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Abstract

In the thesis, we report that using solution crystal growth method to grow TiO,
nanoneedles via blockcopolymer templates and nanocavities templates from E-beam
lithography. The TiO, nanoneedles crystal structure and properties have been studies in
the thesis.

In chapter 2, ordered aggregates of surfactant-modified TiO, nanoparticles in the
selective block of lamellar assemblies of the diblock copolymer PS-b-PMMA have been
firstly prepared. The hydrophobic or hydrophilic nature of the tethered surfactant
determines the location of TiO, nanoparticles in the corresponding block, as confirmed
by transmission electron microscopy, differential scanning calorimetry and
Fourier-transform infrared spectroscopy. .. The modes of dispersion of TiO; in the blocks
depend on the type of bonding between the surfactant and TiO, (covalent or ionic),
Photoluminescence studies of theSe nanocomposites demonstrate that the location of TiO,
nanoparticles affect the block copolymer’s luminescence at different wavelengths.

In chapter 3, we studies, arrayed, needle-like nanostructures of rutile phase crystal
TiO, were grown on a Si substrate containing TiO; seeds prepared through a thin
polystyrene-b-poly(4-vinylpyridine) (PS-b-P4VP) diblock copolymer template. The
morphology of the deposited TiO, nanostructures was characterized by field-emission
scanning electron microscopy, X-ray diffraction and transmission electron microscopy
(TEM). By using TiO; seeds prepared from their diblock copolymer PS-b-P4VP
template, arrayed, needle-like rutile TiO, nanostructures with variable spatial positions
and densities were fabricated. The distance between two TiO, needle bunches (120nm
and 160 nm) could be controlled using block copolymer templates with different
molecular weights.

Furthermore, in chapter 4, we report that single, aligned TiO, nanoneedles having



diameters in the tens of nanometers can be grown through a solution crystal growth
process from patterned nanocavities under the influence of an electric field. The electric
field, which we applied perpendicular to the substrate plane, drove the precursor solution
into the cavities by overcoming the surface tension encountered and oriented the TiO,
nanoneedles during the growth process. The effect of initial pH value of the precursor
solution and urea concentration were studied and discussed. We believe that this new

class of aligned TiO, nanostructures will find a wide range of future applications..
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Chapter 1
Introduction

1-1 Introduction

The English chemist John Dalton first proposed the scientific theory of the atom two
hundred years ago (Summer, 1803).[1] Since then we have seen chemists come to
understand the elements and their interactions, we have seen engineers make and use new
materials to improve our lives, we have seen physicists demonstrate that even atoms are
divisible, and we have seen warriors unleash the power of the atomic nucleus. In these
two centuries we have amassed an enormous understanding of—and wielded an
increasing control over—the fundamental units of matter.[2]

On the evening of December 29, 1959, Feynman delivered an after-dinner lecture at
the annual meeting of the American Physical [Society; in that talk, called “There’s Plenty
of Room at the Bottom,” Feynman proposed work 1n a field “in which little has been
done, but in which an enormous amount can-be-done’in principle.” “When we get to the
very, very small world---say circuits of seven atoms---we have a lot of new things that
would happen that represent completely new opportunities for design.” [3] This is the
first time people talk and dream about “nano world”.

As time going to twenty century, the field of nanostructure science and technology is a
broad and interdisciplinary area of worldwide research and development activity that has
been growing explosively in the past few years. While an understanding of the range and
nature of functionalities that can be accessed through nanostructuring is just beginning to
unfold, its tremendous potential for revolutionizing the ways in which materials and
products are created is already clear. It is already having a significant commercial impact,
and it will very certainly have a much greater impact in the future. [4]

At 2000 year, US government pointed out the nanotechnology century is coming and



writing a National nanotechnology initiative report (NNI), to lead the next industrial
revolution.[5] In that reports, Neal Lane said : “If I were asked for an area of science and
engineering that will most likely produce the breakthroughs of tomorrow, I would point
to nanoscale science and engineering.” (—Neal Lane Assistant to the President For
Science and Technology)[6] For years now, scientists have been developing synthetic
nanostructures that could become the basis for countless improved and completely new
technologies. Nanotechnology stands out as a likely launch pad to a new technological
era because it focuses on perhaps the final engineering scales people have yet to master.
Horst Stormer said : “Nanotechnology has given us the tools...to play with the ultimate
toy box of nature—atoms and molecules. Everything is made from it...The possibilities to
create new things appear limitless.” (~Horst Stormer , Lucent Technologies and
Columbia University, Physics Nobel.Prize Winner).and Roald Hoffmann said:
“Nanotechnology is the way of ingeniously controlling-the building of small and large
structures, with intricate properties; it is.the-way-of the future, a way of precise,
controlled building, with incidentally,‘environmental benignness built in by design.”
(-Roald Hoffmann, Cornell University, Chemistry Nobel Prize Winner).[6]
Nanotechnology will take human a new vision of life and a new world of science. In the
nanotechnology century, how to build nanostructure by bottom-up method is related to

how to control the nano scale science. This is a new challenge for scientist and engineer.

1-2 Template-based method for the preparation of nanomaterials

The fabrication of systems having characteristic dimensions smaller than 100 nm
requires the ability to obtain and modify structures at the nanometer length scale. It is
well established that microstructured materials may be industrially prepared, e.g., by

photolithograph, but as the demand for smaller and smaller feature sizes, further steps



towards miniaturization have been raised in the last decade, focusing on different and
more suitable strategies, which are based on both “top-down” and ‘bottom-up”
approaches. Many methods for the fabrication of nanomaterials have been developed,
ranging from lithographic techniques to chemical methods.[7,8] This process involves
synthesizing a desired material within the pores of a porous membrane. Because the
membranes (templates) that are used have cylindrical pores or cavities of uniform
diameter, a nanocylinder or a dot of the desired material is obtained in each pore.
Depending on the properties of the material and the chemistry of the pore wall, this
nanostructured materials may be solid (nanofibrils, nanorods, nanoparticles) or hollow

(nanotube).

