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a  b  s  t  r  a  c  t

Layered  silicate  clays  are  natural  crystallites  that  are  well  recognized  for their  practical  uses,
but  little  is  known  about  their  self-assembly  behavior.  In this  review,  we  summarize  the
recent literature  on  clay  interactions  with  organic  polymers  as  well  as clay  self-assembly
with  organic  involvement.  We  place  emphasis  on  two  aspects  of  these  non-covalent  inter-
actions:  first,  plate-like  clays  can  have  a  considerable  impact  on  polymer  properties  such  as
hydrogels  and  clay  films,  and  also  on  the  encapsulation  of  bio-molecules.  Second,  through
ionic intercalation  with  polymeric  amine-salts,  the  clay  layered  structure  units  can  be  mod-
ified and  enabled  to self-assemble  into  ordered  arrays  such  as  rod-,  dendrite-,  and  fiber-like
microstructures.  The  silicate  self-assembled  morphologies  such  as  worm-like  and  hollow
microspheres  were  obtained  in epoxy  matrices  and  during  spray  drying,  respectively.  A
mechanism  was  proposed  for  the  clay  self-assembly  in  two  orientations,  platelet  face-to-
face (ionic  attraction)  and  edge-to-edge  (organic  hydrophobic  effect).  Further,  the  layered
clays after  the  exfoliation  into  random  platelets  (1 nm  in  thickness)  had  strong  propen-
sity  toward  self-piling  without  any  organic  influence.  Formation  of  lengthy  rods  or  fibrils
up to 5 �m in  length  and  their  hierarchical  transformation  under  transmission  electron
microscope  (TEM)  electron  beam  bombardment  and  ultrasonication  were  observed.  The

clay thin-platelet  geometric  shape  and  surface  ionic  charge  are  two  important  parameters
for the  self-assembling  tendency.  The  high  surface  of  clay  platelet  has  a significant  impact
on polymer  interactions  and  drives  the  self-organization  of  inorganic–organic  structures.
© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

1.1. Self-assembly of copolymers and nanomaterials

Self-assembly is an important step in bottom-up nano-
technology and often involves the use of surfactants or
block copolymers as soft templates for shaping ordered
structures [1–10]. Copolymers with chemically distinct
blocks may  undergo non-equilibrium transformation from
random coils into globules or may  self-organize into
ordered structures. Di- and tri-block copolymers are rec-
ognized for their ability to use non-covalent bonding
interactions to form various geometric shapes of nanome-
ter dimensions [11–16].  A wide range of applications
such as in patterning inorganic nanoparticles, interacting
with biomaterials, and fabricating electronic devices have
been reported [17–20].  The monolayer self-assembly tech-
nique can afford thin films with tailored surface properties
[21–23].  The morphology can be controlled by varying the
copolymer structure and process parameters such as con-
centration [23], temperature [24,25],  pH [26], and choice
of medium [27].

In addition to the above, inorganic nanomaterials
are considered basic building blocks in nanotechnology.
Inorganic nanomaterials may  be classified according to
their geometric shape and have at least one dimen-
sion in the range of 1–100 nm:  spherical (e.g., metal
and metal oxide nanoparticles), fibril-shape (e.g., carbon
nanotube and metal wires), and platelet-like (e.g., nat-
ural smectite clays, graphite and graphene sheets), as
illustrated in Fig. 1. These nanometer-scale units have
inherent van der Waal’s interactions that facilitate self-

aggregation and, under certain controlled environments,
can also lead to self-assembly and thus the formation
of ordered secondary and tertiary structures with differ-
ent morphologies. For example, spherical nanoparticles
 . . . .  .  .  .  .  .  .  . . . . .  . .  . .  .  .  .  . .  .  . . .  .  . .  . . . . . . . .  .  .  .  . .  . . .  .  .  .  .  .  .  . . .  . .  .  .  .  .  .  . 441

[28] and quantum dots [29] undergo controllable self-
aggregation into ordered arrays for applications such
as optics [30,31], electrical sensors [32–34],  and mag-
netic devices [35,36]. This approach of building up the
dimensional scale from nanosized units, called bottom-
up synthesis, has been an important research topic in
recent years because of its wide range of applications.
Self-assembly of tiny particles such as inorganic quantum
dots for optoelectronic devices [37] and the synthesis of
silver nanoparticles of various shapes [38] are examples
of applications that employ the aforementioned bottom-
up approach. Other geometric shapes and morphologies
that have been reported include inorganic nanoboxes
[39], nanowires [40,41],  nanospheres [42,43],  nanotubes
[40,44], nanocubes [45,46],  and nanorods [47,48].

1.2. Natural occurrences of biomaterials and clay
minerals

Non-covalent bonds, including electrostatic charge
attraction, hydrogen bonds, van der Waal’s forces, metal
coordination, aromatic �–� stacking interactions, and
hydrophobic effects, are the fundamental driving forces
for the self-assembly of copolymers and nanomateri-
als [1–10,18–20,49–54]. Cooperative interaction among
these non-covalent bonds in a particular system con-
trols biological reactions and kinetic transformations.
A simple self-assembly process may  lead to selective
recognition for guest materials or hierarchical transfor-
mation into higher-order structures from primary to
quaternary microstructures in a sequence. In nature, self-
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organized structures such as double-helix DNA [55–57];
folded protein globules [58,59]; and bio-mineralization
such as seashells, bones, and nacres are commonplace
[60–64].  Biomaterials and biomimetic complexes [65,66]
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Fig. 1. Nanomaterial classification, together with examples

elf-assemble from basic organic and inorganic build-
ng blocks through non-covalent interactions in aqueous

edia. The hierarchy of molecular self-assembly from
olymeric surfactants with a random coil structure
o molecular bundles with highly ordered morpholo-
ies [67–69] and the unique phase separation of chiral
opolymers resembling biomaterials [70] are examples of
ynthetic structures mimicking the diversity of nature.

Among the naturally occurring inorganic minerals,
hyllosilicate and smectite clays with layered structures
re among the most abundant and have found many
ndustrial applications. Their generic aluminosilicate struc-
ure is composed of multiple silicate plates stacked in
ayers and crystalline defects with divalent metal species
counter ions) in the interlayer galleries. For the commonly
tilized smectites, the fundamental units are comprised
f two tetrahedral sheets sandwiched with edge-shared
ctahedral sheet at 2:1 structure. Smectites have been
ell characterized with regards to chemical composition,

amellar structure with high aspect ratio, geometric shape,
urface area, and counter-ion exchange capacity. Perhaps
wing to their polydispersed dimensions and contamina-
ion with amorphous impurities, the natural clays are less
nown for their ability to self-assemble into ordered pat-
erns. There are only few reports regarding superstructures
f mesoscopic orientation [71] and the properties of sol–gel
nd isotropic–nematic phase transition [72].

In this review, we summarize the recent develop-
ents in the study of the intensive interactions between

ilicate clay and organic polymers as well as clay self-
ssembly behaviors. Since the use of layered silicate clays
n nanocomposites has been extensively documented, this
eview instead places emphasis on their chemical interac-

ions with polymers and on clay self-assembly with organic
nvolvement. The intercalation and the exfoliation of lay-
red silicates are discussed with respect to modification
f the structures through interlayer spacing enlargement
ing to which physical dimension is in the 1–100 nm range.

and randomization into individual platelets. New findings
on clay self-assembly from both types of units, organically
intercalated and exfoliated silicates, for the hierarchical
formation of various microstructures are reviewed. The
mechanism involving the geometric shape, ionic charge
attraction, and platelet pilling direction is also discussed.

2. Recent developments in clay utilization

2.1. Generic multilayered structures and conventional
uses

Among many different clay species, smectic clays are
naturally abundant with a well-characterized lamellar
structure of multiple inorganic plates, high surface area,
and ionic charges on the surface [73]. The phyllosilicate
clays of the 2:1 type, such as montmorillonite (MMT),
bentonite, saponite, and hectorite, have conventionally
been employed as catalysts [74–78],  adsorbents [79,80],
metal chelating agents [81], and polymer nanocomposites
[82–92]. The generic multilayered structure is constituted
of silicate/aluminum oxide in multilayer stacks, for exam-
ple a sandwich structure comprising two tetrahedron
sheets with an edge-bridged octahedral sheet as the 2:1
type [82,84,89].  The existence of counter ions is due to the
variation in composition caused by isomorphic substitu-
tion of aluminosilicate elements with other metal ions such
as Mg2+, Ca2+, or Fe2+. These counter ions in the galleries
can be exchanged with alkali metal ions such as Na+ or Li+.
By following the ionic exchange capacity and ionic species
potential, the clay structure may  be altered by organic ion
exchange reactions and intercalation with organic com-
ponents. Multilayered silicates are natively hydrophilic,

water-swelling, and exist in nature as large aggregates.
For example, MMT  clay is found in the form of irreg-
ular aggregates of primary stacks consisting of multiple
layers of aluminosilicate sheets with individual platelets at
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cture o
Fig. 2. Chemical stru
©  2009 Elsevier Ltd.

polydispersed dimensions of ca. 100 nm × 100 nm × 1 nm
[93,94] (Fig. 2). Another clay, synthetic fluorinated mica
(Mica), which is synthesized by Na2SiF6 treatment of talc
at high temperature [95,96], has unit plate dimensions
of 300–1000 nm in width and 1 nm in thickness on aver-
age [97]. In addition to clays with cationic counter ions,
anionic clays of layered double hydroxides (LDHs) such
as [Mg6Al2(OH)16]CO3·4H2O and other inorganic compo-
sitions are synthesized by the well-known inorganic salt
precipitation method [98–100]. Their structures are similar
to the natural clays, consisting of plate-like particles with
the dimensions ca. 200 nm × 200 nm × 1 nm.  For exam-
ple, anionic LDHs can possess carbonate counter ions and
a charge density of 1.5 e/nm2. Although these synthetic
anionic clays are structurally well defined, little is known
of their platelet unit piling properties.

Both of the natural and synthetic clays have been
actively studied for their potential as nanofillers for
improving the mechanical and physical properties of
organic polymers [101,102].  Through organic modifica-

tion, organically modified clays (organoclays) are obtained
than can be homogeneously dispersed and blended in
hydrophobic polymer matrices, including polypropylene
[103], polystyrene [104], polyurethane [105], polyester
f smectite clay [94].

