJ m�2 (Christenson, 1993;

Adams & Gast, 1997). For organically modified

montmorillonites, cleavage energies range from 25 to

210 mJ m -2 (Fu & Heinz, 2010a) while surface

tensions range from 40 to 45 mJ m�2 (Giese & van

Oss, 2002; Lewin et al., 2005; Kamal et al., 2009).

Cleavage energies measure a separation process of

the layers including surface reconstruction while

surface tensions measure the free energy of a static,

already cleaved surface in contact with liquids. To

achieve exfoliation in nanocomposites, the cleavage

free energy DGM is relevant and not the surface

tension (Fig. 10d,e) (Fu & Heinz, 2010a). The other

contributions DGP and DGMP to the cleavage free

energy DG are not significantly affected by changes

in the type of surfactant grafted to the clay mineral

surface. Any surfactant creates similar void spaces in

the polymer (DGP) and polymer interactions with the

cleaved surfaces (DGMP) scale with the surface

tension of the cleaved mineral surface, not with the

cleavage energy.

Therefore, the minimization of cleavage energies

(DGM ~ eS) by choice of a suitable combination of

clay mineral and surfactant is a possible pathway to

improve exfoliation of organically modified clay

minerals in polymer matrices (Fu & Heinz, 2010a).

This concept, however, still requires practical tests.

Limitations might arise due to very high DGP in the

presence of entangled polymer chains, or due to

thermal decomposition of the alkylammonium-

modified clay minerals during melt processing of

the polymer-clay mixture at temperatures exceeding

300ºC (Osman et al., 2004). An increase in thermal

decomposition temperature may be achieved by

using alkylammonium surfactants that lack H atoms

in b positions, which hinder the Hofmann

elimination mechanism (Heinz et al., 2003).

Alkylammonium-modified layered silicates at

intermediate and high packing density:

interlayer dynamics and thermal transitions

The packing density of surfactants on clay

minerals can be increased using surfactants

composed of multiple alkyl chains or clay minerals

of greater cation density. For example, dialkylam-

monium or trialkylammonium surfactants, instead of

monoalkylammonium surfactants, will double or

triple the packing density respectively. The use of

montmorillonite of a higher CEC or of mica will

also increase the packing density relative to

smectites of lower CEC. When the packing density

exceeds 0.2, the formation of increasingly tilted

alkyl layers is observed rather than the formation of

horizontal alkyl layers (Fig. 5). Periodic fluctuations

in interlayer structure, density, and chain conforma-

tions as a function of chain length are not found

(Fig. 11), although reversible melting transitions of

the alkyl chains emerge at intermediate packing

densities (Fig. 11a). The transition from horizontally

layered structures to near-vertical layers can be

followed by comparison of Fig. 7a (l0 = 0.13),

Fig. 7b (l0 = 0.21), Fig. 11a (l0 = 0.40) and

Fig. 11b ((l0 = 0.80). At high cation densities,

when the ion exchange reaction was carried out sub-

stoichiometric, it is also possible that the surface

contains spatially separate domains of alkali ions and

of tilted alkyl chains (see AFM data by Hayes &

Schwartz, 1998; comparison of basal plane spacing

with simulation results by Heinz & Suter, 2004a).
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The packing density is uniquely determined by the

cation density of the mineral and the surfactant

composition, and is suitable for describing the

structure, tilt angle and thermal transitions of

homogeneous alkyl layers (Fig. 12) supported by a

wide range of data (see Heinz et al., 2008a).

An intermediate degree of order of the alkyl

chains at intermediate packing density leads to the

occurrence of reversible phase transitions upon

heating (Fig. 11a). In a typical temperature range

from -20ºC to 100ºC, one or two phase transitions

have been observed by differential scanning

FIG. 10. (a) Schematic diagram of homogeneous distribution (exfoliation) of layered silicates in a polymer matrix

and the associated balance of free energy. (b) The free energy of exfoliation DG involves contributions by the

cleavage of the mineral layers DGM, creation of void spaces in the polymer DGP, and recombination of the

cleaved mineral surface with the polymer DGMP. (c) The surfaces of clay minerals and polymers change their

structure in this process so that the free energy of exfoliation DG cannot be expressed as an interface tension gMP.