1-2-1 Membranes used

Most of the work in template synthesis,, toldaté; has.entailed the used of three types of
nanoporous membranes, “track-etch™ polymeric membranes, porous alumina membranes
and block copolymer films. There‘are a-variety-of other templates that could be utilized.
However, the main weakness of polymeric membranes and alumina membranes still
remain in the difficult and poor control of the final morphology of the produced
nanostructures. Recently, a sense polymers represent ideal nanoscale tools, not only due
to their intrinsic dimensions, ease of synthesis and processing, strict control of
architecture and chemical functionality, but also because of their peculiar mesophase
separation both in bulk and in solution, particularly in the case of block copolymers
(BCPs). Furthermore, the BCPs monolayer films have been used to arrange the seeds,

which nanostructured materials could be fabricated via bottom-up approach.
1-2-1-1 Track-etch

Most of the nanoporous polymeric filtration membranes have been sold by a number of

companies (such as Nucleopore and Poretics). This method entails bombarding a



non-porous sheet of the desired material with nuclear fission fragments to create damage
tracks in the material, and then chemically etching these tracks into pores. These
commercial membranes are prepared from polycarbonate or polyester. The resulting
membranes contain randomly distributed cylindrical pores of uniform diameter which are
available with pore diameter as small as 10 nm (pore density ca. 10° pores cm™).[9]
1-2-1-2 Porous alumina (anodic aluminum oxide, AAQO)

Porous alumina membranes are prepared via the anodization of aluminium metal in an
acidic solution.[10] These membranes contain cylindrical pores of uniform diameter
arranged in a hexagonal array. The pore diameter can be as large as 200 nm and as small
as 5 nm, and the typical membrane thickness can range from 10 to 100 mm.[11] The
higher pore density is important if one wanted to mass-produce a nanomaterial by the

template method.[10]

1-2-1-3 Block copolymers

BCPs may be considered as two-or more chemically homogeneous polymer fragments,
i.e., homopolymer chains, joined to gather by covalent bonds to form more complex
macromolecules such as linear di-, tri-, or mutiblock copolymer, and nonlinear
architectures such as mutiarm, starblock, or graft copolymer. In the frequent case of
immiscibility among the constituent polymers, the competing thermodynamic effects give
rise to different kind of self-assembled morphologies, depending both in structure and
dimensional terms on composition, segmental interaction, and molecular weight, and
having periodicity suitable for application in nanotechnology.[12] The existence of some
morphologies can be theoretically predicted within the self-consistent field theory,[13] on
the basis of the volume fraction of the components, the number of segments in the
copolymer, and the Flory-Huggins interaction parameter, as is the case for spherical,

cylindrical, gyroid, amorphous diblock copolymers.



A diblock copolymer chain consists of two chemically dissimilar blocks attached
through a covalent bond can microphase separate into various ordered nanostructures
with periodic thicknesses between 10 and 100 nanometers.[14] Thin films of diblock
copolymers can therefore be used as lithographic templates to produce highly dense
nanostructures|15-18], nanoreactors for the synthesis of nanocrystal clusters with spatial

control or a template for the nanostructured materials growth.

1-2-2 Template synthetic strategies

The limits to which materials can be used in template synthesis are defined by the
chemistry required to synthesize the material. Nearly any material can in principle be
synthesized within pathway can be developed. Typical concerns that need to be addressed
when developing new template synthetic methods include the following: (1) will the
precursor solutions used to prepare.the matetial-“wet’‘the pore (i.e.,
hydrophobic/hydrophilic considerations); (2) will the deposition reaction proceed too fast
resulting in pore blockage at the niembrane surface before tubule/fiber growth can occur
within the pores; (3) will the host membrane be stable (i.e., thermally and chemically)
with respect to the reaction conditions? The following is a general outline of five
representative chemical strategies that have been used in our laboratory to conduct
template synthesis within the alumina, polymeric membranes and block copolymers

templates.

1-2-2-1 Electrochemical deposition

Electrochemical deposition of a material within the pores is accomplished by coating
one face of the membrane with a metal film (usually via either ion sputtering or thermal
evaporation) and using this metal film as a cathode for electroplating. [9,19-21] This
method has been used to prepare a variety of metal nanowires including copper, platinum,

gold, silver, nickel and metal oxide etc. in track-etch, alumina and block copolymer



templates. To obtain tubules, one must typically chemically derivative the pore walls so
that the electrodeposited metal preferentially deposits on the pore wall; that is, a
molecular anchor must be applied. For example, gold tubules have been prepared by
attaching a cyanosilane to the walls of the alumina template membrane prior to metal or
semiconducting materials depositions.[9,19] Owing to the large number of commercially
available silanes, this method can provide a general route for tailoring the pore walls in

the alumina membranes.