[106], epoxy [107,108],  and polyimide [82]. A number
of review articles have been dedicated to this subject
of polymer–clay nanocomposites [82,84–90,109–112].  A
common drawback when using polymer–silicate clay
nanocomposites is the requirement of overcoming the
inherent self-aggregating tendency of the layered struc-
ture and the organic affinity for the target hydrophobic
polymers. Besides mechanical mixing methods, organic
modification [73,91,113–115] to introduce an organic
moiety and compatibility is a common approach. In gen-
eral, intercalative incorporation of organic surfactants into
the silicate interlayer galleries affords organoclays suit-
able for homogeneous mixing with polymers. Despite the
significant progress made in clay nanocomposites, the lim-
itations of generating a homogeneous dispersion of clay
platelets in polymer matrices have been well documented
[89,92,116,117].

2.2. Biomaterial encapsulation
Recent research has focused on the interaction of lay-
ered silicate clays with biomaterials. In particular, anionic
clays such as synthetic LDHs with charges opposite to nat-
ural clays were found to be suitable for embedding DNA
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nd other biomaterials. The encapsulation was proposed
or gene therapy and drug control release (Fig. 3) [118].
DH with anionic character were compatible for interacting
ith DNA and spatially allowed for incorporation of bulkier
iomaterials in the interlayer galleries. Furthermore, the
resence of inorganic composites may  protect the guest
ompounds from degeneration during the necessary pen-
tration into cells through endocytosis. The concept of
ansfer mechanism of the bio-LDH hybrid into a cell [118].

utilizing the layered inorganic clays may  have potential
applications for drug delivery and controlled release.

Large protein molecules were possibly embedded in
the interlayer galleries in the cases of montmorillonite

[58] and synthetic fluorinated mica [59] as represented in
Fig. 4. In these disclosures, the hybrid structure of bovine
serum albumin (BSA) protein encapsulated in the lay-
ered silicate clay with X-ray diffraction (XRD) d spacing of



C.-W. Chiu, J.-J. Lin / Progress in Polymer Science 37 (2012) 406– 444 411

 direct m
Fig. 4. Conceptual illustration of BSA intercalation into Na+-MMT (via the
acidified MMT  but at different pH conditions [58].
©  2007 American Chemical Society.

62 Å was prepared. The first step of the process required
clay interlayer space enlargement by intercalation with
hydrophobic poly(oxypropylene)-amine (POP-amine) or
hydrophilic poly(oxyethylene)-amine (POE). The existence
of POP further assisted the accessibility of large BSA pro-
tein through a spacing effect and simultaneously increased
the organic affinity for the stable embedment. Subsequent
replacement of POP by BSA allowed the encapsulation of
the large BSA without significant compression in size or
conformation. Two different routes of direct BSA interca-
lation and step-wise organic replacement are illustrated in
Fig. 4. Due to spatial constraints, the original layered clay as
sodium form of MMT  or Mica may  be intercalated directly
but this required an excess amount of protein. The difficulty
of direct intercalation can be seen by comparing the large
dimensions required, 4 nm × 4 nm × 14 nm for BSA. Process
feasibility is another issue for the preferred POP organic
substitution method. The POP/MMT complex was  actually
shown to have a lower critical solution temperature (LCST)
property owing to the hydrogen bonding of the oxypropy-
lene segment with water molecules. The protein exchange
reaction with POP was performed at a lower temperature
than LCST (<14 ◦C) with the appropriate pH adjustment.
For example, the use of acidified H+-MMT  facilitated the

BSA intercalation at a low d spacing (33 Å) or a compressed
form. The two-step process of first modifying the clay with
organic moieties is more suitable for the gallery adjustment
and the rendering of large biomaterial embedment.
ethod and POP2000- or POE2000-enlarged d spacing methods), and the

2.3. Clay–polymer nanocomposite hydrogels

The clay swelling nature in rendering high gelling
properties by hybridizing with hydrophilic polymers has
been reported [119–130] and compared to conventional
organic hydrogels. Clay–polymer nanocomposite (NC)
hydrogels have demonstrated the combined properties
of mechanically high strengths and elongations at break,
high transparency, as well as high rates of swelling/de-
swelling. As illustrated in Fig. 5, the NC gel with the
compositions of silicate clays and water-soluble poly(N-
isopropylacrylamide) (PNIPA) is exemplified for a high
elongation over ten folds of stretching, high flexibility, and
transparent properties in comparison with a conventional
organic hydrogel [119]. The inorganic silicate platelets
provide high surface area for multiple sites of pseudo-
cross-linking in a 3D polymer matrix. A uniform dispersion
of exfoliated clay platelets in aqueous media is essential for
the advanced performance of the NC gels. In particular, high
de-swelling rates and high structural homogeneity (trans-
parencies) were obtained. The selection of hydrophilic
polymers such as PNIPA and PEG offered the homogeneous
dispersion of clay platelets for chain cross-linking with the
clay surface. Because of the long distances between the

clay sheets, the water-soluble polymer chains are flexible
and can adopt random conformations. In contrast, the
PNIPA organic gels (OR) with short cross-liking points gen-
erally exhibited a weak and brittle nature. The combined
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Fig. 5. Comparison of clay/poly(N-isopropylacrylamide) NC gels and an organic hydrogel (OR gel): (a) schematic representation of platelet surface inter-
connected organic/inorganic network in the NC gel, with uniformly dispersed clay sheets and two  primary types of flexible polymer chains, x and g, grafted
a  gel net
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nd  pseudo-cross-linked to clay sheets, respectively. (b) Conventional OR
)  OR gels: weak and brittle [119].

 2002 American Chemical Society.

erformance of NC gels largely depended on the clay con-
ent (up to ca. 60 wt%) in polymers. Another aspect of the
ifferences for the NC gels is their temperature-dependent
ransparency change at the LCSTs. In the presence of inor-
anic clays, it was possible to control the coil-to-globule
ransition of PNIPA and hence the material transparency
nd swelling/de-swelling properties could be regulated
123]. The platelet surface interaction allowed the polymer

aterials to benefit form the combined performances of
elling, adhesion, lubricity, absorption, transparency, and
echanical properties. This development has broadened

he use of clay for drug delivery systems, biomedical tissue
ngineering, sensors, and mechanical devices.

.4. Clay–polymer nanocomposite films

An aqueous solution of polyvinyl alcohol (PVA)-coated
MT  was evaporated into large-area, lightweight, and

hick nacre-mimetic films [131]. The combination of soft
VA and rigid silicate clay was homogeneously dispersed
nd it then self-arranged into orderly aligned clay forma-
ion in PVA matrix. A typical 0.5 wt% aqueous dispersion
f MMT  (Na+-Cloisite, thickness ca. 1 nm,  diameter ca.
0–1000 nm)  was evenly distributed and interacted with
VA affording biomimetic materials. Fig. 6 displays SEM
mages and the conceptual drawings of an orderly align-

ent of clay platelets with polymers or the assembly
rown in layer-by-layer alignment. PVA interacted well
ith the MMT  platelets via weak non-covalent bonds and
ross-linking into more rigid structure using glutaralde-
yde and alcohol acetal formation. The cross-sectional SEM

mages show a highly ordered alignment of clay platelets.
he strong interaction between clay and polymer allowed
work structure model. (c–f) NC gels: transparent and flexible and (g and

facile synthesis of the films on a large scale by the
following methods: paper-making, doctor-blading, or
simple painting. A similar strategy had been employed
by dispersing clays in another hydrophilic polymer,
poly(diallyldimethyl-ammonium chloride) (PDADMAC)
[132]. The polycation-coated clay stacks generated the
supramolecular interactions and reduced the irregular
aggregates between the stacks. The generated films were
shown to be porous and effective for thermal and flame
shielding similar to ceramics. The advantage of strong
clay interactions allowed simple film preparation com-
pared to the conventional method, which employs tedious
layer-by-layer (LbL) and multilayer deposition approaches.

Several reports deal with the preparation of transparent
and mechanically robust thin films by the LbL technique
[133–138]. Building blocks of nanometer scale such as clay
units are generally difficult to disperse homogeneously
in large volume fractions. Micrometer-scaled composites
with a high density of non-covalent interactions were
prepared by the ordered alignment of nanosheets. The
LbL assembling technique was designed to overcome the
inherent aggregation tendency of nanosize inorganic unit
distribution in a polymer matrix. It was  demonstrated from
the cross-section SEM images that a well-aligned multi-
layer structural film could be prepared for 200–300 bilayers
of 1.0–1.5 �m thickness, or ca. 5 nm for each bilayer of
the clays in the polymer. The transparent and flexible film
shown in Fig. 7 was  prepared from multiple layer alignment
of PVA–clay.
For the advanced function of gas barrier property,
transparent and flexible clay films with high thermal
resistance were prepared [139–141]. The clay films
were fabricated by a casting method involving synthetic
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Fig. 6. (a–g) SEM of layered formation of PVA/clay nacre-mimetic paper composites obtained via paper-making process. (h and i) Conceptual illustrations:
step con
LbL  for nacre mimics using cationic polyelectrolytes and the present one-

© 2010, American Chemical Society.

Na+-saponite and water-soluble polymers such as sodium
salts of polyacrylate (SPA) and carboxymethyl cellulose
(SCE). A uniform nanostructure comprising a dense strat-
ified array of clay platelets with flexible polymer chains
between clay platelet edges was revealed (Fig. 8d). The
polymers possessing sodium anions act as soft binders in
connecting the neighboring clay particle edges through
ionic interaction. The fine dispersion of polymers pre-
vented clay edge–face contact and clay aggregation.
Presumably, the polymer chains bind clay particle edges
tightly by fixing the upper and lower layers of the clay
platelets. As a result, thermal stability with a high melting
point up to 440 ◦C of the polymer in the clay layers was
observed. It was reported that a uniform distribution of
polymer in the film interior can be achieved with clay
loading in the range of 20–80 wt%. For extremely high clay
loading at 80 wt%, the films exhibited excellent optical and
physical properties and were proposed for applications
such as optoelectronic displays (Fig. 8). In another exam-
ple, the LbL assembled thin films from MMT  and branched
polyethylenimine (PEI) were disclosed [142]. The alternat-

ing exposure of PEI/MMT for 40 layers afforded transparent
films with a high weight composition of clay up to 84 wt%.
It is particularly mentioned that very low levels of oxygen
permeability were achieved. With the ordered formation
cept [131].

of clay platelets in polymer matrices, the gas penetration
pathway distance was significantly increased, hence the
low permeation rate. The films with highly oriented clay
platelets simultaneously may  have potential uses for food,
biomedical, and electronics packaging applications due to
their favorable hardness and elastic modulus.