(d) Cleavage free energies of clay minerals DGM can be approximated by cleavage energies eS, i.e. the difference

in energy in the separated and unified state over the contact area. The cleavage energies are tunable over a wide

range using different surfactants without significant changes in the surface tension of cleaved minerals gM and in

the mineral-polymer free energy of interaction DGMP. (e) Exfoliation can thus be driven by lower cleavage

energies DGM or by cross-linking between filler and matrix (lower DGMP). The free energy for void creation in

the polymer DGP is more difficult to tune as it may require another polymer, and such changes could be offset by

DGMP (adapted from Fu & Heinz, 2010a).
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calorimetry (DSC) (Osman et al., 2000, 2002,

2004). One possible transition involves lateral

rearrangements of quaternary ammonium head

groups on the surface and a second transition

involves reversible ‘‘melting’’ of the tethered alkyl

chains from disordered rods to broken rods (Heinz

et al., 2003). The first transition is exclusive for

surface-mobile quaternary alkylammonium surfac-

tants and does not occur with primary ammonium

surfactants due to strong surface bonding (Fig. 6).

FIG. 11. (a) Structure of octadecyltrimethylammonium ions on mica, packing density l0 = 0.40 at 20ºC and at

100ºC. A reversible melting transition upon heating is observed by DSC (Osman et al., 2000) and in the

simulation (Heinz et al., 2003) in which the percentage of gauche conformations changes from 24% to 31%. (b)

Structure of didodecyldimethylammonium ions on mica, packing density l0 = 0.80 at �20ºC and at 60ºC. No

melting transition is seen upon heating in DSC (Osman et al., 2002) and in the simulation. The percentage of

gauche conformations changes from 9% to 12% (Heinz & Suter, 2004a).

Clay minerals for nanocomposites and biotechnology 221

https://doi.org/10.1180/claymin.2012.047.2.05 Published online by Cambridge University Press

https://doi.org/10.1180/claymin.2012.047.2.05


Upon cooling to room temperature, this transition is

only observable again after a few hours relaxation

time as the reverse lateral movements of the head

groups are associated with significant energy

barriers (estimated >10 kcal mol�1). The second

transition, which involves partial melting of the

tethered alkyl chains, is immediately reversible and

not dependent on the type of head group.

When the packing density is high, i.e. above

0.75, the percentage of gauche conformations

diminishes and the dense packing of surfactants

leads to negligible ‘‘melting’’ effects (Figs 5c and

11b). No thermal transitions occur in DSC (Osman

et al., 2002, 2004) and only a modest increase in

the fraction of gauche conformations is seen that

decreases the effective tilt angle y relative to y0 =

cosl0 in the simulation (Heinz & Suter, 2004a;

Heinz et al, 2004) (Fig. 11b).

In summary, at intermediate and at high packing

density, no major changes in interlayer density, in

conformation of the alkyl chains, and in cleavage

energy are found when the chain length of the

surfactants increases (except for an increase in the

temperature for the order-disorder transition). The

indifference of the interlayer structure to the length

of the alkyl chains at medium and high packing

density is opposite to the variety of packing modes

as a function of chain length at low packing

density. The cleavage energy of alkylammonium

modified montmorillonites and micas at inter-

mediate and high packing density are in the range

40 to 45 mJ m�2 (Heinz et al., 2006), similar to the

surface tension (Giese & van Oss, 2002; Yariv &

Cross, 2002). Therefore, modification of the

cleavage energy by surfactant design is not feasible

as at low packing density (Figs 9 and 10). An

alternative to modulate the surface structure can be

sub-stoichiometric ion exchange (Hayes &

Schwartz, 1998; Heinz & Suter, 2004a).

Diffusion and light-induced switching on the

surface

The surfactants are bound to the surface by ionic

forces and have the possibility of lateral diffusion.

Surface diffusion necessitates the simultaneous

motion of at least two surfactants at the same

time as the head groups attempt to remain close to

negatively charged surface sites (Heinz et al.,

2007). Surface diffusion constants depend on the

head group, chain length and packing density.

Quaternary ammonium head groups are more

mobile than primary ammonium head groups due

to the absence of hydrogen bonds with the surface

(Fig. 6). Shorter alkyl chains lead to more mobility

than longer alkyl chains due to weaker van der

Waals interactions with neighbor chains that slow

down lateral mobility. Also, a CEC of the mineral

at the lower end promotes surface diffusion because

steric hindrance between individual surfactants is

FIG. 12. Diagram of packing density, tilt angle and thermal behaviour for a given combination of surfactant and

surface. The four straight lines indicate the packing density of monoalkylammonium, dialkylammonium,

trialkylammonium and tetraalkylammonium surfactants on a clay mineral surface of known cation density

(grafting density) or CEC respectively. The occurrence (O) or absence (X) of reversible melting transitions on

heating is indicated for data points from laboratory measurements. The prediction also holds for other oxide and

metal surfaces, assuming a homogenous distribution of surfactant molecules and a minimum chain length 5C10

(from Heinz et al., 2008a).
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small. Therefore, short quaternary ammonium

surfactants (tetramethylammonium) on an isolated

surface at low packing density (CEC 91 meq/100 g)

exhibit the highest diffusion rate (10�5 to 10�6 cm2

s�1), about one order of magnitude less than the

self-diffusion constant of water. The equivalent

primary ammonium surfactants show diffusion

constants at least two orders of magnitude lower,

and the presence of longer chains, as well as higher

packing density further reduces diffusion constants

by several orders of magnitude (no quantitative

values known; Heinz et al., 2007).