1-2-2-2 Electroless deposition

Electroless metal deposition involves the use of a chemical reducing agent to plate a
metal from solution onto a surface.[22] This method differs from electrochemical
deposition in that the surface to be coated need.not be electronically conductive. One of
these methods is involving a sensitizer to bind te'the surface via complexation with
surface amine, carbonyl, and hydtoxyl group. This sensitized membrane is then activated
by exposure to Ag' resulting in thé formation-of-discrete nanoscopic Ag particles on the
membrane’s surface. Finally, the Ag-coated is immersed into an Au plating bath
containing Au' and a reducing agent, which results in Au plating on the membrane faces
and pore walls. The key feature of the electroless deposition process is that metal
deposition in the pores starts at the pore wall. Therefore, after short deposition times, a
hollow metal tubule is obtained within each pore while long deposition times result in
solid metal nanowires. Unlike the electrochemical deposition method where the length of
the metal nanowires can be controlled at will, electroless deposition yield structures that

run the complete thickness of the template membrane.
1-2-2-3 Chemical polymerization

Chemical template synthesis of a polymer can be accomplished by simply immersing

the membrane into a solution containing the desired monomer and a polymerization



reagent. This process has been used to synthesize a variety of conductive polymers within
the pores of various template membranes.[ 23-24] As with electrochemical
polymerization, the polymer preferentially nucleates and grows on the pore walls,
resulting in tubules at short deposition times and fibers at long times.
1-2-2-4 Sol-gel Deposition

Sol-gel chemistry typically involves hydrolysis of a solution of a precursor molecule to
obtain first a suspension of colloidal particles (the sol) and then a gel composed of
aggregated sol particles. The gel is then thermally treated to yield the desired product.
A variety of inorganic semiconducting materials including TiO,, ZnO, and WO; have
been explored. [25-27] First, an alumina template membrane is immersed into a sol for a
given period of time, and the sol deposits,on.the pore walls. After thermal treatment,
either a tubule or fibril of the desired semiconductor is. formed within the pore. The
formation of tubules after short immersion times indicates that the sol particles absorb to
the alumina membrane’s pore wall: This is expected because the pore walls are

negatively charged while the sol particles usedto date are positively charged.
1-2-2-5 Chemical vapor deposition

A major hurdle in applying chemical vapor deposition (CVD) techniques to template
synthesis has been that deposition rates are often too fast. As a result, the surface of the
pores becomes blocked before the chemical vapor can traverse the length of the pore.
Two template-based CVD syntheses circumvent this problem. The first entails the CVD
of carbon within porous alumina membranes which has been achieved.[28] This
involves placing an alumina membrane in a high-temperature furnace and passing a gas
such as ethane or propane through the membrane. Thermal decomposition of the gas
occurs throughout the pores, resulting in the deposition of carbon films along the length

of the pore wall. The second CVD technique utilizes a template-synthesized structure as a



substrate for CVD deposition. [29] For example, a CVD method was used to coat an

ensemble of gold nanotubules with concentric TiS; outer nanotubules.

1-3  Block Copolymers

1-2-1 Introduction

Since the discovery of the living character of anionic polymerization in the mid-1950s
(Szwarc 1956)[30], about 50,000 references have been published on block copolymer
synthesis, properties, and applications through the end of 2000 (Sci Finder 2000). A total
of 42% of these papers have appeared in the last few years (1995 through 2000).[31]
Over the last few years, tremendous research efforts have been dedicated to the study of
potential applications of block copolymers in advanced technologies, such as information
storage, drug delivery, photonic crystals; etc.[32-36] These studies have shown that block
copolymers are very strong candidates for applications’in these areas. Conventional and
potential high-technology applications of block copolymers are based on their ability to
self-assemble, in bulk or in selective solvents, into.ordered nanostructures, with
dimensions comparable to chain dimensions. By changing the molecular weight,
chemical structure, molecular architecture, and composition of block copolymers, the size
scale, the type of ordering, and the characteristics of these nanostructures can be
manipulated.

The nanoscale self-organization of polymers can be achieved simply by joining
polymer chains together in a block copolymer. With these remarkable materials, the
molecular engineer can combine distinct polymers to give materials with defined physical
properties. For example, a composite comprising glassy or crystalline domains in a
rubbery matrix can be self-assembled by taking components with these characteristics
and combining them in a block copolymer. Because the polymer chains are tethered to

each other, macroscopic phase separation cannot occur and structural organization occurs



in domains with periodicities ~1-100nm, whether in the melt, solid, thin film or in
micellar solution. The nanoscale self-organization phenomenon is very useful for

nanotechnology applications.

1-3-2 Architecture of copolymer

The architectures of copolymer can be controlled by the synthesis procedure, and it is
possible to prepare diblock, triblock, mutiblock, startblock and graft copolymers. These
are illustrated in Fig 1-1. Examples of other exotic architectures have recently been
synthesized. The possibilities for molecular design seem to be almost limitless, only
being limited by the chemist’s imagination.

Chemically joining two homopolymers to form a diblock copolymer increases the
compatibility, and this is reflected in the reduction of the critical temperature for phase
separation as compared to a homopolymer blend..Linear AB block copolymers are the
simplest block copolymer structutes where two blocks of different chemical structures
are linked together through a common junction-point.

A variety of triblock copolymer architectures, i.e., block copolymers containing three
sequences of monomers, are possible because they can be comprised of two (ABA
copolymers) or three (ABC terpolymers) different monomers. Each type of triblock can
be synthesized according to an appropriate synthetic pathway depending on the
monomers used and their sequence in the triblock chain.

The triblock copolymer phase diagrams below are highly asymmetric. The reason for
this asymmetry is the high deformation of the central B blocks in order to accommodate
the outer A blocks into A domains. Increasing T gives rise to important differences in the
window of stability for each morphology at a given composition.

Star block copolymers are actually star-shaped macromolecules where each arm is a

block copolymer. The number of branches can vary from a few to several tens. The



topological difference of this kind of macromolecules, with respect to linear block
copolymers, is focused on the existence of a central branching point, which, by itself,
brings certain symmetry in the macromolecule and sometimes defines a certain amount of
intramolecular ordering.