The colloidal and dispersion properties of natural clays
have been studied in order to gauge the influence of
interlayer counter ions in cationic clays (Fig. 9) [143]. Var-
ious species of MMT  clay with Na+, Li+, Mg2+, Ca2+, Al3+,
and Fe2+,3+ counter species were prepared by an ionic
exchange reaction. The aqueous solution of colloidal clays
without organic additives was  coated and evaporated into
self-standing films and difference in microstructures inves-
tigated. The films prepared from the clay with monovalent
interlayer cations exhibited a self-aligned microstructure
that was  significantly different from those of polyvalent
counter-ion clays. In general, the films of polyvalent cations
appeared to be a rough and poorly laminated structure. The
difference in film formability was  attributed to their swella-
bility. MMT  with monovalent cations swelled thoroughly in

water and became less aggregated. In contrast, the polyva-
lent cations swell poorly and generated significant amount
of clay aggregates in water. It appeared that the ionic
species affected the solvation by water and consequently
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Fig. 7. Flexible and transparent thin film from layer-by-layer process. (a) Schematic illustration for clay unit piling, (b) composite film of PVA/MMT showing
h [133].
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 2007 The American Association for the Advancement of Science.

he unit dispersion before the formation of ordered aligned
lm structures. Fig. 9d illustrates the different swelling
omogeneity of clay units with monovalent and polyva-

ent cations. The cross-section images of SEM illustrated the
niformity and regularity of the clay alignment (Fig. 9a–c).
hree representative films of Li-, Ca-, and Al-MMT  showed
ifferent alignments in view of the fractured cross-section

mages. The upper part of the film is laminated with thin
heets, and the lower part is structured with thick large
heets. This difference is particularly prominent in the Al-
MT  film with smaller particle units on the top and larger

nits at the bottom layers. The difference in homogeneity
hroughout the film thickness implicated the counter ion
welling property in water, which consequently affected
he self-aligned morphology. As a result, the interlayer
ation affected the self-standing clay film formability and
roperties attributable to their differing swellability. Mont-
orillonite samples with monovalent interlayer cations

welled sufficiently and became delaminated. Their flex-
bility and gas barrier property were correlated to their

icrostructures.

Flexible and transparent films with clay content of

7 wt% were prepared from Laponite clay and water-
oluble poly(ethyleneglycol) (PEG) [144]. The solution
asting method with the assistance of triethoxysilane as a
sol–gel cross-linking agent generated the hybrid films. The
Laponite clay was shown to be intercalated by PEG and fur-
ther sol–gel cross-linked within the matrix of clay platelets
and organic chains as illustrated in Fig. 10.  The PEG became
amorphous in the clay aligned matrices due to the clay
interaction. It was further shown by SEM that the ordered
alignment of platelets is parallel to the surface of the film
(i.e., in x–z plane). From the small-angle X-ray scattering
(SAXS) analysis, the scattering patterns are isotropic in the
x–z plane and anisotropic in the x–y plane. In other words,
the film had a disco-nematic liquid-crystalline-like struc-
ture. These analyses indicated the existence of ordered
structure in PEG-modified clay film, and the use of the
clay in biomaterials such as tissue adhesive material and
artificial skin was proposed.

Polymer NC films with highly aligned clay platelets in
epoxy matrix possessed good gas-barrier properties [145].
Films of MMT  clay and organic salts of polyethylenimine
(PEI)/poly(acrylic acid) (PAA) complex were prepared by
the LbL assembly technique and showed a low oxygen
permeability rate <0.002 × 10−6 cc/(m day atm). The value

is lower than that typically reported for SiOx or multi-
ple EVOH films. The low permeability was believed to
be achieved by the ordered nanostructure of the highly
oriented clay platelets. It was  commented that the film
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Fig. 8. (a and b) Clay films with flexible, transparent, gas-barrier and thermal stability for optoelectronic devices application. Microstructure of the films: (c)
TEM  image of a cross-section of the clay film with 20 wt% of carboxymethyl cellulose sodium salt. (d) Schematic representatives of the film microstructures:
saponite/carboxymethyl cellulose preventing edge-to-edge and face-to-face clay interactions (I), and saponite/polyacrylic acid preventing edge-to-edge

interaction (II) [139].
© 2007 Wiley-VCH Verlag GmbH & Co. KGaA.

transparency of 97.5% was achieved for visible light
absorbance with extremely high clay loadings up to ca.
84 wt%. TEM and AFM confirmed the clay platelet ori-
entation parallel to the substrate surface in the same
direction of the multiple layers to original polystyrene
support surface (Fig. 11). Films with multiple layers of
clay–polymer interconnections, which retained flexibility
and transparency, have been proposed for packaging appli-
cations.

2.5. Clay self-aligned film functions

The regularity of clay sheet stacking in polyethylene
oxide (PEO) blended in clay–polyvinyl in clay–polyvinyl
pyrrolidone (PVP) nanocomposite films led to lowering of
the thermal expansion coefficient (CTE) to ca. 10 ppm/◦C,

which is similar to that of metals [146]. The heat distortion
temperature of the film was much higher than the melt-
ing point of PEO. The film also exhibited a much improved
gas barrier property, high stiffness, and high strength. The
significant improvement in these properties relies on the
structure of the clay orientation in the polymer composite.
In Fig. 12a, the changes in CTE and heat distortion temper-
ature are plotted against the amount of added clay. It was
observed that a critical concentration for the clay loading
gave rise to an abrupt change in the property measured.
The improvement in the property studied was followed by
the percolation of clay loading weight. The cross-section
TEM micrograph of the film demonstrated the ordered
layer structure (Fig. 12b) and the orientation of the clays
parallel to the film plane. The interlayer spacing is 25 Å,
which is consistent with that for PVP–clay measured by
XRD (Fig. 12c). With a clay addition ca. 20 wt%  composi-
tion, the significant property improvement was related to
the structure of the formed composite. The clay crystal is
first intercalated by PVP and this is followed by the stacking

of the clay sheets to form a well-ordered intercalated clay
crystal. This intercalated clay crystal acts as a nanofiller and
directs the crystallization and crystal orientation of the PEO
in the composite.
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Fig. 9. Fractured cross-section SEM images of the MMT  films with different interlayer cations: (a) Li-MMT, (b) Ca-MMT, and (c) Al-MMT. (d) Film formation
process from clay swelled aqueous solution by different MMT  of low and high valence of interlayer cations [143].
©  2009 Elsevier Ltd.

Fig. 10. (a) Schematic illustration of PEG modified Laponite: sol–gel reaction of PEG binding to the silanol of the clay edge and the clay binding into layered
structure. (b) SAXS: (c, left) 2D pattern from the x–y plane or perpendicular to film surface and (right) x–z plane (i.e., parallel to film surface) [144].
©  2010 American Chemical Society.
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Fig. 11. (a) TEM cross-sectional image of a five quadlayers (QL) thin film deposited on 250 �m polystyrene. Scale bar is 20 nm, and the double arrow spans
the  film’s 80 nm thickness. (b) AFM phase image of a five QL thin film deposited on a polished silicon wafer. (c) Oxygen transmission rate (OTR) as a function

han or e
ay atm) 
of  the number of quadlayers deposited on 179 �m thick PET film. “Less t
end  detection limit for an Ox Tran 2/21 L module, which is 0.005 cc/(m2 d
© 2010 American Chemical Society.

Clay films can be generally prepared from aqueous solu-
tions of ionic clay and a control amount of water-soluble
polymer by simple casting methods and LbL techniques.
Taking advantage of the unique platelet structure, ordered
arrays can be generated from the interaction of the
polymer and clay particle edges. A suspension of Na+-
saponite clay interacted well with sodium polyacrylate.
Further treatment with negatively charged semiconduc-
tor nanocrystals (NCs) afforded a well-organized structure
[147]. The charged NCs were confined in the clay interlayer
spaces through strong charge attraction. A highly ordered
clay platelet array was uncovered by the XRD analysis. The
synthetic strategy employed for the preparation of mercap-
topropionic acid capped CdSe/ZnS is illustrated in Fig. 13a.
Cross-section HR-TEM characterized the dense coverage
of the clay platelets, planar orientation, and NCs location
(Fig. 13b). In Fig. 13c, the photoluminescence (PL) emis-
sion spectra of the films demonstrated color-emitting NCs
as a function of the annealing temperature. It was  shown
that the PL intensity of the NCs in the clay host was  possi-
bly enhanced after thermal annealing at 120 ◦C. The reason
for the enhancement and the role of the clay host are dis-
cussed in the article. Fig. 13d shows the emission of three
different color-emitting films under a UV-lamp (365 nm).
Flexible clay films confining NCs were suggested for future

optoelectronic light-emitting devices.

The clay self-assemblages appear to control surface
roughness, giving rise to the notion of a super hydrophobic
effect [65]. Film surfaces with high water-droplet contact
qual to” and “less than” symbols denote OTR values at or below the low
[145].

angle of 157◦ and micrometer roughness (Fig. 14)  were
fabricated from the clay platelets that were exfoliated
from Na+-MMT  in complexation with hydrophobic alkyl
amine-salt. The film surfaces resembling lotus leaves
were possibly fabricated from the self-aggregation of
the silicate clay units associated with the hydrophobic
organics. The surface roughness in micrometer scale was
attributed to the self-assembly of the clay platelets with
strong piling forces and balanced with the interference of
organic hydrophobes. Two different non-covalent bonding
interactions involving ionic attractions and hydrophobic
effects co-existed during this hierarchical aggregation
from nanoscale units to micrometer-scale roughness.

It was  reported the exfoliated nanoscale silicate
platelets (NSP) could be covalently tethered with a
thermo-responsive PNIPA by organic linking initiators and
copper ion-catalyzed atomic transfer radical polymer-
ization (ATRP) [148]. A novel class of organic–inorganic
hybrids under a controlled environment exhibited a self-
assembly and phase separation to form a 3D nanodomain
as shown in Fig. 15.  The high molecular weight of PNIPA
grafted on NSP surface exhibited two distinctive second-
order transitions in differential scanning calorimetery
analysis, indicating the existence of dual-segment den-
sity zones. It was explained that polymer fixation on clay

surface greatly inhibited chain relaxation movements and
hindered reversible coil–globule transitions. Furthermore,
a thermally induced self-assembly on the silicon wafer sur-
face was  observed. The coated thin film showed a regularity
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Fig. 12. (a) Thermal properties of PEO and clay in PVP nanocomposite films: a critical composition fraction at ca. 20 wt% for the rapid improvement for
both  CTE and heat distortion temperature. (b) TEM of the film cross-section. (c) Two-dimensional X-ray diffraction patterns for (1) Cloisite Na+ clay, edge
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 2008 American Chemical Society.

f 3D network nanostructures. An ordered domain network
f 100–500 nm was the result of temperature-controlled
hase separation as shown in Fig. 15.  It was noted that the
ormation was  directed by the platelet shape and also the
NIPA chains had an influence at temperatures higher than
he LCST.

