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We uncover new self-assembled morphologies such as lengthy rods, dendrites, and rod-bundles from the
lamellar clays. The unique formation of lengthy rod (ca. 0.3 um in diameter and up to 40 um in length),
hierarchical rod-bundle (ca. 3 um in diameter) and dendrite-like arrays was observed using scanning electron
microscopy (SEM), transmission electron microscopy (TEM), and atomic force microscopy (AFM). These
microstructures were formed by self-piling the primary units of lamellar clay stacks that were intercalated
with poly(oxypropylene)-amine salts (POP) within the interlayer spaces. Depending on the clay dimensions,
the high-aspect-ratio mica (300—500 nm for plate dimension) tends to form lengthy rods and rod-bundles,
whereas montmorillonite (80—100 nm for average plates) often leads to less orderly dendrites. The self-
assemblies, elucidated by TEM and AFM micrograms, may involve two piling directions of the primary
stack units by face-to-face alignment and edge-to-edge POP interaction. These hierarchical microstructures
with different morphologies are controllable by selecting the self-assembling procedures, such as direct water

evaporation and toluene/water interfacial film formation.

Introduction

Self-organized nanostructures are ubiquitous in naturally
occurring materials, including biomaterials,! inorganic clays?
and biominerals such as shells, bones, and nacres.>-> Recently,
the development of a bottom-up self-assembling technique for
fabricating devices on a nanometer scale have found wide
applications, including electronic,® magnetic,” and photonic
materials® and quantum dots.” The synthesis of these nanoma-
terials generally involves organic surfactants or amphiphilic
copolymers as templates in directing the formation of hierarchi-
cal structures. Various geometric shapes such as nanospheres,'”
-fibers,!! -rings,!> and -filaments,'® as few examples, are
documented. In general, these bottom-up syntheses are driven
by the noncovalent bonding forces—electrostatic charge attrac-
tion, hydrogen bonding, van der Waals forces, and hydrophobic
interactions—in a complimentary manner.

Among the most abundant minerals, the smectite clays are
known for their layered structures of plate shape and diversified
applications, including catalysts, absorbents, and polymer/clay
nanocomposites.!#17 It was reported that there existed a strong
attracting force among the high-aspect-ratio plates in forming
ordered orientation and exhibiting a liquid crystal behavior.!8
However, their self-aligning property to form orderly arrays has
yet to be widely recognized, perhaps due to the lacking of
homogeneity in their dimensional size and charge. In our recent
developments on the organic modification to clay, the problem
of inhomogeneity has been resolved to some extent by inter-
calating polymeric surfactants and, consequently, expanding the
silicate interlayer distance from 1.2 nm to as high as 9 nm to
form more orderly structures. As a result, the organically
modified clays are found to have a high regularity of XRD
Bragg’s pattern.'®?0 For example, the commonly utilized mont-
morillonite clay has an average of 8—10 plate stacks as the
primary units with a widely dispersed plate dimension ranging
from 80—100 nm wide and 1 nm in thickness for individual
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plates.?!:?2 By ionic exchanging and consequently embedding
with various hydrophobic poly(oxypropylene) (POP) amine salts
with the molecular weight range from 230 to 5000 M, the
originally hydrophilic clays were consequently converted into
organically modified clays with an amphiphilic property?* and
highly regular basal spacing. It was also found that the
amphiphilic clays enabled self-assembly to form orderly struc-
tures, for example, the formation of rod-like microstructures at
100—800 nm in diameter and 2—40 um in length. The ability
of self-organization from the naturally occurring clays was
reported first time.?*

To generalize this self-assembling process and the piling
mechanism, we use two clay species of different plate dimension
for the self-assembly. Both the natural montmorillonite (MMT)
and the synthetic fluorinated mica (mica) are similar in primary
stack structures, but with different plate sizes and ionic-charge
characters. By comparing their morphological changes and
process conditions, we propose a unit piling mechanism to
account for the clay self-assemblies.

