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Abstract: This paper discussestheinterfacial chemistry encountered in the self-assembly of
ordered nanoscale material sbased on surfactant liquid crystalline structures. The paper contains
three sections. The first section gives a brief introduction to the interfacial chemistry in the
co-assembly of surfactants and inorganic materials. The second section discussesthe formation
of inorganic—inorganic nanocomposites, the properties of such materials, and the interfacial
atomic structures. The last section discusses hybrid nanoscale materials with functional
monolayers, their interfacial chemistry, and their potential applications.

INTRODUCTION: ORDERED NANOSCALE MATERIALS BASED ON SURFACTANT
LIQUID CRYSTALS

The successful synthesis of ordered nanoporous materials using surfactant liquid crystals as structural-
directing agents [1,2] has opened new opportunities in designing novel nanoscale materials. These
materials are characterized by nanoscal e ordering, tunable domain size, and accessibility to arange of
sophisticated structures. Since 1992 the development of ordered nanoporous materials has become a
very active research area, and there have been many excellent publications related to the fundamental
mechanism, the synthesis, and the properties of such materials[3-5].

Experimentally, the ordered nanoporous materials were prepared by mixing various surfactants
with awide range of ceramic precursors, and | etting the mixtures react under mild hydrothermal condi-
tions. Schematically, the surfactant molecul es aggregate into micelles. The micelles further aggregate
into ordered liquid crystalline structures. The inorganic precursors bind to the micellar head groups and
further condense into athree-dimensional ceramic phase. Afterwards, the surfactant molecules may be
removed by thermal or chemical means. This process will give a unique ordered nanoporous material.

The formation of the ordered nanostructure is determined by the fundamental interactions be-
tween the mol ecul eswith surfactant-like properties. These molecul esinclude surfactant, lipids, copoly-
mers, and proteins [6-8]. These amphiphilic molecul es have two components. a hydrophobic tail group
(or segment), and a hydrophilic head group (or segment). The major driving forces for forming well-
defined aggregates are the hydrophobic attractions at the hydrocarbon-water interfaces and the hydro-
philic ionic or steric repulsion between the head groups. A variety of ordered structures can be formed
depending on the solution conditions (pH, temperature, or electrolyte concentrations). The equilibrium
structures are determined by the thermodynamics of the self-assembly process and the inter- and intra-
aggregate forces. Depending on the experimental conditions, spherical micelles, rod-like micelles, hex-
agonally ordered crystals, cubic crystals, lamellar phases, inverse micelles, or inverse micellar liquid
crystals can beformed. Using the ordered liquid crystalline structures as the directing templates, awide
range of ordered nanocomposites can be synthesized [9]. More recently, the templates were extended to
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include block copolymers[10]. The use of block copolymer surfactants further expanded pore size, and
the possible compositional range. In addition to ordered nanoporous materials, it is possible to prepare
other highly ordered nanocomposites based on these ordered liquid crystalline structures. These or-
dered compositeswill contain unique network structures and arrays of inter-penetrating phases to meet
the structural requirements of “smart composites’ with proper connectivity patterns, which are desir-
able in many applications, such as in piezoelectric transducers and pyroelectric detectors [11]. If a
polymeric material is used asthe template, the organic phase can be left behind to give ahighly ordered
nanocomposite [12]. Such ordered nanocomposites are difficult to prepare by other synthetic routes.

The formation of ordered nanostructures critically depends on the interfacia interactions be-
tween the surfactants and the inorganic species. The initial Mobil (MCM-41 series) silicate-based ma-
terialswere prepared using direct ionic bonding with acationic surfactant [1,2]. Apparently, nanoporous
silicates can be synthesized under a variety of experimental conditions. A more generalized synthesis
route was devel oped to include ion-mediated ionic bonding, in which the surfactants and the ceramics
aresimilarly charged and bind together through an intermediate i onic species of opposite charge[13,14].
Neutral surfactantscan also beused [15,16]. The neutral synthesisroute used uncharged (dodecyl amine)
or nonionic surfactants (polyethylene oxide). The oxide precursor was bonded to the surfactant through
hydrogen bonding. This produced nanoporous materials with thick walls and small grain sizes. Other
approaches, including amphoteric surfactant [17] and ligand-assisted templating using amine surfac-
tant, were also developed to prepare transition-metal mesoporous materials (niobium and tantalum
oxides) [18, 19]. In the ligand-assisted templating approach the ceramics (alkoxide) was covaently
bonded to the long-chain amine surfactant before the hydrolysis and condensation of the precursor. This
approach allows the selective hydrolysis and condensation of the oxide precursor on the micellar sur-
face and prevents the uncontrolled precipitation of particulate oxide materials that is commonly ob-
served in nonsilicate materials.