.6. Clay utilization in association with various polymers

Clay chemistry involving non-covalent interactions
ith various polymers has been documented in the recent

iterature. A large number of hydrophilic polymers for
nteracting with the clays have been described, and it
s possible to classify these according to their polymeric

tructure and performances as summarized in Table 1. The
lay platelets strongly contribute to the interactions with
he polymers forming self-organized nanocomposites such
s hydrogels and films.
ment, (3) PEO–clay (PVP) nanocomposite, 76/12(11) volume ratio, surface

3.  Intercalation and exfoliation of layered clays

3.1. Intercalation with alkyl quaternary and polymeric
amine-salts

Intercalation of the layered silicate clay can be per-
formed by the ionic exchange reaction of the counter ions
in the interlayer with low organic quaternary ammonium
salts. As a result, the hydrophilic and water-swelling clays
are converted into hydrophobic organoclays. When inter-
calating organics are employed, the clay layer basal spacing
is expanded and can be easily accessed by hydrophobic
monomers or polymers. Thus, the organoclays become
compatible with the subsequent steps of exfoliation into
silicate platelets and homogeneous dispersion in polymer

matrices. Organic surfactants such as alkyl quaternary
ammonium [149–154] and phosphonium [155–160]
salts are commonly used for the exchange reaction with
the counter ions and modification of the clay interlayer
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Fig. 13. (a) Schematic illustration of the flexible CdSe/ZnS–clay film preparation process. (b) Cross-sectional high-resolution TEM image of green-emitting
CdSe/ZnS–clay film. The image shows some of the CdSe/ZnS NCs appeared in dark spot (indicated by arrows) within the clay layers. The mean diameter
of  the NCs is 2.4 nm,  and the interplanar distance of the clay layers is ca. 1.26 nm.  (c) Photoluminescence emission spectra of CdSe/ZnS–clay films with
three  different color-emitting nanocrystals as function of annealing temperature. The red lines are those of the initial nanocrystals in toluene. (d) Emission

als exci
 version
images of the flexible CdSe/ZnS–clay films with different-size nanocryst
references to color in this figure legend, the reader is referred to the web
©  2008 Wiley-VCH Verlag GmbH & Co. KGaA.

spacing. Low-molecular-weight organic salts widen the
gallery spacing from the original 12 Å to 20–50 Å. Other
organic ions including the imidazolium ionic liquid salts
with C12, C16, and C18 alkyl chains were reported as
effective modifiers in preparing polymer nanocomposites
[161–164].

Poly(oxyalkylene)-polyamine hydrochloride salts used
to widen the silicate basal spacing have also been repor-
ted in addition to intercalation by common alkyl surfac-
tants [165]. The commercially available poly(oxyalkylene)-
amines include hydrophobic poly(oxypropylene)-
backboned (POP-) and poly(oxyethylene)-backboned
(POE-) mono-, di-, and tri-amines (Fig. 16). The POP-
diamines in the range of 230–4000 g/mol Mw were
converted into the corresponding hydrochloride salts and
further incorporated into the MMT  layered silicates. The
widening of clay basal spacing usually depended on the
end-to-end polymer chain length or the corresponding
molecular weight of the POP backbones. With the POP-

diamines of 2000 and 4000 g/mol molecular weight, the
layered structure can be largely expanded up to 58.0
and 92.0 Å basal spacing, accordingly. The interlayer
expansion was proportionally dependent on the stretched
ted using an ultraviolet lamp (365 nm)  [147]. (For interpretation of the
 of the article.)

POP end-to-end length and gave an indication of the POP
hydrophobic phase separation in the interlayer confine-
ment. The generation of POP hydrophobic phase in the clay
interlayer structure is the driving force for stretching basal
spacing that was  originally constricted by the existence of
counter ion charge attractions in the neighboring platelets.
It was  reported that the hydrophobic phase segregation
occurred in a critical manner similar to the critical micelle
concentration (CMC) in surfactant chemistry [166]. In
contrast, the use of hydrophilic POE-diamines resulted
in only a low spacing expansion (ca. 20 Å) and none of
hydrophobic phase formation in the interlayer spacing
was observed, regardless of the polymer length. The cause
for this was that the POE molecules are hydrophobic
and compatible with the silicate platelet surface. The
intercalation of POE involved the flat arrangement of
POE backbone parallel to the platelet surface rather than
generating a new hydrophobic phase. This indicated that
the clay interlayer space widening can be controlled by

the type of organic intercalating agents and a hydrophobic
aggregation of organics in silicate lamellar structure is
an essential factor for enlarging interlayer spacing. On
a molecular level, the hydrophilic POE backbones were
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ntercalated in the layered confinement aligning in parallel
o the silicate surface. The understanding of the essential
ydrophobic effect on clay intercalation offered an oppor-
unity of tailoring the hydrophilic/hydrophobic properties
f organoclays.

By grafting the POP-amine onto anhydride-
unctionalized polyolefins, the resultant amphiphilic
opolymers were found to be suitable intercalating
gents. A wide range of intercalated organoclays with
ydrophilic/hydrophobic balanced properties could be
repared accordingly. The intercalating copolymers per-
orm an ionic exchange reaction with the counter ions
nd hence become incorporated into the clay spacing. The

tructural varieties are summarized in Fig. 16 for three
ifferent copolymer backbones with multiple grafting of
OP-amines. The comb-like shape of copolymers include
OP-amine grafting poly(propylene-maleic anhydride)
phologies according to SEM images and (c) conceptual representation of

(PP-g-MA) [166,167],  poly(styrene-ethylene/butadiene-
styrene) (SEBS) [168], and poly(styrene-maleic anhydride)
(SMA) [169]. These structures are common for function-
alities with cationic amine-salts and hydrophobic POP
blocks of different molecular weights. These polyvalent
and amphiphilic copolymers were found to be effective
intercalating agents. The multiple amine pendants in
the structures were treated with hydrochloride and a
fine emulsion was obtained in water. Subsequent inter-
calation with sodium montmorillonite [167] afforded
clay–copolymer hybrids with high basal spacing and
emulsion properties. The intercalated silicate hybrids
can be considered as rigid micelle structures comprising

inorganic silicates and hydrophobic copolymers in the
ionic complexes, In the case of copolymers containing SEBS
and SMA  backbones, XRD analysis revealed the d spacing
from 17 Å to 52 Å and 78.0 Å could be obtained depending
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e of the
Fig. 15. Covalently bonded NSP–PNIPAAm hybrids exhibited dual phas
network with high regularity [148].
© 2009 American Chemical Society.

on the intercalating agent. The hydrophilic/hydrophobic
properties of layered silicate–polymer hybrids could be
attenuated and allowed for lowering of the toluene–water
interfacial tension to as low as 5 mN/m [166,168,170].

3.2. Layered structure of organoclays

The layered silicate structure of the natural clays can be
modified by embedding hydrophobic organics or polymers
via an ionic exchange intercalation. The intercalated organ-
oclays can be expanded into different degrees of interlayer
spacing and incorporated using controlled amounts of
hydrophobic organics. The organoclays possess the prop-
erty of hydrophilic/hydrophobic amphiphilic balance and
disperse in organic media in contrast to the original
water-swelling character of pristine clay. Moreover, the
amphiphilic character of the clay units can be tailored
for both interlayer basal spacing and amounts of organ-
ics present depending on the hydrophobic nature of the
organics incorporated. In Table 2, the equivalent ratios of
POP organics intercalated into MMT  mainly affected the
spacing enlargement of clay galleries and dispersion ability

in aqueous or organic media [171]. The POP/MMT com-
plexes, derived from the POP amine of 2000 Mw, exhibit an
X-ray diffraction basal spacing of 19–20 Å  for 0.2–0.8 CEC
equivalent exchange and 58 Å for 1.0 CEC equivalent with
rmo-responsiveness and enabled to self-assemble into 3D nanodomain

organic contents (by TGA) ranging from 22 to 63 wt%. The
amphiphilic nature was  further enhanced by their ability
of lowering the surface tension at the water–air interface,
for example, from 70 to 41 mN/m at 1 wt% of organoclay.
The interfacial activity was mainly controlled by the POP
hydrophobic effect. From the viewpoint of surface active
agent (surfactant), the inorganic clay–organic hybrids with
multilayered silicate rigidity and alternative hydropho-
bic POPs can be considered as similar to soft micelles of
organic surfactants or phase segregation of a block copoly-
mer.

The fundamental geometric structure of the organoclays
has been well characterized by XRD and tapping-mode
atomic force microscope (AFM) for individual units. The
samples were first homogeneously dispersed in water and
spin-coated on a glass substrate. The individual clay units
can be clearly visualized in detailed 3D structure in terms
of platelet shape and alternating organic-silicate lamella
in the representative AFM phase images [58]. The average
clay units were polydispersed in a manner consistent for
their polygonal shape with dimensions in the range of
70–90 nm from a top-view microgram (Fig. 17a and b) for

two representative POE-2000 and POP-2000 intercalations.
The phase image from the magnified picture is shown to be
more or less a square shape with a multilayered shadow.
From the topographical view the measurement for the
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Table 1
Recent developments of clay utilizations in association with various polymers.