Experimental Section

Materials. The synthetic fluorinated mica (mica; SOMAS-
IF™ ME-100) with a chemical composition of Si (26.5 wt %),
Mg (15.6 wt %), Al (0.2 wt %), Na (4.1 wt %), Fe (0.1 wt %),
F (8.8 wt %) and a cation exchange capacity (CEC) = 1.20
meq/g was obtained from CO-OP Chemical Co. (Japan). Sodium
montmorillonite (Nat-MMT), the Na* form of layered smectite
clay with a cation-exchange-capacity (CEC) of 1.20 meq/g, was
supplied from Nanocor Co. POP-diamines are commercially
available under the trade name of Jeffamine amines and were
purchased from Huntsman Chemical Co. or Aldrich Chemical
Co. The POP2000 diamine is a polyoxypropylene-bis-(2-
propylamine) of 2000 My, (i.e., Jeffamine D-2000, amine content
0.98 meq/g and averaged 33 oxypropylene units in the back-
bone).

Preparation of POP-amine Intercalated Clays at 1.0 CEC.
The POP-amine salts were prepared by treating the POP2000
diamine (12 g, 6.0 mmol) with an equivalent amount of
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TABLE 1: XRD d Spacing and Dispersing Properties of the POP-Modified Clays
d spacing (nm) and observation of
equiv ratio organic fraction self-assemblies from
wt % in parenthesis dispersion (MMT and mica MMT or mica
of POP-salt (Wt % in p ) P ( )
to clay CEC MMT mica water toluene method A method B
pristine 1.2 1.2 dispersible aggregate none none
0.2 1.9 (22) 1.5 (24) dispersible aggregate rods (from MMT: 0.1—-0.8 none
wum in width
and ~10 um in length;
from mica:
0.3—2.0 um in width and
~30 um in length)
0.5 2.0 (34) 4.0 (48) partially aggregate partially aggregate rods none
1.0 5.7 (63) 4.1 (53) aggregate dispersible none rod-bundles (from mica:

hydrochloric acid (35 wt %, 0.63 g, 6.0 mmol) in a separate
flask and were added into the fully swelled Na*-mica or Na*-
MMT (5.0 g, 6.0 meq) water suspension. The resultant slurry
was continuously agitated for 5 h at 80 °C. The precipitates
were collected at ambient temperature, washed thoroughly with
toluene/ethanol mixtures, and dried at ambient temperature. The
POP-intercalated organoclays with different CEC ratios were
prepared by the same procedures.

Preparation of film for Self-assembled POP-mica and
MMT. The SEM samples were prepared by taking a portion of
the air-dried crude POP-mica and MMT (0.2 CEC) and
dispersing it in water at 1 wt % concentration using an ultrasonic
vibrator as the homogenizer until homogeneous. The water-
dispersed sample was spread onto a glass plate surface that was
subsequently placed in an oven at 80 °C for 24 h in order to
recover a dried sample for analysis. Both the POP-mica and

3 um in width and
~40 ymin length)
dendrites (from MMT)

the MMT (1.0 CEC) were dispersed in toluene in at least 5
wt % solid content using an ultrasonic vibrator as the homog-
enizer. The fine dispersion of the organoclays in toluene was
slowly poured into the water layer to form a standing two-phase
system. A thin film appeared in the toluene/water interface after
settling for 1 h. The film was isolated and dried under the
condition of 80 °C for 24 h for analysis.

Characterization. The interlayer basal spacing, or d spacing,
was analyzed using an X-ray powder diffractometer (Schimadzu
SD-D1 using a Cu target at 35 kV, 30 mA) with a scanning
rate of 2°/min from 260 = 2° to 20 = 14°. The organoclays
generally exhibit a series of multiple peaks with a pattern
following the Bragg’s equation. The value of d spacing for n
= 1 was calculated from the observed values of n = 2, 3, 4,
etc, according to the Bragg’s equation (nd = 2d sin 6). The
samples with the high d spacing generally have a high regularity