The ability to form layered structures of well

defined basal plane spacing has also led to studies

that attempt reversible optical switching of the basal

plane spacing. Studies using X-ray diffraction,

UV/VIS spectroscopy, and simulation have shown

modest reversible switching between 5 and 10% in

montmorillonites modified with azobenzene-

containing surfactants (Iyi et al., 2001; Ogawa et

al., 2001, 2003; Okada et al., 2005; Heinz et al.,

2008b). Upon laser irradiation at ~420 nm, the

surfactants can flip from the cis to the trans

conformation and cause an expansion of the

interlayer space. Upon irradiation at ~365 nm, the

trans conformation switches to the cis conformation

and causes a contraction of the interlayer space. A

challenge to achieve more than 2�5% reversible

switching, however, is the compensation of the

change in interlayer density. The surfactants need to

be designed to be rigid and grafted perpendicular to

the surface to generate a 10% reversible actuation

in basal plane spacing. The response time can be

very fast.

Alternatively, co-intercalates such as phenol can

be used to reversibly enter into the gallery space

and exit the gallery space to compensate changes in

interlayer density upon optical switching. Phenol

solvates cis-azobenzene better than trans-azoben-

zene due to a higher dipole moment, thus leading to

larger basal plane spacing for the cis isomer, not the

trans-isomer. The amount of optical switching in

gallery height can then exceed 40%; however,

reported increases are not uniform and the response

time is much longer (Okada et al, 2005).

TENS ILE , SHEAR AND BENDING
PROPERT IES

2:1 clay minerals are anisotropic and have a high

in-plane stiffness of 160 GPa (Table 2). The in-

plane stiffness does not depend on CEC and applied

stress, and is a major reason for the utility of clay

minerals as a mechanical reinforcement in compo-

sites. The stiffness perpendicular to the layers is

lower and depends both on the CEC and on the

applied stress. The perpendicular modulus is about

60�80% lower than the in-plane modulus at 1 GPa

applied stress, and increases toward the in-plane

modulus for higher applied stress (up to 20 GPa)

for all CECs (Zartman et al., 2010). The softest

mineral in the series of increasing CEC is

montmorillonite of low CEC (91 meq/100 g)

where a zz modulus (perpendicular to the layer)

of only ~6 GPa was reported at a low applied stress

of 10 MPa (Vanorio et al., 2003). Clay minerals

also exhibit low shear stability parallel to the layers.

Unmodified clay minerals often fail by sliding of

the layers, and the shear stability is particularly low

in the presence of organic surface modification.

Shear moduli of natural clay minerals parallel to the

layers (in xz and yz direction) are 2 to 16 GPa and

the shear strength before onset of shear flow is 0.2

to 1.0 GPa depending on the CEC (Table 2)

(Zartman et al., 2010).

A common observation is also bending of layered

silicates (Fig. 13). Bending of individual layers

requires comparatively minor energies. The neces-

sary mechanical energy per layer area to achieve a

radius of curvature from infinity to 20 nm is of the

order of 10 mJ m�2 or less according to simulation

and observations in composites (Fu et al., 2011)

(Fig. 13a,b). For stronger deformations down to

6 nm radius of curvature, the elastically stored

energy per layer area quickly reaches several

hundred mJ m�2 and the corresponding energy

density exceeds that of ultracapacitors (Fig. 13b).

Investigation of the bending mechanism by

molecular models has shown that the deformation

of bond angles and bond lengths accounts for the

majority of the bending energy and that the radius

of curvature may reach very small values before

failure (Sato et al., 2001; Fu et al., 2011)

(Fig. 13c,d). The dissociation of chemical bonds

may require up 104 mJ m�2 so that single layers

and agglomerates have considerable resistance

against failure when slowly deformed. The smallest

observed radius of curvature by transmission

electron microscopy (TEM) is 3 nm (Fig. 13a).

At volume fractions of clay minerals in

nanocomposites in the low percent range, bending

radii remain typically above 100 nm. A significant

fraction of highly curved layers below 20 nm radius

appears for volume fractions over 5% and after
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extrusion. Failure of layered silicates by bending

involves a kink and split mechanism, and a typical

reduction to half the original average length can

often be observed as a result of melt processing of

composites by extrusion (Fu et al., 2011).

Force constants of single layers upon deformation

with AFM tips were found to be in a range of 0.15

to 0.4 N m�1 (Kunz et al., 2009), similar to

graphene and consistent with simulation results.

The force constant does not show a significant

dependence on the CEC.