Polymers Clays Performance Clay contribution References

Poly(N-
isopropylacrylamide)
(PNIPA)

Laponite XLG (NC hydrogel)
Transparent, elongation of
1000%, mechanical properties

Pseudo-cross-linking [119–130]

Poly(vinyl alcohol) (PVA) Na+-MMT  (Clay–polymer film)
Large-area, lightweight, thick
nacre-mimetic films, tensile
strength

Ordered multilayer
structures

[131,133–138]

Poly(diallyldimethyl-
ammonium chloride)
(PDADMAC)

Na+-MMT  (Clay–polymer film)
Lightweight, nacre-mimetic
paper, fire-shielding properties

Ordered multilayer
structures

[132]

Sodium polyacrylate
(SPA)/sodium
carboxymethyl cellulose
(SCE)

Na+-saponite (Clay–polymer film)
Flexible, transparent,
heat-resistant, gas-barrier,
luminescent

Ordered multilayer
structures

[139–141]

Polyethylenimine (PEI) Na+-MMT  (Clay–polymer film)
Clay composition up to 84 wt%,
low oxygen permeability

Ordered multilayer
structures

[142]

Poly(ethyleneglycol) (PEG) Laponite RD (Clay–polymer film)
Flexible, transparent

Ordered multilayer
structures

[144]

Polyethylenimine
(PEI)/poly(acrylic acid)
(PAA)

Na+-MMT  (Clay–polymer film)
Flexible, transparent,
gas-barrier

Ordered multilayer
structures

[145]

Polyethylene oxide (PEO) Na+-MMT  (Clay–polymer film)
Low thermal expansion
coefficient

Ordered layer structure [146]

Poly(styrene-co-maleic
anhydride) (SMA)

Nano silicate platelets (Clay–polymer film)
Superhydrophobic effect, lotus
effect

Ribbon like
morphology

[65]

Poly(N-
isopropylacrylamide)
(PNIPA)

Nano silicate platelets (Clay–polymer film)
Lower critical solution
temperature

3D nanostructures [148]

2-Carboxyethylphosphonic
acid

MgAl-LDH (Clay–polymer film)
Multilayered nanostructural
films

Ordered multilayer
structures

[183]

None  Na+, Li+, Mg2+, Ca2+,
Al3+, and Fe2+,3-MMT

(Clay film)
Flexible, gas-barrier

Ordered multilayer
structures

[143]

DNA MgAl-LDH (Clay–DNA hybrid) Drug
delivery, drug controlled
release

Biomaterial
encapsulation

[118]
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Bovine serum albumin
(BSA)

Na+-MMT/Mica (Clay–pro
Drug deliv
release

nit heights was found to be 22.3 nm for POE and 38.8 nm
r 52.9 nm (for a more accurate measurement under mag-
ification) for POP. Since both samples were derived from
he same pristine MMT  sample, the observed height was
elated to the number of layers in a primary unit. In refer-

nce to the XRD measurement, the layer multiplicity was
alculated to be around 8–10 platelets for both samples on
verage. The POE and POP intercalation exhibited different

able 2
djustable XRD basal spacing, organic content in interlayer spacing and dispersin
quivalents to clay cationic exchange capacity (CEC) [171]. Copyright 2004, Wiley

POP-amine equivalent to CEC of MMT  d spacing (Å)a W

0.2 19 22
0.5  20 34
0.8  20 46
1.0  58 63

a d spacing by X-ray diffraction.
b Weight fraction of intercalated organics/silicates (measured by TGA).
c +: dispersible; −: aggregate (0.1 g sample in 1.0 g solvent).
rid)
g controlled

Biomaterial
encapsulation

[58,59]

backbone alignment conformation in the galleries. The
hydrophobic aggregation occurred for POP organics, and
the amount incorporated directly affected the interlayer
expansion. For the POE intercalation, neither hydrophobic
aggregation nor large expansion for interlayer spacing was

observed. The fundamental clay dimension of POP/MMT
(5.8 nm d spacing by XRD analysis) illustrated an average
height of 38–52 nm from the AFM topographical image. It

g properties of the POP2000-amine-salt intercalated MMT  at various POP
-VCH Verlag GmbH & Co. KGaA.

eight fraction or O/I ratio (w/w)b Dispersionc

H2O Toluene

/78 + −
/66 + −
/54 + −
/37 − +
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amounted to 58 nm,  equivalent to 5.8 nm d spacing times
the platelet number of 8–10 in a stack. The estimated
number of 8–10 platelets in one stack corresponded
well to the observation of the pristine MMT  unit by TEM
analysis [172]. As shown in Fig. 17c, the heights were mea-
sured to be ca. 40–42 nm for POP2000/MMT organoclay,
which is also consistent with the average number of 8–10
platelets. By comparison, the primary units of Mica had
been observed to be 500 nm × 500 nm × 1 nm.

3.3. Exfoliation of the layered structure into individual
platelets

Since the counter ions can be exchanged by organic
ions, the clay layered structure can be modified through
ionic exchange reaction. Besides organic intercalation,
exfoliation or randomization of the clay crystalline into
individual platelet units can be achieved by another
design of amphiphilic copolymers with polyvalent amine-
salt exchanging sites [167]. Several different mechanisms
have been reported (Fig. 18)  [97,167,173–175]. The struc-
turally designed amphiphilic copolymers with a proper
balance of hydrophobic backbone and ionic charge force
were effective in rendering the randomization of the lay-
ered structure. In one of these copolymer intercalations,
the intermediate of organic-intercalated hybrid under-

went a phase inversion from a layer-stacked structure
to random platelets. In this case, the clay exfoliation to
individual platelet is a thermodynamically controlled pro-
cess since water is the continuous phase in contacting

Fig. 16. The structural variations of poly(oxyalkylene)-amines
er Science 37 (2012) 406– 444 423

the exposed ionic platelets. The mechanism was  similar
to the surfactant water-in-oil to oil-in-water conversion.
Another mechanism was  reported for the Mannich type
reaction of POP-phenol and polyether amines for exfo-
liation [173,174].  In the structure, the linear shape of
multiple amine-salt in the backbone is flexible enough
to form a twisted zigzag conformation within the clay
galleries. Depending on the segmental length of amine-
salt in the backbone and the interacting sites to the
silicate surface, the copolymers can accumulate in the
galleries and generate hydrophobic phase to stretch the
platelet distance into randomization. It was also reported
that the exfoliated silicate platelets could be subse-
quently isolated by a toluene extraction by recycling
the polymeric amines with sodium hydroxide. The gen-
eral process for the exfoliation of several clays including
MMT  and Mica is conceptually described in Fig. 19.  The
involvement of the polyamine-salt required the polymeric
agents to be water-soluble or fine emulsions in order to
enter the clay confinement. The ionic character of the
copolymers allows an exchange reaction with the clay
counter ions for enlarging the layered structure (interca-
lation).

The exfoliation of silicate clays was  affected by
the designed polyvalent amine-salts through the ionic
exchange reaction and subsequent randomization of the

layered structure into individual platelets. The exfoliated
clay platelets can be isolated in water by extractive sep-
aration of the polyamine using a biphasic toluene/water
process. After a pH adjustment for the amine solubility,

 and their grafted polyolefin amphiphilic copolymers.
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Fig. 17. AFM direct observation of the primary organoclay units for the topographical height and phase image: (a) primary structure of POE2000-MMT, (b)
p eptual d
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rimary structure of POP2000/MMT, and their magnified images, (c) conc
nalyses for two organoclays [58].

 2007 American Chemical Society.

epetitive toluene/water extraction removed the organic
ontamination and afforded the silicate platelets in water.
he isolated platelet possessed the same chemical com-
osition as the pristine clay but in a random manner.
s a result, the exfoliation generated the same silicate
latelets with total exposure of surface charges. The exfo-

iated platelets have been characterized by zeta potential
or ionic character [174], TEM for top-view morphology,
nd AFM for thickness. While the pH-dependent ionic char-
cter was different from the pristine MMT  stacks, direct
bservation elucidated their individual physical appear-
nce and dimension. As shown in Fig. 20,  the platelets from
MT  were polygonal and circular shapes of 80–100 nm

or their lateral dimensions and 1–2 nm in thickness. The
latelets from the fluorinated mica clay were also polydis-
ersed polygons 300–1000 nm in diameter and 1–2 nm in
hickness (Fig. 21).  It was estimated that there were 18,000
ons on an average platelet and 4 × 1016 platelets/g of the
eight. The platelets are of thin-platelet geometric shape
a. 1–2 nm in thickness and their surface charged as indi-
ated in Fig. 22.  The platelets with high surface charges
ended to interact well with polar organic compounds such
rawings for the model of multiple-layer structure with reference to XRD

as polyethylene glycol and also formed hydrogels in water
at concentrations ∼5%. To illustrate the surface properties,
the average surface charge density was estimated on the
basis of the pristine MMT  with the cationic exchange capac-
ity (CEC) of 120 meq./100 g and surface area of 720 m2/g:

ionic surface charge density = surface area
CEC × Avogadro’s number

= 72 × 1020 nm2/g

1.2 × 10−3 eq./g × 6.02 × 1023
∼= 1 nm/cation

The anionic clays, LDH, can be expressed by the general
formula [M1−x

2+Mx
3+(OH)2]Ax/n

n−·mH2O where the metal
ions are Mg2+, Ni2+, Cu2+, or Mn2+ for divalent and Al3+,
Fe3+, or Cr3+ for trivalent cations, while A− is an anion
such as OH−, F−, Cl−, Br−, NO3

−, CO3
2−, and SO4

2−. Partial
M2+ to M3+ substitution induces positive charge for the
layers and counter anion in the interlayer galleries [98].

Exfoliation of LDHs can be performed in polar organic
solvents such as formamide to produce colloidal slurries,
which allow the coating into transparent and unit-oriented
films [176]. The platelets have proven to have a strong
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Fig. 18. The structural design of the polyvalent exfoliating agents including Mannich oligomers, linear and branched bisphenol-A condensates.

Fig. 19. Conceptual description for intercalation and exfoliation by polyvalent amine-salts as ionic exchange agents.
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Fig. 20. (a) TEM and (b and c) AFM micrographs of ex
 2006 American Chemical Society.
endency to rest on their largest faces rather than settling
nder gravity. C-oriented films on the vertical sides of glass
ubstrates were observed. The sharing of surface anions
etween platelets or specifically face-to-face platelet

Fig. 21. (a) TEM and (b and c) AFM micrographs of
 2008 American Chemical Society.
 silicate platelets suspended in water (0.1 wt%) [174].
aggregation was reported. Along with the edge-to-edge
type interaction, a uniform densely packed c-oriented LDH
film was  generated. For larger polydispersed particles,
edge-to-face interactions became more significant and

 individual Mica platelets suspension [97].
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d silicat
Fig. 22. Conceptual representation of the exfoliate

led to inter-particle porosity. The expansion of interlayer
spacing was reported by replacing the counter anions
with organic ions such as fatty acid salts and anionic
surfactants [177–181]. The organic incorporation sub-
stantially weakened the clay crystalline structure. The
randomization was simply achieved by refluxing the
Zn–Al LDH intercalated with dodecyl sulfate solution in
alcohol at 120 ◦C [178]. Similar procedures were reported
using amino acids as the intercalating agents and further
treating with formamide solvent [179,180].  The example
of intercalation and exfoliation procedures for anionic LDH
is summarized in Fig. 23 [182]. The oxidative intercalation
process involved the addition of iodine in chloroform and
the Co2+–Fe3+ LDH with perchlorate anions was further

delaminated into unilamellar nanosheets in formamide.
The intercalated LDH and its exfoliated nanosheet were
observed by SEM and TEM on the top view. The synthesis
of metal-oxide nanosheets allows the uses of these LDH as

Fig. 23. (a) Schematic illustration of intercalation and exfoliation of Co2+–Fe3+

individual LDHs nanosheet [182].
© 2007 American Chemical Society.
e platelets of NSP from MMT  and NMP  from Mica.

potential building blocks for two-dimensional thin layer
devices.