Layered clays
Method A. POP-clay at
0.2 CEC in water

\ Water evaporation

/

Glass substrate Y 4

[ 4

Method B. POP-clay at
1.0 CEC at toluene/water interface

Film formation at 80 °C

Film surface facing toluene
(irregular morphology side)

Film surface facing water (self-assembly side)

Figure 1. 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.
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Figure 2. SEM images of rod-like microstructures from the self-assembling of the POP-mica organoclays (at 0.2 equiv of POP-intercalation to
clay CEC), by the direct water-evaporation method. (A) some rod-like arrays with dimensions of 0.3—2.0 um in width and 5—30 xm in length; (B)
the magnified rod-like morphology; (C) conceptual explanation for the formation of these rod-like arrays via two possible directions of piling the

primary clay units (represented by a five-plate-stack in the center drawing).
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Figure 3. XRD patterns of (A) POP-mica (1.0 CEC); (B) POP-MMT
(1.0 CEC); (C) mica; and (D) MMT.

of Bragg’s patterns, which permit an accurate estimation of n
= 1 d spacing. The organic fractions were estimated using a
thermal gravimetric analyzer (TGA, Perkin-Elmer Pyris 1) with
a temperature gradient that ramped from room temperature to
800 °C at a rate of 10 °C min~'. Scanning electron microscopy
(SEM, TOPCON ABT-150S operated at 15 kV) and field-
emission scanning electron microscopy (FE-SEM, JEOL JSM-
6700F operated at 15 kV) were used to examine the surface
morphologies. The surface element analysis was performed by
energy dispersive X-ray spectroscopy (EDS, OXFORD INCA

ENERGY 400). Transmission electron microscopy (TEM) was
performed on a Zeiss EM 902A operated at 80 kV. Tapping-
mode atomic force microscopy (TM-AFM, Seiko SPI3800N,
Series SPA-400HV; cantilever type: SI-DF20, f = 139 kHz,
spring constant = 16 N m~!) was also used to characterize the
surface morphology.

Results and Discussion

The structure of synthetic fluorinated micais well-defined?!?>>
and is known to have a high aspect-ratio with a large plate
dimension of (averaged) 300—500 nm (4—6 plates in one
primary stack), much larger than that of the 80—100 nm
dimension in the Na*-MMT units (8—10 plate stack) and
commonly 1 nm in plate thickness. Both clays have a similar
cation-exchange-capacity (CEC = 120 meq/100 g). With the
POP-amine embeded into the MMT layered structure, the
resultant clay hybrids were expanded in basal spacing and
exhibited an amphiphilic property.>*> As shown in Table 1,
the embedding of increasing amounts of POP2000 may totally
convert the hydrophilic clays to be dispersible in toluene.
With the POP intercalation at 0.2 CEC, or 20% of clay
exchanging capacity, the modified MMT and mica hybrids
were still dispersible in water but showed a surfactant
property of lowering the surface tension (water/air) from 70
to 41 mN/m at 1 wt %.

Subsequently, it was found that the POP-modified MMT
at 0.2 CEC could self-assemble to form the lengthy-rod
morphology?* without any surfactant templates. Experimen-
tally, the self-assembly was performed by simply dispersing
the organoclays in water at the concentration of 1 wt % and
then subjecting it to evaporation until dryness at 80 °C for
24 h (Figure 1A). The resulting material was characterized
as rod-like arrays in high uniformity with an average
dimension of 0.1—0.8 um in width and 2—10 um in length.
By comparison, the analogous POP-mica hybrid at 0.2 CEC
also enabled self-assembly, but in a larger-size rod morphol-
ogy (0.3—2.0 um in width and 5—30 um in length), as shown
in Figure 2, panels A and B. With the increasing POP
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Figure 4. 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—30 xm in length and 0.2—0.5 um in diameter from POP-mica.