Graft copolymers are comprised of a main polymer chain, the backbone, having one or
more side polymer chains attached to it through covalent bonds, the branches. The
chemical nature and composition of the backbone and the branches differ in most cases.
Branches are usually distributed randomly along the backbone although, recently,
advances in synthetic methods allowed the preparation of more well-defined structures.

Randomly branched graft copolymers can be prepared by three general synthetic
methods: 1) the ‘‘grafting to’’, 2) the “‘grafting from’’, and 3) the “‘grafting through’’ or
macromonomer method.[37-38] The detail scheme.was shown in Fig 1-2.

By designing these building blocks.in such a way that they contain all the necessary
information to direct their self-assembly into functional materials. Whereas it is
difficult to organize low molecular weight organic.molecules into periodic macroscopic
assemblies, macromolecules can be assembled into a large variety of ordered
morphologies covering several length-scales. Three different classes of block
copolymer type building blocks have been developed (Fig. 1-3). First, the coil-coil type
diblock copolymers form the building blocks of self-assembled materials. The other
two classes of diblock copolymer architectures are composed of a rigid rod-segment and
a flexible coilblock, which are divided between low molecular weight and high molecular
weight rod-coil block copolymers. Coil-coil diblock copolymers, i.e., block copolymers
comprised of two flexible, chemically incompatible and dissimilar blocks (e.g.,
poly(styrene)-b-poly(isoprene)) can microphase separate into a variety of morphologies.
An example of the self-assembling systems is provided by rod-coil molecules that have a

strong tendency to self-organize into a variety of supramolecular structures in nanoscale
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dimensions.[39-44] For a given molecular rod, the relative lengths of the coil segments
determine the resulting rod domain structures that include infinitely long cylinders and
disk-like cylinders. These domains subsequently self-organize into 2-D hexagonal and

3-D bodycentered tetragonal symmetries, respectively.

1-3-3 Synthesis of block copolymers

The methods to synthesize block copolymer are anionic polymerization, cation
polymerization, and living free radical polymerization.

Anionic living polymerization has been known for almost fifty years. Since its
discovery in the 1950s, it has emerged as the most powerful synthetic tool for the
preparation of well-defined polymers, i.e,,.,nattow molecular weight distribution
polymers with controlled molecular'characteristics including molecular weight,
composition, microstructure, and-architecture. Its ability to form well-defined
macromolecules is mainly due to the absence-of'termination and chain transfer reactions,
under appropriate conditions [45-46].

Advances in cationic polymerization methodology, starting in the middle 80s with the
discovery of the true living cationic polymerization of vinyl ethers by Higashimura et al.
[47-48], have shown their real potential for the synthesis of tailor-made macromolecules.
In recent years many investigations have demonstrated that almost all classes of
cationically polymerizable vinyl and alkene-type monomers can be polymerized in a
controllable way [49-51]. The formation of polymers having predictable molecular
weight and narrow molecular weight distributions gives unambiguous experimental
evidence for elimination or suppression of termination and chain transfer reactions in
these systems. These studies opened the way for block copolymer synthesis using

cationically polymerizable monomers, extending the range of block copolymers available
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for basic research and for possible technological applications.

Free radical polymerization is the oldest mechanism for polymerization of vinyl
monomers [52]. This kind of polymerization is widely used for the industrial preparation
of a large number of polymeric materials (e.g., LDPE, PVC, etc.). A large range of
monomers can be polymerized and copolymerized by free radical polymerization, under
less rigorous experimental conditions compared with ionic polymerizations. Free radical
polymerization processes are tolerant of protic and aqueous solvent media and certain
functional monomers. However, the disadvantage of the free radical mechanism is the
preparation of polydisperse polymers with little control over their molecular

characteristics due to automatic termination and chain transfer reactions.

1-3-4 The structure of block copolymer melts, solids, and solutions

A remarkable property of block ¢opolymers is their.ability to self-assemble in the melt
in to a variety of ordered structurés with nanoscale periodicities. These structures can
be controlled by varying the composition.ofthe-block copolymer or the segregation
between blocks (via temperature or degtee of polymerization). In addition to the now
well-established lamellar (lam), hexagonal-packed cylinder (hex) and body-centered
cubic (BCC) micelle phase, a number of few morphologies have been discovered, which
supplement the “classical structure”. The identification of a bi-continuous cubic phase of

la3d symmetry, sometimes called the gyroid phase, is now established. Figure 1-4 show

the well-known structure of block copolymers in melt, solution or solid state.
1-3-4-1 Melts

Two competing effects govern the thermodynamics of block copolymer melts. At high
temperature, the chains are mixtures homogeneously, as in any polymer melt. As the
temperature is reduced, the tendency for the blocks to segregate is enhanced, i.e. the

enthalpic process of demixing is favoured. However, this is necessarily accompanied by a
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reduction in entropy as the chain configuration becomes more constrained. The extent of
segregation of the copolymer may then be expressed using the reduced parameter yN.
Here y is the Flory-Huggins interaction parameter, which contains a signification
enthalpic contribution and is governed by incompatibility of monomers [Flory 1953], and
N is the copolymer degree of polymerization, reflecting the N-dependent translation and
configuration entropy.