SURFACE ADSORPT ION OF
B IOMOLECULES

The aqueous interface of clay minerals with

dissociated alkali cations provides a unique space

of tunable ionic strength for the interaction with

polar and charged molecules such as proteins,

carbohydrates, and drug molecules (Fig. 14)

(Parbhakar et al., 2007; Drummy et al., 2009,

2010; Patwardhan et al., 2012). By variation of

CEC, cation type, pH and temperature, clay

minerals can serve as substrates to bind and

release a variety of biomolecules. As an example,

phage display techniques have been used to identify

phage-attached peptides that remain bound to the

montmorillonite surface after several washing

cycles in aqueous solution. Phages are thin viral

capsids of approximately 1 mm length and display

cilia at the end that terminate with genetically

modifiable peptides of 7�12 amino acids in length.

Using a library of more than one billion phages, the

peptides S2 and CR31 were identified as strongest

binders to montmorillonite (Fig. 14a). The peptide

of strongest identified interaction, peptide S2,

contains two positive charges in the Lys side

chains and is attracted to the surface at pH = 7

FIG. 13. Bending stability of layered silicates. (a) The smallest observed curvature by TEM is a bending radius of

~3 nm in a montmorillonite-epoxy resin. (b) Computed bending energy per layer area as a function of bending

radius for single aluminosilicate layers. The bending energy per layer area becomes significant for radii of

curvature below 20 nm and exceeds (as a very minimum) 200 mJ m�2 before failure. (c) Models to analyse the

bending energy and deformation of single layers as a function of bending radius by molecular dynamics

simulation, shown for pyrophyllite. A fixed enclosure of carbon atoms of defined bending radius was used to

modify and control the bending radius (from Fu et al., 2011).

224 H. Heinz

https://doi.org/10.1180/claymin.2012.047.2.05 Published online by Cambridge University Press

https://doi.org/10.1180/claymin.2012.047.2.05


FIG. 14. (a) Peptides attracted to montmorillonite (CEC 91 meq/100 g) using phage display. Peptide S2 contains

two cationic Lys side chains and is a very strong binder that can hardly be removed by washing cycles at pH = 7

(Drummy et al., 2010). (b) Adsorption of the peptide S2 involves a cation exchange mechanism supported by the

high isoelectric point (pI) and molecular simulation. Adsorption of nonionic peptides such as CR31 involves

hydrogen bonds (Ser, Tyr) and polar interactions with the negatively charged surface. (c) Snapshot of the aqueous

interface of montmorillonite with bound peptide S2 in atomistic simulation. Many sodium ions dissociate several

nanometres away from the montmorillonite surface, consistent with swelling properties. The peptide replaces

sodium ions near the surface and the formation of two Na+_Cl� ion pairs in the upper portion of the image can

be seen. (Simulations involved montmorillonite (CEC 91 meq/100 g), 4000 water a molecules, one peptide

molecule, and the CVFF-PFF force field for 10 ns.) (d) Ramachandran plots for peptide S2 indicate a helical and

b strand conformational features in solution and on the surface, whereby the amount of helix and random coil

dominate on the surface. The plot is specific for this peptide with multiple surface-binding groups.
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by ion exchange (Fig. 14b). Another peptide, CR31,

does not contain cationic groups and is attracted to

the surface by coordination of alkali ions and

hydrogen bonds (Drummy et al., 2010).

The ion exchange reaction of peptide S2 can also

be followed by molecular dynamics simulation and

then the detachment of sodium chloride as a result

of the ion exchange reaction is seen (Fig. 14c)

(Heinz, 2010). Ramachandran plots suggest that the

peptide conformation changes from the solution

state to the adsorbed state on the surface with a

slight decrease in b strand conformation in favour

of more random coil and a helical conformations

(Fig. 14d). The changes in conformation are

sequence-specific and may not be generalized.

This example shows that clay minerals can

function as carrier and delivery substrates for

molecules with biological activity, such as proteins

for improved wound healing and drug molecules for

controlled release (Aguzzi et al., 2007). Clay

minerals of low to intermediate cation density also

have an anti-bacterial effect due to the high local

ionic strength and fluid-absorbent properties. A

wide range of target molecules can also be bound to

the montmorillonite surface by covalent attachment

to montmorillonite-specific peptide recognition tags

(Drummy et al., 2010).

CONCLUS IONS

We have discussed a wide range of nanoscale surface

properties of clay minerals which play a role for

applications in composites and as carrier materials

for biomolecules. The interfacial structure and

polarity, the packing density of surfactants, molecular

conformations, cleavage energies, aqueous interfaces,

as well as responses to thermal and mechanical

stimuli illustrate the rich chemistry and physics that

provide the basis for the versatility and future

potential of layered silicates for various technologies.
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