The preparation of multilayered nanostructural films
from anionic LDH rigid tactoids using LbL technique has
been described [183]. Through the alternative interaction
with 2-carboxyethylphosphonic acid or other acids, the
ionic exchange reaction with the positively charged surface
of MgAl-LDH allowed the formation of organic–inorganic
clay assembled film in ordered multilayer structures. The
LDH complexes are plate-like or disc-like structures with
an average diameter of several hundred nanometers and
thickness of about 100 nm.  Increasing thickness of contin-
uous coverage and ordered orientation on Si surface can be
fabricated from multiple layers of LDH unit self-alignment,

as shown in the SEM images in Fig. 24.  The self-assembly of
the additional layers proceeded by unit face-to-face stack-
ing, and the resulting structure was uniform throughout
the entire substrate. The measurement of basal spacing

LDHs (b and c) micrographs of ClO4
− intercalated LDHs and (d and e)
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ig. 24. SEM micrographs of the monolayer (a) 1 L, (b) 3 L, and (c) 5 L M
amples [183].

 2007 American Chemical Society.

t 21 Å implies that the interlayer acid organics are well
ligned vertically in parallel layers.

. Self-organization of intercalated organoclays

.1. Microsphere and rod-like self-assemblies

Organoclays from the incorporation of organic ions
nto MMT  layered structure were shown to be capable
f forming self-organized microstructures (Fig. 25)  [184].
ollow microstructures 3–9 �m in diameter were pre-
ared from self-organization of MMT  organoclay units.
he direct fabrication of opened hollow microspheres
as first reported in 2008. Under the common spray-
rying conditions, the formation of hollow spheres from
odium alkylsulfonate intercalated MMT  was observed.
he mechanism for the formation of unique morphol-
gy from organoclay units was explained by comparing
wo different intercalated organoclays. When the organ-
clays have a high organic expansion for basal spacing,
he aggregates (Fig. 25b) can cross-intercalate each other
o form a solid around droplets during the air-drying
s the opened spheres. In contrast, the low intercalat-
ng clay produced porous and less ordered microstructure
rom the unit piling (Fig. 25c). The process was fur-
her extended to Co2+-intercalated MMT,  which allowed
he growth of CNT on the hollow spheres. In Fig. 25d
nd e, the morphologies of CNTs uniformly dispersed
n the surface of the clay microspheres are shown. The
verall process can be tailored by ionic exchange interca-
ation for Na+-MMT,  H+-MMT,  and Co2+-MMT  with sodium

-pentanesulfonate or 1-dodecanesulfonate at specific
quivalent ratios. Under the conditions of spray-drying
ater evaporation at 180 ◦C, the stacks of organoclays self-

rganized into regular microstructures of hollow spheres.
 on Si. Cross-sectional views of (d) 1 L, (e) 2 L, (f) 3 L, (g) 4 L, and (h) 5 L

The formation of ordered microstructures under such
dynamic conditions implied that the organoclays have a
strong tendency for self-organization.

The layered structure of the silicate clays may  be
intercalated by organic ions through an ionic exchange
reaction. For the cationic clays such as MMT  and Mica,
the ionic exchange intercalation can be performed in
aqueous solvent and the organoclays isolated. By using
the POP-amine-salts for POP intercalation, a wide range
of hydrophobic organic amounts may  be incorporated
into the clay interlayer structure. Polyoxypropylene (POP)
organics afforded clay units with an expanded spacing
and hydrophobic properties. By adjusting the levels of
hydrophobic incorporation, the organoclays could be still
dispersible in water at low temperatures and they were
able to self-assemble into ordered arrays. Under a sim-
ple process of heating evaporation, the organoclay units
demonstrated the ability of self-assembling without any
assistance from foreign surfactants [171]. It was reported
that the POP-intercalated MMT  organoclay could undergo a
self-assembly of lengthy rod-like morphologies, as shown
in Fig. 26a and b. Experimentally, the specific organoclay
was  first dispersed homogeneously in water at low con-
centrations below 1 wt% and subjected to the process of
controlled evaporation at 80 ◦C. Under SEM analysis, rod- or
fiber-like ordered microstructures in high uniformity were
observed. The morphologies with average dimensions of
0.1–0.8 �m in width and 2–100 �m in length for these
fibers were recorded. The formation of ordered microstruc-
tures from hydrophobic POP-intercalated MMT  revealed
the delicate non-covalent bonding interactions within the

clay basal spacing as well as the unit-to-unit interactions.

For other silicate clays, POP-intercalated Mica also self-
assembled to form rigid rod morphology of 0.3–2.0 �m
in width and 5–30 �m in length, as shown in Fig. 26d



C.-W. Chiu, J.-J. Lin / Progress in Polymer Science 37 (2012) 406– 444 429

Fig. 25. Schematic diagram of the formation for opened hollow spheres. (a) Na+-MMT; (b) a solid shell formed through MMT  aggregates intercalating
across  each other during spray drying; (c) a porous shell formed by MMT  aggregates overlapping during spray drying. (d and e) FE-SEM micrographs of

clay/CNTs composite at low and high magnifications [184].
© 2008 American Chemical Society.

and e [185]. The self-assembling ability was correlated
to the amount of POP incorporation in the clay spac-
ing. In the range of 0.2–0.5 eq. ratio of clay CEC (cation
exchange capacity), the organomica units possessed appro-
priate hydrophobic property for self-assembly. However,
by increasing the POP ionic exchange amount up to 1.0
CEC, the clay units became too hydrophobic to be dispersed
in water. The hydrophobic organoclay was alternatively
dispersed in toluene but failed to self-assemble into an
ordered structure. The suitability of hydrophobic compo-

sition in the clay interlayer spacing appeared to be an
important parameter for self-assembly. Fine dispersion in
water was necessary for generating the arrays; the aggre-
gated form of organoclay failed to pile up any regularity
of ordered structure. The XRD analyses showed that the
rod-like crystals had a similar X-ray diffraction pattern to
the clay units before the self-assembly, i.e., d spacing of
5.8 nm for MMT  and 4.1 nm for Mica. This indicates that
the self-assemblages were piled from the primary units of
organoclays retaining the same XRD pattern. The primary
units were revealed to be on average 8–10 plate layers
in one stack for MMT  and 4–6 plate layers for Mica, as
illustrated in Fig. 26c  and f [170,172].  Accordingly, it was
estimated that each micrometer length of the fibrous arrays

could accumulate up to 19 MMT  and 39 Mica organoclay
units.

The self-assembling mechanism for forming these
lengthy rods was  rationalized by assuming the unit
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Fig. 26. (a and b) SEM micrographs of fiber-like microstructures from the self-assembling of POP2000/MMT organoclay (at 0.2 eq. of POP intercalation to
clay  CEC) [171]. Copyright 2004, Wiley-VCH Verlag GmbH & Co. KGaA. (c) TEM micrographs of POP2000/MMT microstructure of a thin film prepared from
self-assembling at the toluene/water interface [172]. Copyright 2003, American Chemical Society. (d and e) SEM micrographs of rod-like microstructures
from  the self-assembling of the POP2000/Mica organoclays (at 0.2 eq. of POP intercalation to clay CEC) [185]. Copyright 2008, American Chemical Society. (f)
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EM  micrographs of POP2000-intercalated synthetic mica and MMT, prepa
tructure, and MMT  with an averaged 8–10 layered structure [170]. © 20
hese  rod-like arrays via two  possible directions of piling the primary clay

lignment through two different directions, POP edge-
o-edge and clay platelet face-to-face piling of the units.
he mechanism is illustrated in Fig. 26g. The hydropho-
ic/hydrophilic balanced units of 0.2 CEC MMT  or Mica
fter the appropriate POP intercalation may  undergo
he unit-to-unit alignments. While the hydrophobic POP
rganics in galleries favor the edge-to-edge directional
rowth for the width, the ionic clay platelet surface tends
o pile vertically into lengthy rod morphology. Two  dif-
erent directional forces including POP hydrophobic effect
nd platelet surface charge attraction dictate the growth
f rod-shape morphology.

.2. Self-assembling at toluene–water interface
The water-evaporation method for organoclay self-
ssembly was suitable for low levels of POP clay interaction.
ith high POP intercalation or hydrophobic organ-

clays, a toluene dispersed bi-phasic self-assembling was
 co-intercalation, magnified synthetic mica with an averaged 4–6 layered
rican Chemical Society. (g) Conceptual explanation for the formation of

represented by a four-plate-stack in the center drawing).

reported [185]. A similar piling mechanism occurred in a
water/toluene bi-phasic system via a two-directional unit
orientation. The previously mentioned 0.2 CEC POP organ-
oclays were comprised of hydrophobic POP organics at low
composition in the silicate galleries, which was  dispersed
in water rather than in toluene. The increase of POP organic
levels up to 50–60 wt% in silicates or at 1.0 clay CEC made
the organoclays hydrophobic and dispersible in toluene.
The particular 1.0 CEC sample was  hydrophobic and dis-
persible in toluene rather than in water. When the primary
units of the POP-intercalated clays were subjected to a two-
phase standing, self-assemblages into ordered structures
occurred. Thin film of unit self-piling at the toluene–water
interface was generated by a long-term standing of the
toluene dispersion with static water phase (Fig. 27). On

SEM micrograms, the rod-like microstructures were com-
pared between the POP/MMT and the POP/Mica both at
1.0 CEC. The morphologies of short rods or dendrite struc-
tures were observed as shown in Fig. 27a. The difference
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Fig. 27. SEM micrographs of a film surface, self-assembled from POP/clay (1.0 CEC) at the toluene/water surface. (a) Dendrites from POP/MMT; (b) rods at
the  dimension of 10–40 �m in length and 0.2–0.5 �m in diameter from POP/Mica. Morphologies of two  representative POP–Mica (1.0 CEC) rods, isolated
from  the film surface on water side by using an ultrasonic vibrator to break up from the film surface and placed on the copper grid holder: (c and d) TEM
of  the rod at 5 �m in length and 45 nm in diameter; the inset represents the piling of eight primary clay units with the analysis of X-ray d spacing at
4.1  nm.  (e) AFM topographical image of another rod at 200 nm in height and 500 nm in width, and showing the texture of rod formation similar to (d).
(f)  Conceptual diagram of POP/clay self-assembling procedures. (A) Direct water-evaporation method: POP/clay (0.2 CEC intercalation) dispersed in water
and  then evaporated to dryness; (B) toluene/water interfacial film method: POP/clay (1.0 CEC) dispersed in toluene, adding water phase and standing for
a  film formation [185].
© 2008 American Chemical Society.
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n morphological change was rationalized by the presence
f hydrophobic POP organics, which tended to favor the
nit edge-to-edge piling as the main driving force over
he platelet face-to-face charge interaction. With a large
latelet of Mica, it appeared to be more straight and lengthy

n shape than those of POP/MMT in a dendrite shape. Rod-
ike morphologies of 10–40 �m in length and 0.2–0.5 �m in

idth were observed (Fig. 27b). The platelet size influenced
he hydrophobic interaction and surface ionic charges. The
imension of platelet size significant contributed to the pil-

ng force. A thin-platelet geometric shape is a significant
actor for controlling the self-assembling process. In the
ase of organoclay, it led to the formation of lengthy rod
tructures. Geometric shape, hydrophobic effect, and sur-
ace ionic charge are the controlling factors for directing
he unit piling and self-assembly.