INTERFACIAL CHEMISTRY IN ORDERED NANOCOMPOSITES

Theordered nanoporous materials provide anideal platform to form more complicated nanocomposites.
There has been agrowing interest in nanocomposites because of the unique electronic, magnetic, optical,
and chemical properties related to the size and the microstructural arrangement of such materials [20,
21]. For example, nanoscale magnetic materials have been explored for applications in information
storage, color imaging, ferrofluids, and magnetic refrigeration [22—24]. Although many methods have
been devel oped to synthesize nanocomposites using colloidal processing [25, 26], gas phase condensation,
precipitation within nanoporous polymers or ceramics [27], and infiltration of microporous zeolite
materials [28], a major problem is the precise control of size, shape, and spatial arrangement of
nanoparticles. The recent discovery of the ordered nanoporous silicate materials provides a unique
opportunity to design and engineer nanophase composites.

We have synthesized ordered magnetic nanocomposites (NiO-SiO,) based on nanoporous silica
using the impregnation-to-incipient-wetness technique. A high magnetic permeability was obtained
due to the alignment of the rod-like particles within the hexagonal porous matrix. Furthermore, the
interfacial atomic structure is characterized by transmission electron microscopy (TEM) and energy
loss fine structure (ELFS) analysis. Similar methods can be used to produce other metal—ceramic and
ceramic—ceramic composite materials.

The mesoporous silica was synthesized according to standard methods, using
cetyltrimethylammonium chloride (C;gH43(CH4)sNOH/CI), colloidal silica (HiSil-233), and tetra-
methylammonium silicate. This mixture was reacted at 105 °C in a sealed Teflon container for 3to 5
days and calcined at 540 °C for 7 hr in air. X-ray diffractometry (XRD) suggests that the material has
hexagonal ordering with a periodicity of 4 nm. N, adsorption/desorption isotherms indicate a surface
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Fig. 1 TEM images of NiO-SiO, composite: (a) isthe bright field image and (b) is the dark field image. The
particles are uniformly distributed, and have arod-like shape. The size of the crystalsin the dark field imageis
about 2 nm.

area of 900 m?/g and a pore size of 2.8 nm. The NiO-SiO, composite (7% Ni by weight) was prepared
using the impregnati on-to-inci pient-wetness techniques [29]. NiO was chosen asamodel system for its
simple crystalline structure (cubic, a= 4.18 A). Other materials, such as Fe,0,, may have several crys-
talline structural forms, thus complicating the interpretation of the results. A solution of nickel nitrate
(Ni(NOg),.6H,0), was prepared. The volume of the nitrate solution approximately corresponded to the
total pore volume of the mesoporous SiO, support. The nanoporous SiO, powders were tumbled, and
the solution of nickel nitrate was added dropwise. Capillary forces ensured that the liquid permeated the
entire porous structure. This technique allowed accurate control of the amount of the metal that was
incorporated into the porous support. The resulting compositewas dried at 100 °C overnight in avacuum
oven and then calcined at 350 °C for 1 hr.

The samples were embedded in a fixing epoxy resin and sectioned with a diamond knife on an
ultramicrotome. TEM work was performed on a JEOL 2010 FEG microscope at 200 KeV. The electron
energy loss spectra (EEL S) were obtained on a Philips 430 TEM equipped with a Gatan PEEL S model
666 system at 200 KeV in thediffraction mode. Gatan EL/P 2.1 software with acustom function AcglL.ong
[30] was used for data acquisition to reduce statistical and systematical noise. UW EXAFS 3.0 software
[31] was used for dataanalysis. The magnetic hysteresisloopswere measured on a L akeshore Model 73
Vibrating Sample Magnetometer (VSM). When the NiO precursor infiltrated the silica matrix, it as-
sumed the hexagonal arrangement and the geometry of the pores. The micrographs in Fig. 1 are the
edge-on TEM images of the NiO-SiO, composite. The horizontal crack was caused by microtoming.
The nanoparticles are uniformly distributed and the parallel pore channels are darkened by the infil-
trated phase. The bright field image (Fig. 1a) and the dark field image (Fig. 1b) clearly illustrate that the
particles are aligned along the pore channels and have arod-like shape. The dark field suggests that the
crystals have a diameter about 2 nm, and a length up to 30 nm. In some areas large particles are ob-
served because individual crystals cannot be resolved when they overlap. Selected electron diffraction
pattern (SAD) confirms that the crystalline phase is NiO (cubic, a= 4.18 A).
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Fig. 2 EELS and ELFS results of the NiO-SiO, composites: (a) isthe Ni L-edge spectrum with the pre-edge
background removed and (b) is the filtered fine structure y (k). The solid line is the experimental data, and the
dotted line is the fitted result. The r-space nonlinear least-squares fit was performed in an r-range from

1.7 to 3.8 A and ak-range from 3 to 10.4 AL with 12 independent points and 9 parameters. The best fit was
produced by a molar composition of 75% NiO and 25% Ni,SiO,.