intercalation at 0.5 CEC, the POP-MMT and POP-mica both
exhibited self-assembly in a less orderly structure. In contrast,
the POP at 1.0 CEC rendered the organoclays nondispersible
in water and failed to form any regular morphology (Figure
S1, comparing A, B, and C). The rod-like crystals were shown
by the X-ray diffraction to have a similar d spacing to the
primary units (5.7 nm for MMT and 4.1 nm for mica,
respectively). Previously, the TEM had revealed the primary
units that were comprised of an averaged 8—10 plate layers
for MMT and 4—6 plate layers for mica.”®>3 The result
implied that the self-assemblies were actually derived from
the piling of the primary MMT and mica unit structures. The
fundamental clay dimension of POP-MMT (5.7 nm XRD d
spacing) has an average height of 40—52 nm from the
topographical image of AFM analysis (Figure S2, for the
POP-MMT primary unit). The approximate calculation
amounts to 52 nm (5.7 nm d spacing times the height of
8—10 platelets in a stack), and the number of 8 —10 platelets
in a stack as the primary MMT unit was consistent with the
previous observation.?%-26

It is noteworthy, that these POP-clay units have a general
series of XRD Bragg’s peaks, indicating the regularity of
repetitive distance between the neighboring plates (Figure 3).
The piling mechanism could involve two possible directions
from the primary units to orientate into the lengthy rods. The
conceptual diagram in Figure 2C illustrates the unit alignment
through POP edge-to-edge or plate face-to-face orientation to
form the lengthy arrays. The embedded POP-amines in the
layers are responsible for the edge-to-edge directional growth,
whereas the flat plates are responsible for another direction into
rod morphology. Presumably, the plate face-to-face piling is
derived from their surface charge attraction. The preference of
the two different directional growths will eventually dictate the
length and shape of rods or other morphologies.

The primary unit structures of the POP-intercalated clays
generally consist of silicate plates and alternating layers of POP
organics in the interlayer space, with the amount ranging from
20 wt % (in the case of 0.2 CEC intercalation) up to 50—60
wt % at 1.0 CEC. The amount of the hydrophobic POP largely
dictates their dispersion ability in water or toluene, as shown
in Table 1. Among these POP-clay hybrids, the particular 1.0
CEC sample is hydrophobic, is dispersible in toluene rather than
in water, and is able to form a thin film at the toluene/water
interface. In Figure 1, two different procedures, the direct water-
evaporation (method A) and the film formation at the toluene/
water interface (method B), are described. From method B, the
film surfaces of both sides, facing water- or toluene-side during
the formation, appeared to have different morphologies under

SEM examination (Supporting Information Figure S3). Only
the surface of the facing water phase grew into the rod-like
crystals. Elemental analyses on this film side by EDS showed
a rich content in a carbon-to-silicon ratio of 13.95/42.47, in
contrast to the toluene side of 37.51/18.72 (Supporting Informa-
tion Figure S4). The apparently different compositions on the
film surfaces indicate a possible unit migration during the self-
assembling process. The water surface promotes the orientation
of hydrophilic silicate plates into lengthy rods. For generating
the rod-like morphologies, the POP-MMT at 1.0 CEC, in
comparison with the POP-mica at 1.0 CEC, tended to form the
shorter rods but propagated into different directional dendrites,
as observed in Figure 4A. Because the POP-organics are
considered to be inherently amorphous and flexible materials,
the main driving force for the unit piling could come from the
flat plate geometric shape in favor of face-to-face arrangement.
With a large plate size, the POP-mica units may have a strong
tendency for piling into lengthy rods with the dimension of
10—40 um in length and 0.2—0.5 um in width (Figure 4B).
The self-assembled rods derived from the mica appeared to be
straight and lengthy in shape, whereas the rods from the POP-
MMT are less straight but in a dendritic shape. Hence, the plate
geometric shape appears to dominate the piling process by which
the wider dimensional plate disk could significantly lead to the
lengthy rod formation. With the smaller disk, the plate-shape
directing effect is less intensive and tends to deviate into
different directions, or a dendrite formation.