The degree of hydrophobic nature of the organoclays
s summarized in Table 3, and three representative POP-
ntercalated clays of MMT  and Mica are selected for
omparing their self-assembling ability and morphology
n water and toluene. Different hydrophobic amounts of
OP intercalating organics at 0.2, 0.5, and 1.0 CEC equiva-
ent ratios affect their dispersing ability in water or toluene.
he organoclays at the 0.2 CEC equivalent ratio were dis-
ersible in water rather than in toluene and self-assembled
nder the direct water-evaporation method. Rod struc-
ures were observed at average dimensions of 0.1–0.8 �m
n width, 10 �m in length for MMT  and even longer dimen-
ions for Mica. Similar results were observed for the 0.5
EC organoclay. For the pristine clays and highly hydropho-
ic organoclays such as the POP at 1.0 CEC intercalation,
he hydrophobic/hydrophobic balance fails to afford an
rderly morphology of self-assembling under the same
elf-assembling conditions.

.3. Self-assembling in epoxy matrices during curing

POP-intercalated clays with layered structure have been
hown to self-assemble in a third way. During in situ epoxy
ing-opening polymerization of glycidyl-ether BPA, the
OP-amine-salt intercalated clays may  serve as initiators
nd further self-organize into unpredictable silicate skele-
on morphologies [186,187].  In particular, the POP–Mica
f 5.2 nm basal spacing organoclay was hydrophobic and
ispersible in the epoxy monomer at room temperature.
he silicate layered structure was readily accessible by
he epoxy monomer. While heating to 180 ◦C, the POP-
ntercalated silicates started a rapid initiation and epoxy
olymerization. The reaction occurred at a fast rate to con-
ert the liquid monomers to a powder material within a few
inutes. The final product, as a powder material instead of

 common solid cured lump, was analyzed to have silicates
f interlayer expanded spacing beyond the XRD detec-
ion limit (>10 nm)  from the pristine 5.2 nm.  The process
nd mechanism are described in Fig. 28a. The epoxy self-
olymerization was initiated by the intercalated species
f Si–O−NH3

+–R that resulted from the exchange of the

OP salts with sodium counter ions. The epoxy monomer
tarted the initiation with the amine-salts associated with
he silicate platelet surface ion site. The reaction profile
roceeded from monomer–organoclay cloudy mixtures to Ta
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Fig. 28. (a) Proposed mechanism for epoxy self-polymerization with the intercalated Si–O−NH3
+ species and the second stage of cross-linking. (b and c)

SEM  micrographs of 3 wt%  Mica/POP2000 cured epoxy powder material. (d and e) TEM micrographs of 3 wt%  Mica/POP2000 cured epoxy powder material
[186,187].
©  2009 American Chemical Society.
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 transparent liquid (at 150–180 ◦C) and finally to a loose
owder (at 180–220 ◦C). This was correlated to the DSC
xothermic peaks for the occurrence of at least two  differ-
nt reactions including the epoxy monomer ring-opening
olymerization by siloxanol and amine initiation, following
n inter-chain cross-linking reaction. The multiple sites of
ilicate platelets were transformed into unique microstruc-
ure morphologies.

In Fig. 28b and c, the SEM micrograms demonstrate
hree-dimensional multilayered morphologies such as
oreign worms and semi-coliseum. The microstructures
ppeared to have local dimensions of 8–10 �m in length
estimated ca. 46 layers of platelets) and 5–6 �m in height.
he formation was estimated as consisting of fundamen-
al units at 1000 nm width consistent with the average
imensions of the pristine Mica. The stacking of the primary
rganomica units through the polymer interconnection
wisted into curvatures. Under TEM (Fig. 28d and e), the
ide view of silicate platelets as lines appeared to consist
a. 8–60 layers in individual clusters. Exceptionally large
nterlayer spacing between the neighboring platelets at
00 nm,  120 nm,  610 nm,  or mostly 500 nm was  observed.
he existence of radial or fan-like arrangements further
mplied the twisted formation of microstructures observed
n SEM. The interlayer spacing in the range of 120–610 nm
ppeared in an ordered alignment much larger than that of
he XRD analyses for POP2000/Mica. It was envisioned that
he formation of parallel or fan-like shapes was caused by
he epoxy chain propagation in kinetic manner. During the
rocess, the epoxy monomers may  access the interlayer
pacing and initiate the epoxy ring-opening chain prop-
gation. The expansion of interlayer spacing and uneven
nterconnection among the organoclay units may  well have
ccurred simultaneously and self-organized the clay units
nto microstructures by the bending of epoxy polymer
hains of the organoclay as indicated in Fig. 29.

. Self-organization of exfoliated platelets

.1. Dendritic microstructures from platelet self-piling

The clay layered structure was possibly exfoliated by
olyamine-salts via several different mechanisms. After
queous exfoliation, the randomized silicate platelets could
e isolated by toluene extraction out of the organics leav-

ng the silicates dispersible in water without any organic
ontamination. The isolated thin-platelets with high-
spect-ratio geometric shape and ionic character tended to
elf-pile and aggregate into ordered stacks due to their high
urface charge attraction [168]. When subjected to water
vaporation, the platelets in polydispersed dimensions
elf-aggregated to form lengthy rod-like morphologies. For
xample, when the 6 wt%  of silicate suspension was evapo-
ated at 80 ◦C until dryness, a solid lump was generated. The
ross-section of the internal surface was analyzed by SEM.
he dissected surface appeared to be uniform in patterns
f foreign flower-like clusters over a large area (Fig. 30a

nd b). At high magnification, the branches were fibrous
rrays with an average length up to several micrometers.
he texture of fibers could be further observed to contain
everal individual fibers in bundles, consisting of 4–6 single
er Science 37 (2012) 406– 444

fibers of ca. 100 nm in width in one average bundle (Fig. 30c
and d). On the basis of these analyses, the mechanism
was  believed to be platelet self-piling through the face-to-
face ionic charge attraction from the fundamental units of
high-aspect-ratio platelets. The platelet self-piling mech-
anism is conceptually illustrated in Fig. 30e. It is assumed
that the charge interaction is the predominant factor for
the formation. Previously, the platelet ionic charges were
analyzed by zeta potential measurement showing a pH-
dependent charge species existed on the surface of the
random platelets. A large charge intensity and a transi-
tion in charge identity at the pH of 6.4 have been reported
[174]. Accordingly, the platelet face-to-face alignment into
lengthy fibers under the condition of pH 9 is favored
over other types of edge-to-face or edge-to-edge irregular
aggregation.

5.2. Hierarchical transformation of self-assemblies

The self-assembling behavior of exfoliated platelets
from fluorinated mica was also examined. The average
mica platelets have larger dimensions than the corre-
sponding MMT  platelets and hence theoretically a higher
tendency for self-assembly [97]. The dispersion of mica
platelets in 5–10 wt% was  subjected to water evaporation
at 80 ◦C to form powdered materials and examined by SEM
(Fig. 31a). Depending on the concentration, the powder
from 5 wt% dispersion showed a rod-like microstructure
20 �m in length and 300–1000 nm in width. At high con-
centrations such as 10 wt%, the morphologies appeared to
be short arrays averaging 3 �m but having a similar width
of 300–1000 nm (Fig. 31b). For comparison purposes, pris-
tine mica clay without exfoliation failed to generate any
form of ordered structure but instead formed irregular
aggregates after water evaporation.

The self-assembled lengthy rod structures could
undergo a further hierarchical rearrangement into short-
ened morphologies under conditions of ultrasonic force.
In the process of re-dispersing the self-assembled powder
in water (1 wt%) and then agitating by ultrasonic vibra-
tion for 1–2 h, the original lengthy rods were transformed
into fern-leaf dendrites, observed by TEM (Fig. 31c and d).
The mechanism involved the fracturing of lengthy rods and
restacking into dendrites of short rods. The ultrasonic treat-
ment provided energy for the hierarchical transformation.
During the prolonged energy treatment for 2 h, the appear-
ance of dendrites became more regular in branching. The
phenomenon of hierarchical fracturing and restacking of
the self-assemblages under ultrasonic energy is described
in Fig. 31e.