Figure 2ais atypical electron energy loss (EEL) spectrum for the Ni L-edge. This spectrum was
first treated to remove the post-edge background and normalized, and then Fourier transformed to
r-space. The r-space nonlinear least-squares fit was performed using the FEFF6 model (a computer
program that calculates the theoretical energy loss fine structures (ELFS) and X-ray absorption fine
structures (XAFS)) [32]. Additional peakswere observed in theradial distribution function of the com-
posite as compared to that of a standard NiO, suggesting a mixed phase. Therefore, a three-component
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Fig. 3 Magnetization curves of the standard NiO and the NiO-SiO, composite. As compared to the standard
NiO, the composite material shows arapid change in the magnetization when the field is changed and saturates
at alow magnetic field. This result suggests that the composite material has a higher magnetic permeability due
to the alignment of the particles.

model consisting of Ni, NiO and Ni,SiO, (orthorhombic, a=5.91 A, b=10.12 A, c=4.73 A) [33] was
then used to fit the unknown data. The final results were plotted in the filtered (k) in Fig. 2b. The best
fitis produced by a molar composition of 75% of NiO plus 25% Ni,SiO, with an insignificant amount
of Ni. The dotted line is the result from the fit, and the solid line is the experimental result. The fit also
suggests that all atomic distances of Ni—O, Ni—Ni and Ni—Si are expanded by about 3%, which agrees
with the results by a previous ELFS study of the atomic structure of fine metallic particles[34]. Based
on this composition it can be calculated that the dispersed particles consist of acore of crystalline NiO
with adiameter of 1.9 nm and an outer interfacial layer of Ni,SiO, about 0.45 nmin thickness, as shown
in the insert in Fig. 2b. The Ni,SiO, interface layer is amorphous. This is consistent with the TEM
resultsin Fig. 1. The bright field shows both the crystalline NiO core and the amorphous Ni,SiO, layer.
The dark field image only shows the crystalline phase.

The magnetic hysteresis loops of the NiO-SiO, and the standard NiO material were measured,
and the results were plotted in Fig. 3. The standard NiO material is made of particles ranging from
submicrometer to several micrometersin size. The magnetization gradually increases with the magnetic
field and does not saturate until 3 KiloOer. In contrast, for the NiO-SiO, composite the magnetization
changes rapidly when the magnetic field is increased or decreased, and the magnetization saturates at
less than £1 KiloOer. This behavior shows that the NiO-SiO, nanocomposite has a higher magnetic
permeability than the standard NiO powders. The rapid magnetization behavior is aso different from
nanoscale magnetic materials prepared by other methods. Such materials show gradual magnetization
in afield because of the wide particle size distribution and random orientation. On the contrary, in the
new nanocomposite material the magnetic particles are uniformly distributed and aligned in the same
direction along the pore channels within the mesoporous silica particles. These mesoporous silica par-
ticles are several micrometers in size and can rotate in a magnetic field. This will result in a higher
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Fig. 4 High-resolution TEM image of a Pd-SiO, composite: (a) is the cross-section aong the longitudinal
direction of the Pd particles and (b) is the cross-section perpendicular to the long axis. Both images show the
lattice fringes of the Pd particles, which have a uniform size, and are well ordered (from ref. 4 with permission).

magnetic permeability. Therefore, the nanocomposite hastheideal microstructure for amagnetic mate-
rial: rod-like shape separated by the matrix, uniform size, and particle alignment [35].

We believe that ordered mesoporous materialswill form the basis of a new generation of ordered
ceramic—ceramic and metal—ceramic nanocomposites. These materials will have unique optical, elec-
tronic, and magnetic properties. For example, Fig. 4 shows the ordered microstructure of a Pd-SiO,
composite. Figure 4a is the cross-section image parallel to the pore channels, and Fig. 4b is the cross-
section image perpendicular to the pore channels. Both images show the lattice fringes of the ordered
nanoparticles.