The segment—segment interaction parameter (Flory—Huggins) described the free
energy cost per monomer of conducts between the A and B monomeric units and is given
by: ¥ = (% BT)[gAB - (gAA + &g )/ 2], where ¢,41s the interaction energy per
monomer units between A and B monomers and Z is the number of nearest neighbor
monomers to a copolymer configuration cell. Thus, positive y,; (which is the vast
majority of cases) shows repulsion.between'the A. and.B monomers, whereas a negative
value signifies mixing of unlike monomers. Moreover, * y ., usually varies inversely
with temperature. The second pardmeter that strongly influences the block copolymer
behavior is the total degree of polymerization'N: For large N the loss of translational and
configurational entropy leads to a reduction of the A-B monomer contacts and thus to
local ordering. Since the entropic and enthalpic contributions to the free energy scale as
N and y, respectively, it is the product N that is of interest in the block copolymer

phase state.

1-3-4-1-1 Morphology of diblock copolymers

In the melt, block copolymers can self-assemble into a variety of ordered structures via
the process of microphase separation. Microphase separation is driven by the enthalpy of
demixing of the constituent components of the block copolymers, whilst macrophase
separation is prevented by the chemical connectivity of the blocks. For a diblock

copolymer, the volume fraction of one component, f, controls which ordered structures
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are accessed beneath the order-disorder transition (ODT).

The phase state of block copolymers can be discussed with respect to three regimes
according to the value of the product yN: strong segregation limit (for YN >100), weak
segregation limit (yN~10) with an intermediate range called intermediate segregation
limit. A phase diagram constructed from experiments on a series of
poly(styrene)-poly(isoprene) (PS-PI) diblocks is presented in Figure 1-5 and this will be

used as a guide for the various microstructures.

1-2-4-1-2 Morphology of triblock copolymers

The MFT approach proposed by Leibler was also used in the calculation of the triblock
copolymer phase diagram. [53] A first-order transition to bce spheres was found for all
compositions except for f =fc. Here, t defined as f1/f, and the cases of 1 =0 or 1 reduce
to a pure diblock case. The triblock’copolymer phase diagrams below are highly
asymmetric. The reason for this aSymmetry isthe high deformation of the central B
blocks in order to accommodate thie outer. A -blocks into A domains. Increasing t gives
rise to important differences in the window of stability for each morphology at a given
composition. For example, at f < 0:5, a diblock copolymer goes from the disordered
phase directly to the lamellar, whereas, for a triblock copolymer, with T =0.25 at the same
composition, there are large zones of bee and hex phases. These regions become
narrower for the more symmetric triblock copolymers. These differences suggest that
transitions between different morphologies with decreasing temperature are more likely
to be seen experimentally in asymmetric triblock copolymers with t =0.25 and {<0:5.
Figure 1-6 shows phase diagrams for ABA triblock copolymer melts with t = 0.25 (left)
and © = 0.5 (right). Solid lines give the disorder-to-order transition as (yNy) (f). Dotted
lines give the transitions between bce and hex, and dashed lines the transition from hex to

lam. For an ABC triblock, however, there are three interaction parameters (Yag, XBc, XAC)
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and two composition variables (fa, fg) that are needed for positioning the particular
microdomain morphology. Furthermore, the block sequence plays an important role and
can strongly affect the phase behavior. As a result the four equilibrium morphologies
known from AB diblocks are replaced by the more complex structures shown in Figure
1-7.
1-2-4-1-3 Others

When the number of blocks of block copolymer and the complexity of the architecture
are increasing, the phase diagram will be more complicated. The morphology is not easy
to studies. But from many studies, triblock, star, and, recently, graft and miktoarm
copolymers have been synthesized and theoretical and experimental efforts revealed that,
in general:

(XNDe,blend < (UNDODT, diblock < (YNYODT, grast < (INDODT, triblock < (YNt)ODT, start

From the general rule, we can preliminary predict.the phase behavior and the ODT

temperature.
1-3-4-2 Solutions

There are two basic processes that characterize the phase behavior of block copolymers
in solution: micellization and gelation. Micellization occurs when block copolymer
chains associate into, often spherical, micelles in dilute solution in a selective solvent.
The core of the micelle is formed by the insoluble or poorly solvated block, whilst the
corona contains the selectively solvated block. At a fixed temperature, micellization
occurs on increasing concentration at the critical micelle concentration (CMC). The cmc
is usually determined from the sharp decrease in the surface tension as a function of
concentration, although other properties such as viscosity also exhibit pronounced
changes.

In concentrated solutions, micelles can order into gels. Soft and hard gels are
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distinguished from each other and from micellar solutions by their flow properties, gels
being characterized by a finite yield stress. The hard gels seem to be associated with the
formation of cubic phases of spherical micelles, whereas soft gels are usually lamellar or
hexagonal-packed rod micellar phase. The phase behavior of these materials has only
recently begun to be elucidated using small angle scattering. It promises to be even richer
than that of block copolymer melts, at least if results for analogous conventional
surfactants are any guide. The flow behavior of these gels is the basis for many of their
applications, and study of the rheology and behavior under shear of these materials will

enhance the fundamental understanding underpinning future developments.
1-3-4-3 Solids

The structure of block copolymer melts is.usually trapped upon vitrification. The
mechanisms underlying the glass teansition'ate similat to those of the constituent
homopolymers. Thus there are little distinct physicals associated with the formation of
solid phase by glassy block copolymers.

In contrast, crystallization of one or both.components of a block copolymer is
accompanied by profound structure and dynamic changes. The fundamental process in
crystallization of chains in a crystallizable block copolymer is the change in block
conformation, i.e. the adoption of an extended or a folded structure rather than a coiled
configuration found in the melt or solution. Crystallization from the melt often leads to a
distinct (usually lamellar) structure, with a different periodicity from the melt.
Crystallization from solution can lead to non-lamellar crystalline structures, although
these may be often be trapped non-equilibrium morphology. In addition to the formation
of extended or folded chains, crystallization may also lead to gross orientational changes

of chains.