To further understand the formation of these microstructures,
we examined the individual microstructures using AFM and
TEM in a detailed examination. The individual rods were
isolated using an ultrasonic vibrator to peel off pieces from the
scaffold of the microstructure and placed them on the copper
grid holder. One of the rods, approximately 15 um in length
and 200 nm in diameter (Figure 5, panels A and B), and another
representative rod, at 5 um in length and 45 nm in diameter,
were examined by TEM (Figure 5, panels C and D), revealing
the detailed structure in which the edge-to-edge alignment is
more likely than the face-to-face unit piling from the texture or
detailed lines of these micrographs. This rod structure was self-
piled from the primary units of averaged 4—6 silicate layers
and POP-embedded 4.1 nm d spacing with the plate dimension
of 300—500 nm (one representative piling shown in the inset
of Figure 5D). In the AFM image and measurement (Figure
5E), the single rod was characterized to be 200 nm in height
and 500 nm in width. The magnified micrograph in Figure 5F
vividly shows the lines of propagation into lengthy rods that
more than likely matches the unit dimension of edge-to-edge
alignment rather than the face-to-face piling. The morphology
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Figure 5. Morphologies of three 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: (A and B) TEM micrographs of the individual rod at 15 um in
length and 200 nm in diameter; (C and D) TEM of the rod at 5 um 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 and F) 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 (B and D).

of this single rod appears to be constructed with several straight
lines in parallel. Furthermore, during the formation of single
rods in the self-piling process, the secondary structure of rods
were formed and aligned into bundles or large rods. As shown
is one of such bundles at 40 um in length and 3 um in width
(Figure 6A). The width of individual rods was not uniform on
the detailed observation by AFM (Figure 6B), perhaps due to
the polydispersed nature of different mica plate units. On the
basis of the SEM micrographs (Figure 6, panels C and D), the

observation of initiatory position for the rod-bundles may imply
the formation of the secondary and tertiary structures through
a hierarchically growing from all clay units in a simultaneous
manner. For the primary structure of mica stacks at 300—500
nm in platelet width and 20 nm in height (one stack of 4—6
layers x 4.1 nm spacing by XRD analysis), an individual rod
is constituted of 10—25 primary clay stacks by face-to-face
piling (0.3—0.5 um in width), with an average of 100 building
blocks piling in another direction of edge-to-edge (30—40 um
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Figure 6. Micrographs of rod-bundles. (A) A rod-bundle on the TEM copper-grid showing the bundle dimension at 40 #m in length and 3 um in
width; (B) AFM (phase image) of the rod-bundle; (C and D) SEM images of mixed single-rods and rod-bundles.

in length). This self-assembly occurred only in the toluene/water
interface, initiated by the primary stack piling in the edge-to-
edge direction. The isolated single rods having a width of 0.3
um and the rod-bundle having width of 3 um are two
representative examples. Based on the observed dimension of
one circle, the rigid rod morphology under SEM could be
composed of approximately 100 small rods.

It is noted that the hierarchical growth of primary clay units
into rod-bundles is not observed in the naturally mineral
environment. The introduction of the embedded POP organics
plays an important role for directing this fast self-assembling
process. The uniqueness of POP interaction for the self-assembly
is further supported by using the organic-free or “pure” plates
for self-piling. We have isolated the organic-free synthetic
fluorinated mica plates from the sequential polyamine exfoliation
and extraction process.?”?® The isolation of pure synthetic
fluorinated mica plates, behaving as hydrophilic and forming a
suspension in water, allowed us to observe the phenomenon of
plate piling. In Supporting Information Figure S5, the thin plates
are shown to have the same ability to self-piling into rods but
in different morphological microstructures. By comparison, the
presence of POP organics allows the control of plate piling
direction and consequently the versatility of the self-assembled
morphologies.

Conclusion

The hydrophobic POP intercalated clays including MMT and
mica enable self-assembly into various microarrays such as
dendrites, rods, and rod-bundles. The geometric shape of
lamellar clays is an important factor for directing the self-
assembly. In particular, the mica clay with a high aspect-ratio
shape could self-pile to form hierarchical structures of rods and
secondary rod-bundles. The process of forming microstructures
with high regularity in plate spacing may be potentially useful

for fabricating new nanomaterials for applications such as
photonic crystals.?%-3
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