INTERFACIAL CHEMISTRY IN SELF-ASSEMBLED MOLECULAR MONOLAYERS IN
ORDERED NANOPOROUS MATERIALS

Many applications have been considered for the new nanoporous materials, including energy storage,
catalysis, adsorption, ion exchange, sensing controlled release, etc. However, most of the applications
require the materials to have specific binding sites, stereochemical configuration or charge density, and
acidity [36-38]. Most nanoporous materials do not themselves have the appropriate surface properties.
A new class of hybrid nanoscale materials has been developed based on the assembly of orga
nized molecular monolayers in ordered nanoscale materials [39—42]. This approach allows us to sys-
tematically modify the surface chemistry and tailor the molecular recognition process of mesoporous
materials toward the targets. In this approach, high-quality, oriented molecular monolayers are sponta-
neously grown on ordered nanoporous ceramic substrates with controlled pore shape and pore size. The
functional molecules are closely packed and cross-linked with one another. The terminal functional
groups on the monolayer can be easily modified, thereby allowing rational design and layer-by-layer
construction of host sites on the nanoporous substrates that match the shape, size, or chemical proper-
ties of heavy metals, transition metals, or organic molecules, and as such, making them extremely
efficient scavengers of these species, or effective catalysts for reactions involving these species.
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Fig. 529Si NMR spectra of functionalized mesoporous silica. (&) 50 A nanoporous silica with low degree of
hydration and low monolayer coverage (25%). (b) 50 A nanoporous with a higher degree of hydration and a
higher coverage. (c) 50 A nanoporous silica using supercritical CO, as the reaction medium. A high degree of
cross-linking density suggests better packing of the monolayer molecules (aand b are from ref. 39 with
permission from Science.)

The quality of the molecular monolayer isreflected on theinterfacial binding between the mono-
layer and the silica substrate. High-quality, close-packed monolayers can be formed on the nanoporous
supports through the introduction of several layers of physically adsorbed waters on the nanoporous
surface. The role of the water molecules is to physically confine al the hydrolysis and condensation
reactions of the organosilianes at the interface. Currently, we can systematically vary the population
densities of functional groups on the nanoporous materials from 10% up to 100% of the full surface
coverage. Figures 5a and 5b compare the 2°Si NMR spectra obtained from the nanoporous silica
functionalized with tris(methoxy)mercaptopropylsilane (TMMPS). Based on NMR and other studies,
we can conclude that with alow degree of hydration, the functional molecules only cover part of the
surface (25% coverage). The siloxane groups can adopt three different conformations: (i) isolated groups
that are not bound to any neighboring siloxanes, (ii) terminal groups that are only bound to one neigh-
boring siloxane, and (iii) cross-linked groupsthat are bound to two neighboring siloxanes. Among these
three groups, the terminal conformation is dominant. With a higher degree of hydration, ahigh surface-
population density can be achieved. NMR spectrafor 29Si show the predominance of only cross-linked
bonding conformation for the siloxanes, rather than adistribution of isolated, terminal, and cross-linked
groups. The supercritical fluid (SCF) process further improved the quality and the chemical stability of
the monolayers on mesoporous silica. SCF fluids offer aunique environment to perform chemical reac-
tion because of theliquid-like solvation properties and gas-like physical properties (viscosity, diffusivity)
[43]. Thelow density, low viscosity, high diffusivity, and low surface tension of SCF fluids make them
ideal mediafor performing silanation of the internal surfaces of porous materias. CO, is environmen-
tally benign, nontoxic, nonflammable, and inexpensive. The mild critical conditionsfor CO, (Tc=31.1
°C, Pc=73.8 bar) can be easily attained, and are unlikely to cause degradation of the porous substrates.
Dueto direct pressure pumping, the silanes are readily delivered to the internal pore surface. Similarly,
when the pressureis decreased, the unreacted silanes and by-products are forced out of theinner volume
of the porous substrate. Figure 5c is the 22Si NMR spectrum of the supercritically functionalized
mesoporous silica. Compared to Fig. 5b, the peak corresponding to the cross-linked siloxanesis much
more pronounced, indicating a high degree of cross-linking.

Theinterfacial chemistry can be easily tuned for different applications. For example, Fig. 6 shows
two different types of functional molecules on the silica substrate. Figures 6a and 6b involve a direct
chemical bonding between heavy metalsand alky! thiols[tris(methoxy)mercaptopropylsilane, TMMPS]
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Fig. 6 Two different types of functional monolayers in ordered nanoporous silica: (a) Thio-functionalized
monolayers. (b) Heavy metal binding on the monolayer. The metal ions directly bind to the thiol groups on the
monolayer, forming an efficient heavy metal trap. (c) Stick-and-ball model of Cu-EDA complex on silica
substrate. (d) Isopotential surface for C—EDA complex. The Cu(ll)-EDA complex forms an ideal three-fold
symmetry cage structure for binding tetrahedral anions (from Ref. 39 and Ref. 46 with permission).