1-3-5 Applications
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The most important and popular application of block copolymers is their use as
thermoplastic elastomers (TPEs). These materials are so versatile that they can be used
for wine bottle stoppers, jelly candles, outer coverings for optical fiber cables, adhesives,
bitumen modifiers, or in artificial organ technology. In recent years, the major
applications of block copolymers are based on their ability to self-assemble. Although in
bulk or in selective solvents, block copolymer can assemble into ordered nanostructures,
with dimensions comparable to chain dimensions.

The use of block copolymer self-assembly to gain structured organic-inorganic
composites on the nanometer scale is appealing since no special machining other than
combining the right components under the right conditions is required. For example,
block copolymers were used as templates for fabricating waveguide,[54-55]
aluminosilicate mesostructures,[56] ordered silica sttucture[57] or as a nanolithography
tool. [58] Symmetrical coil-coil diblock copolymer can-also self-assemble into periodic
lamellar structures for photonic crystaltapplications.[59-60] Moreover, tunable photonic
crystal can be attained from blends of‘block copelymer and homopolymers.[61] This
unique control over the nanometer scale stimulates our thinking of using block copolymer
as templates for manipulating the otherwise randomly arranged quantum dots by colloidal

chemistry for both fundamental interests and optical applications.

1-4 Nanostructured materials

1-4-1 Introduction

In the early 1980s Dr. Louis Brus at Bell Laboratories, and Drs. A. Efros and A.L
Ekimov of the Yoffe Institute in St. Petersburg in the former Soviet Union.[62-64] Brus
and collaborators experimented with nanocrystal semiconductor materials and observed

solutions of strikingly different colors made from the same substance, which contributed
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to the understanding of the quantum confinement effect that explains the correlation
between size and color for these nanocrystals. This transition happens when the structures
themselves become smaller than a fundamental scale intrinsic to the substance. In
nanocrystals' size regime, the Bohr radius of the electron-hole pair determines the scale
length. For two decades, Drs. Moungi Bawendi (MIT) and Paul Alivisatos (UC Berkeley)
have been investigating optical properties of Q-dots.[65-66] They not only have found
ways to make the Q-dots water-soluble, but also discovered that adding a passivating
inorganic "shell" around the nanocrystals, and then shining blue light, caused the

quantum dots to light up brightly.
1-4-2 Characteristics of nanostructure materials

When the structures become smaller than.a fundamental scale intrinsic to the
substance, there are two obvious characteristics-would.be found. One is the surface area

effect and the other is quantum confinement effect.

1-4-2-1 Surface area effect

For particles in such a small size regime, a large percentage of the atom is on or near
the surface, for example, 99% of the atoms are on the surface for a 1nm size particles
(Table 1-1).[67] The existence of this vast interface between the nanoparticles and the
surrounding medium can have a profound effect on the particles properties. Table 1-1
collects the data of size v.s. percentage of atoms at surface. The imperfect surface of the
nanoparticles may act as electron and/or hole traps upon optical excitation. Thus the
presence of these trapped electrons and holes can in turn modify the optical properties of
the particles. They can also lead to further photochemical reactions which are of

considerable interest in the field of photocatalyst.[68]

1-4-2-2 Quantum Confinement effect

“Confinement” and “quantization|” are two closely related definition: If a particles is
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“confined” then its energy is “quantized”, and vice versa. According to the dictionary, to
“confine” mean to “restrict within limits” to “enclose”, and even to “imprison”. A typical
example, illustrating the relation between confinement and quantization, is the restriction
of the motion of a particle by enclosing it within an infinite potential well of size La. This
simple constraint results in the well-known quantized energy spectrum

LA hz(z%n)
- - 2m

" 2m

2
B W’ 02
- 2
2mL;,

Here K, isthe wave number and m is the free electron mass. To have an idea about the
characteristic energy scales involved and their dependence on the confinement length L,,

the energy E, for electrons confined by an infinite potential well with size 1A, 1nm, and

1 um are given in Table 1-2.

This is the quantum confinement that is observed as blue shift in absorption spectra
with a decrease of particle size.[69] Asithe size-is-reduced to approach the exciton Bohr
radius, there is a drastic change in the-electronicstructure and physical properties, such as
a shift to higher energy, the development of discrete feature in the spectra, and
concentration of the oscillator strength into just a few transitions. The electron states in
the limiting three-dimensional confinement lead to molecular orbitals (strong
confinement). The electronic states of a quantum dot are better described with a linear
combination of atomic orbitals than bulk Bloch functions in momentum space.[70]

The quantum confinement not only causes the increase of the energy gap (blue shift of
the absorption edge) and the splitting of the electronic states, but also changes the
densities of state and the exciton oscillator strength.[70] It was revealed that many of the
differences between the electronic behaviors of the bulk and the quantum-confined
low-dimensional semiconductors are due to their difference densities of state. [65, 71-73]

Figure 1-8 shows variation of states of electrons with increase the quantization dimension
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in quantum structure.
1-4-3 TiO,

1-4-3-1 Introduction of TiO,

Nanocrystalline titania has been thoroughly studied for applications including
photocatalysis,[ 74] solar energy harvesting,[75-76] biological coatings,[77] and sensors.
Titania has a high refractive index, 2.4-2.9 depending on the phase,[78] which may be
important for photonic band gap (PBG) materials and other photonic applications.
Recently, photocatalysis and photovoltaic application are more attracted by scientists.