5.3. Transformation under electron beam bombardment

The formation of rod-like ordered arrays from the exfo-
liated platelets is the result of the intense ionic attracting
forces on the platelet surface. The nature of high-aspect-
ratio geometric shape further affects the self-piling. The

experimental conditions were typically performed by a
controlled evaporation drying at 80 ◦C in an oven for 4 h
and the resultant powder solid was subsequently exam-
ined by SEM. Different substrates such as glass and metal
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Fig. 29. Schematic illustration of the self-assembling mechanism through two types of clay units (1) parallel platelets and (2) fan-like; and units alignment
o TEM m
via  (3) horizontal, (4) vertical, and (5) bending direction, corresponding t

©  2009 American Chemical Society.

surface could affect the formation of the self-assemblages
due to the nucleation effect. Other conditions such as con-
centration, dispersion, and standing time after evaporation
drying may  affect the formation of the thermodynamic
equilibrium morphology. An example of fiber- or rod-like
arrays up to 10 �m lengths is illustrated in Fig. 32a  and b
[188]. Different widths of the fibers were generated from
the ordered aggregation of platelets. The fiber width can be
mechanistically explained by the edge-to-edge alignment
of the individual platelets, ranging from 100 nm to 300 nm
in dimension. The platelet vertical piling was the dominant
direction for the lengthy growth, thus implying the high
affinity of the surface charge attraction. The individual
fibers could be isolated by physical manipulation and
placed on copper grids for TEM analysis. Under electron
bombardment and at the early stages of TEM examination,
the images of fiber size and dimensions recorded were
similar to those observed by SEM. For example, two  repre-
sentative samples of 0.1 �m × 3.0 �m and 0.3 �m × 6.2 �m
are displayed in Fig. 32c. However, under the continuous
exposure of high-energy fields or continuous electron
bombardment, the silicate arrays were observed to shatter
and evaporate under TEM electron current. The kinetic dis-
appearance or platelet diffusion was possibly intercepted

by a low-energy and rapid image recording taking during
TEM examination. The microgram shot shows an image
representing a tube-like array (Fig. 32d). It represents
one of the intermediate images under transformation
icrograph (a) and SEM morphologies (b and c) [186].

before the complete shattering that occurs under electron
beam energy (Fig. 32e). The structure shattering resulted
in the platelet arrays undergoing a fast transformation
into other morphologies with dimensions of 5.6 �m in
length, 120 nm in diameter and 30 nm in wall thickness.
The array is presumably formed through silicate platelets
scattering under the electron beam bombardment. The
shattering process can be observed during the TEM elec-
tron beam bombardment and also deduced from the
shadow surrounding the tube picture. The diameter of
the tube-like array structure is approximately 100 nm;
the space originally occupied by the layered platelets. The
occurrence of this unique transformation under TEM was
attributed to the properties of platelets with a high aspect
ratio of geometric shape and surface electrostatic charges.

6. Self-organizing mechanism and thin-platelet
directing factor

6.1. From intercalated clay stacks

In the past decade, the intercalation of layered silicate
clays by organic salts affording a number of organ-
oclays has been reported. Their ability for self-assembly

was subsequently disclosed. Through the ionic charge
exchange intercalation with hydrophobic polymer amine-
salts, the clay layered structures can be incorporated
with hydrophobic organics and assume an amphiphilic
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 2006 American Chemical Society.
haracter because of the existence of both surface ionic
harges and hydrophobic organics. Under the methods of
ontrolled water evaporation or toluene–water interfacial
quilibrium, the amphiphilic clays are able to self-organize
 clusters from 6 wt% suspension by SEM and (c and d) fibrous bundles by
ontal self-assembling of individual platelets into fibrous arrays [174].
into ordered arrays. A variety of microstructure mor-
phologies such as rods, fibers, worm-like curvatures, and
hollow spherical shapes were observed. All of these unique
morphologies are derived from similar clay units under
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Fig. 31. FE-SEM micrographs of self-assembly (a) from 5 wt%  and (b) 10 wt%  of random mica platelets in water under the conditions of water removal
at  80 ◦C. TEM micrographs of the fern-leaf dendrites after (c) 1 h and (d) 2 h ultrasonic treatment and dried on copper grid. (e) Conceptual diagrams of
polydisperse platelets under self-assembling into rods of different diameters but with a high uniformity in individuals [97].
©  2008 American Chemical Society.
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Fig. 32. (a and b) SEM of lengthy fiber arrays from self-assembling of random silicate platelets on glass surface. (c) TEM micrographs of silicate platelet
arrays under initial observation and (d) transformation into after further electron beam bombardment (conceptually proposed picture in the inserted). (e)
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onceptual representation of transformation of a silicate fiber to a nano-a
 2005 Wiley-VCH Verlag GmbH & Co. KGaA.

ifferent environmental conditions. The self-assembly
s the result of non-covalent bonding interactions and
s enhanced by the platelet surface ionic charge attrac-
ion force. The mechanism involves two different clay
nit piling directions, platelet face-to-face attraction
nd hydrophobic edge-to-edge alignment. Various mor-

hological controls are summarized and illustrated in
igs. 33 and 34,  showing the diverse routes by which the
lay unit can self-assemble. The polymer-modified clay
tacks with interlayer spacing of 2–5 nm XRD diffraction
der electron-beam bombardment during TEM observation [188].

can undergo self-alignment to form ordered microstruc-
tures. The vertical piling direction is generally believed
to be driven by the platelet surface charge attraction.
Another direction is the organic hydrophobic aggrega-
tion through unit edge-to-edge interactions, contributed
mostly by the organics incorporated in the galleries. By

using water evaporation method, the platelet face-to-face
piling is favored for growing lengthy rod-like morpholo-
gies Fig. 34(1). However, by the toluene–water interfacial
method, the edge-to-edge orientation along the interface
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m prist
Fig. 33. Conceptual illustration of the mechanism of clay self-assembly fro
shapes.

is favored for the lengthy rod growing direction Fig. 34(2).
Both directions of unit piling into similar morphologies of
rods or fibers were further elucidated by TEM, to observe
the texture of the self-assemblages. The self-assembling
largely relied on the proper balance of amphiphilic propen-
sities involving clay ionic charges on platelet surfaces and
hydrophobic organic interactions.

It has also been shown that the unit interconnectivity
may  occur under a dynamic environment. During in situ
epoxy ring-opening polymerization at high temperature,
the POP-amine-salt intercalated clays were simultane-
ously expanded and unit interconnected to form large
aggregates of microstructures. A group of worm-like and
curve silicate skeletons in the cured epoxy matrices were
observed by SEM and TEM Fig. 34(3). The detailed elucida-
tion of the clay three-dimensional (3D) layered structure is
useful to explain the self-organization. Firstly, the amine-
salts intercalated in the clay galleries were responsible for
the initiation of epoxy ring-opening polymerization. The
3–10 wt% of layered silicates accessed by epoxy monomers
initiated the epoxy chain growth and were simultane-

ously pulled apart in 3D directions. During the epoxy chain
growth, the clay units were interconnected through mul-
tiply connected polymer chains undergoing propagation
and cross-linking at the chain ends. The clay units further
ine clay, hydrophobic clay and exfoliated clay to form versatile geometric

self-aggregated through the interconnection of different
units. The occurrence of curvature microstructure of sili-
cate skeletons was  observed in a dynamic manner and fast
formation during the clay unit interconnection and simul-
taneous epoxy chain growth polymerization. In another
independent report, hollow spheres were obtained dur-
ing the spray drying process of the organically intercalated
clays Fig. 34(4). The layered silicate units could undergo
self-alignment to form micrometer shells with a hollow
center under the condition of hot air drying and expan-
sion process. These findings of new morphologies of the
intercalated organoclays indicate the intensive clay self-
piling forces involving two  directions of face-to-face and
edge-to-edge interactions.

6.2. From exfoliated platelets

The self-assembling occurrences are even more promi-
nent for the exfoliated platelets than the intercalated
organoclays with hydrophobic organics in the primary
units. The layered structure can be transformed into indi-

vidual silicate platelets as compared to the organoclays.
After removing the organics, the geometric shape of the sil-
icate platelets is of high aspect ratio of 1.0 nm in thickness.
The inorganic silicate platelets possess multiple charges
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Fig. 34. Overview of clay self-assemblies from polymer-modifie

f counter ions on the surface of such thin-platelets and
end to attract each other for self-assembling. Fig. 34(5
nd 6) summarizes the self-piling of silicate platelets into
icrometer-scale rod or fiber bundles. The piling is dom-

nated by the strong force of platelet face-to-face ionic
harge attraction.

The nature of the self-piled rods may  be affected
y external forces such as electron beam and ultrasonic
ibration. Under TEM electron beam bombardment, the
elf-assembled rods were structurally transformed into
ifferent formations Fig. 34(7). It appeared that the sil-

cate platelets in self-assemblages were unstable and
e-shattered by the electron beam energy. Similarly, the
ern-leaf dendrites were formed after rearranging the
engthy rods into shorter stacks under ultrasonic vibra-
ion Fig. 34(8). It was shown that the self-assemblages
ere kinetically stable under certain conditions. Through

he non-covalent bonding equilibrium and pathway, other
orphologies could be derived. All of theses examples

llustrate the possible transformations via fracturing and

estacking of the primary platelet unit. The formation of
ighly ordered self-assemblies is an implication of the
eometric shape as a factor in self-assembly, besides the
onventional non-covalent bonding forces.
oclay and exfoliated platelets to form versatile microstructures.

7. Conclusions and outlook

Recent developments in clay chemistry involving
organic polymer-assisted intercalation and exfoliation
have shown that thin-platelet geometric shapes are an
important factor for self-assembly. Literature reports have
revealed extensive clay–polymer interactions for fabrica-
tion of nanocomposite clay gels, hydrophilic polymer–clay
films, layered structure encapsulation for biomaterials,
quantum dots, and controlling super hydrophobic surface.
Previous efforts at modifying clays by organic intercalation
have led to spatial expansion of the clay multilayered struc-
ture and conferred the clay units with hydrophobic and
self-assembling properties. The use of POP hydrophobic
amine-salts and their polymer derivatives allowed sys-
tematic control in tailoring the clay XRD basal spacing
from 13 to 92 Å and the isolation of completely random-
ized silicate platelets. The two  different clay units, the
organically intercalated stacks and the exfoliated platelets
without organics, demonstrated their colloidal disper-

sion nature and self-assembling property under solution
evaporation. The basic self-organizing forces arise from
the non-covalent bonding interaction of the incorporated
hydrophobic organics and the exfoliated silicate platelet
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charge attraction. For the clay units, two complemen-
tary directions of vertical and horizontal self-stacking
occurred simultaneously. In epoxy cuing process, the lay-
ered silicate units were self-organized into worm-like
microstructures, further demonstrating the strong force
of self-piling even under dynamic conditions. Under TEM
electron bombardment and ultrasonic vibration, the self-
assemblages could be further converted into hierarchical
microstructures. All of these occurrences including the
ease of self-assembly and hierarchical transformation are
predominately affected by the silicate platelet piling ten-
dency. The relatively strong charge attraction forces of
the geometrically thin silicate platelets are assisted by
the organic hydrophobic effect. The observation of various
forms of self-assemblages with high regularity gave rise
to the understanding of self-assembling mechanism and
suggestions for practical uses of constructing the three-
dimensional silicate arrays. The high surface interaction
involving the silicate platelets may  lead to further devel-
opments in clay applications.
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