as the functional molecules for heavy-metal adsorption. Mercury and heavy-metal contamination is a
serious problem at waste-contaminated sites of the U.S. Department of Energy [44]. Industrial and
civilian sources deposit a large amount of mercury into the environment every year [45]. The thiol—
silica hybrid nanoporous materials thus produced can efficiently remove mercury and other heavy met-
als (such aslead and silver) from contaminated agueous and organic solutions. The distribution coeffi-
cient, Kd, has been measured as high as 108. (Kd is defined as the amount of adsorbed metal (ug) on 1
g of adsorbing material, divided by metal concentration (ug/ml) remaining in the treated waste stream).
The exceptional selectivity and capability of hybrid materials to remove mercury and other heavy met-
als from contaminated solutions have been demonstrated under a wide range of conditions (water, oil,
acidic, neutral, and basic solvents). A loading capacity of 600 mg (Hg)/g (absorbing materials) has been
obtained. A single treatment of highly contaminated water usually reduced the mercury concentration
to well below U.S. Environmental Protection Agency (EPA) elemental limitsfor hazardous wastes and
even drinking-water standards. Similar results have also been obtained for lead and silver, which are
major concerns in drinking water. The performance of the materials is not affected by the presence of
background electrolytes (ions of barium, zinc, sodium, or nitrate).

Another application is arsenate removal [46]. Recent reports of the crisis caused by arsenic con-
tamination of drinking water in Bangladesh and other parts of the world have attracted wide public
attention [47,48]. In Bangladesh alone, and estimated 50 to 70 million people could be affected by
drinking water contaminated by natural arsenic sources. Arsenic, along with other toxic metals like
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chromium, and selenium, are included in the EPA's list of priority pollutants. These contaminating
species, unlike many heavy metals and transition metals, can exist in nature as tetrahedral oxyanions
(arsenate ions HAsO,#, H,AsO,1-, and chromate ions HCrO,~, CrO,%) [49]. In many cases, trace
amounts of arsenate and chromate need to be removed from waste sol utions containing high concentra-
tions of competing anions, sulfate, and chloride in particular. Currently, the development of effective
anion binding materialsisan important subject in chemistry, biochemistry, materials and environmental
science [50,51]. We synthesized and used metal-chelated ligands immobilized on mesoporous silicaas
an efficient anion binding material for both arsenate and chromate. The mesoporous silica was
functionalized with an ethylenediamine (EDA) terminated silane [(2 aminoethyl,)-3-aminopropyl
trimethyl silane]. Cu(ll) ionswere binded to the EDA monolayer witha3to 1 EDA to Curatio, forming
an approximately octahedral Cu(EDA); complex structure. The cationic octahedral complex contains
an electrophilic basket with C3 symmetry that forms an ideal host for atetrahedral anion. Nearly com-
plete removal of arsenate and chromate has been achieved in the presence of competing anions for
solutions containing up to 100 ppm toxic metal anionsunder avariety of experimental conditions. Good
selectivity between chromate (or arsenate) and sulfate ions can be achieved at high anion concentra-
tions. Anion loading is more than 120 mg (anion)/g of adsorption materials. The anion |oading capacity
of thismaterial is comparable (on amolar basis) to the heavy metal loading capacity achieved with the
best cation sorbent materials (functionalized mesoporous silica) discussed earlier, when the stoichiom-
etry of binding and the atomic/molecular weight of the target species are taken into consideration. This
approach is especially promising considering the rich chemistry that can be explored with monolayers
[52,53], with mesoporous silica, and the possibility of designing better anion-recognition ligands.

SUMMARY

Interfacial reactions and interfacial chemistry play a critical role in the formation, the self-assembly,
and the properties of ordered nanoscale materials. The examples given in this paper illustrate how the
specific interactions between surfactants and inorgani c—organi ¢ species affect the formation of different
phases that can be derived. Furthermore, this paper also briefly discussed the formation of functional
molecular monolayers in ordered nanoscale materials, and the critical role the interface plays on the
organization, the quality, and the properties of the monolayers. In nanoscale materials, alarge number
of atoms reside in the interfacial region and may assume a different chemical environment from the
atomsoutsidetheinterfacial region. Thefineinterfacial atomic structuresareillustrated in theformation
of ordered nanomagnet nanocomposites. In all the examples shown in this paper, the ordered nanoscale
materials offer distinct advantages over traditional nanocomposites. The ability to further tailor the
interfacial interactions and interfacial properties will lead to more sophisticated functional nanoscale
materials.
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