The process of photocatalysis is relatively simple. Light energy from ultraviolet
radiation (light) in the form of photons, below 390nm, excites the electrons on the surface
of titanium atoms suspended in the contaminated water, moving them from the valence
band to the conductance band. Photoéxcitation always requires photons of below 390nm.
The result of this energy change is the formation of holes in the surface of the titanium
atom, and free electrons, which are now.available.to form hydroxide (-OH), or other
radicals, which can oxidize organic chemicals, or teduce metal species. There are
currently two methods that can be used to perform TiO; photocatalysis: slurry and fixed
phase reactors. In the slurry phase, TiO, powder is added to the waste stream and exposed
to ultraviolet light. The light can come from sunlight or lamps. In the fixed phase, the
TiO; is annealed to the surface of a supporting plate such as microporous titania ceramics.
These can actually be used for liquid and gas streams. The ceramic titanium dioxide
nanoparticles are deposited as a porous film on a glass tube or used as a particle
aggregate in a packed bed reactor. Ultraviolet light is then used to activate these
semiconducting metal oxide particles. Presently phototaclysts are being used in air
pollution. Water pollution is an area of increasing interest for the use of photocatalytic
degradation. The reason for the interest in UV activated oxidation of organic pollutants is

the possibility of complete destruction of the pollutants in one step (Konstantinou,
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Albanis et al., 2003). The end result being lower costs for the cleansing of the pollutants.
In the photovoltaic application, the dye-sensitized cells, light absorption occurs in a
monolayer of dye at the interface between a transparent oxide electron conductor (usually
Ti0O,) and a transparent electrolyte. A general consensus is that electrons move through
TiO, by diffusion rather than drift. In the standard electrolytes, electron diffusion in
TiO; is the limiting charge-transport rate as opposed to ion diffusion in the electrolyte.
Furthermore, there are a large number of trap sites in or at the surface of the TiO,, and the
concentration of trapped electrons is higher than that of conduction-band electrons.
Recently, a well-dispersed TiO, nanostructure material with low polydispersity and high

purity is needed for photovoltaic application.

1-4-3-2 Crystal phase of TiO,

Titanium dioxide (titania) is found.in many mineral forms. It is the fourth most
abundant metallic mineral in the earth’s.crust-It;is readily available, and inexpensive to
get from the earth. There are four polymerphs-of titanium dioxide (TiO;) found in
nature: rutile (tetragonal), anatase (tetragonal), brookite (orthorhombic), and TiO, (B)
(monoclinic). Rutile is a common mineral found in various igneous, metamorphic, and,
due to its relative resistance to weathering, sedimentary rocks. [79] Anatase is mostly
found in sediments and hydrothermal veins, and is a common weathering product of
perovskite or other Ti-rich minerals. [79-80] Brookite is rare, but is found most often in
hydrothermal zones associated with contact metamorphism. [79] TiO, (B) has been
described recently in weathering rims on tektites [81] and perovskite, [82] and as
lamellae in anatase from hydrothermal veins. [80] Rutile, anatase, and brookite have all
been found coexisting.[82] The various structure polymorphs of TiO, was shown in

Figure 1-9.
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The structure of two kinds of rutile crystal surfaces is illustrated in the Figure 1-10.
One half of the Ti cations on the perfect (110) surface are fivefold coordinated, with the
remaining half being sixfold coordinated, as in the bulk. As for Ti, there are two kinds of
oxygen having different coordination numbers on (110) surface. The first one is threefold
coordinated oxygen as in the bulk and another is twofold coordinated oxygen which is
higher in position. The twofold coordinated oxygen is protruding from the crystal surface
as shown in the figure, therefore the oxygen is called bridging site oxygen. The bridging
site oxygen exists on (110) surfaces but not on (001) surfaces. It is well known that the
bridging site oxygen is more reactive than usual threefold coordinated oxygen. It is
reasonable to consider that the dissociative water adsorption occurs more likely on the
bridging oxygen site.[83] That means the growth rate under the face would be faster.

The needle-like crystallites of rutile and anatase produced with lower growth rates
were elongated along the C axis. Itis.well known that surfaces of rutile and anatase single
crystals have the different wettability depending-on the'crystal plane. The (0 0 I) planes of
rutile and anatase, which are perpendicular to the € axis, are comparatively inert in the
absence of more reactive bridging site oxygens. Other crystal planes having bridging site
oxygens, which are parallel to the C axis, are relatively hydrophilic. Crystal growth
perpendicular to the ¢ axis was suppressed because co-existing species, such as urea,
fluoride, and sulfate anions, were selectively adsorbed on more hydrophilic surfaces
parallel to the C axis of the crystallites. The higher growth rate in the [0 0 1] direction

caused a needle-shaped crystallite elongated along the ¢ axis.

1-4-3-3 Methods for the synthesis of TiO, nanostructured materials

Titanium dioxide (TiO;) is an important functional material with a wide range of
applications across vastly different fields. In connection to these applications, there have

been many techniques for fabrication of supported TiO,.[84-113] For example, chemical
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vapor deposition (CVD), metal-organic chemical vapor deposition (MOCVD), molecular
beam epitaxy (MBE), sputtering methods, spray pyrolysis, Langmuir-Blodgett transfer,
adsorption-decomposition, sol-gel technique, and hydrothermal hydrothermal methods
have been widely used in the preparation of TiO, thin films and shaped
nanostructures.[84-104] In recent years, low-energy and environmentally friendly
processes, such as liquid-phase deposition (LPD) analogous to “biomimetic”
mineralization, have generated significant interests.[105-113] In particular, TiO; films
and nanostructures with desired crystallographic phase(s) have been prepared by
hydrolyzing titanium inorganic salts (e.g., (NH4),TiFe, TiF4, TiCls and TiOSOy) in
aqueous solution at low reaction temperature on various substrates that include metal

oxides and organic polymeric materials.[105-113]

1-5 Motivation and scope dissertation

Titanium dioxide (TiO,) is a highly versatile material, owing to the optical and
catalytic properties exhibited by its two-commeon-crystal forms: rutile and anatase. The
rutile phase of TiO; has a high refractive index'and is useful for optical devices, such as
waveguides. The photocatalytic activity of the anatase phase of TiO, is widely applied in
many fields, such as microorganism photolysis, medical treatment, environmental
purification and photovoltaic cells. More recently, ordered nanostructures have been
prepared using templating techniques. For example, ordered TiO, nanotubes were
synthesized using porous anodic alumina as templates via a sol-gel process. TiO»
nanowire arrays have also been synthesized using an electrochemical method.

Block copolymers (BCPs) are a versatile platform material since they can
self-assemble into various periodic structures for proper compositions and under adequate
conditions, owing to the microphase separation between dissimilar blocks. A diblock

copolymer, the simplest case, self-assembles into various equilibrium morphologies.
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Block copolymers are good tools to be a template to let nanoparticle forming ordered
structure.

In the thesis, we first study the surface modified TiO, nanoparticles and the
morphology of TiO,/ polystyrene-b-poly (methyl methacrylate) PS-b-PMMA
nanocomposite. Here, we first disperse surfactant-modified TiO, nanoparticles into either
block of a PS-b-PMMA diblock copolymer with an ordered lamellar and cylindrical
phase. The pre-synthesized TiO, nanoparticles were surface modified by different
surfactant. The surfactant can be either hydrophilic or hydrophobic, with one of its ends
tethered to a nanoparticle by an ionic bond or a covalent bond. This selectivity is
important in designing the optical properties of nanoparticles-block copolymer hybrid
systems. Moreover, we report the synthesis of an arrayed TiO; nanostructure using
ordered TiO, seeds, which were synthesized and incorporated into one block of a thin
PS-b-P4VP nanotemplate. This bettom-up growth process could be used to grow several
kinds of metal or semiconducting matetials-via-low temperature solution process, CVD,
or furnace process. Furthermore, we study thatsingle, aligned TiO, nanoneedles having
diameters in the tens of nanometers can be grown through a solution crystal growth
process from patterned nanocavities under the influence of an electric field. The electric
field, which we applied perpendicular to the substrate plane, drove the precursor solution
into the cavities by overcoming the surface tension encountered and oriented the TiO,

nanoneedles during the growth process.
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Table 1-1. Relation between size and surface atoms.

Percentage of atoms at

Size (nm) Atoms surface (%)
” 3%10° 20
4 4%10° 40
) 2.5%107 80
| 30 99

Table 1-2. Confinement by the infinite potential well.

Confinement length L, Energy E, Temperature T
1A 40 ev 4%10° K
1 nm 0.4 ev 4%10° K
lpum 0.4 pev 4m K

[Handbook of Nanostructured;Materials and Nanotechnology. V4]

32



random mutiblock

triblock

graft copolymer

.....

four arm startblock

Figure 1-1. Some block copolymer architectures.
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Figure 1-2. Randomly branched graft copolymers can be prepared by three general
synthetic methods: 1) the “‘grafting to’’, 2) the ‘‘grafting from’’, and 3) the
“‘grafting through’’.
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Figure 1-3. Schematic representation of the different types of block copolymers: a)

coil-coil diblock copolymers, b) rod-coil diblock copolymers (total molecular
weight >20,000 g/mol), and ¢) rod-coil diblock oligomers (total molecular
weight <20,000 g/mol).

[Block Copolymers: Synthetic Strategdies, Physical Properties, and Applications.2003.]
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Figure 1-5. Experimentally determined phase diagram for PS-PI diblock copolymers.
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Figure 1-6. Phase diagrams for ABA triblock copolymer melts with t=0.25 (left) and T
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Dotted lines give the transitions between bee and hex, and dashed lines the

transition from hex to lam.
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Figure 1-7. ABC linear triblock copolymer morphologies. Microdomains are colored
following the code of the triblock molecule in the top.

[Block Copolymers: Synthetic Strategies, Physical Properties, and Applications.2003.]
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Brookite [010] (orthorhombic)

a=454Ab=549A,c=4.90A

Figure 1-9. The crystal structures of Anatase, Rutile and Brookite. Unit cells for each

polymorph are shown by solid white lines.
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Figure 1-10. Schematic illustration of the atomic arrangements on ideal TiO, (110) and

(001) single crystal faces.
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Chapter 2

Selective Distribution of Surface-modified TiO, nanoparticles in

polystyrene-b-poly (methyl methacrylate) diblock copolymer

2.1 Introduction

Owing to their optical and electrical properties, semiconductor nanoparticles or
clusters are emerging materials and have the potential to be used in a wide range of
applications.[1-2] For semiconductor or metal oxide nanoparticles with sizes close to
their Bohr radius (typically between 1-10 nm), the size-dependent band gap results in
tunable optical properties.[1] Nanoparticles that are not treated with a surfactant or
bonded to polymer chains will, however, form large-aggregates. Furthermore,
optoelectronic devices require nanoparticles to form.ordered, one- to three-dimensional
structures.[3]

Block copolymers (BCPs) are a versatile platform material since they can
self-assemble into various periodic structures for proper compositions and under adequate
conditions, owing to the microphase separation between dissimilar blocks.[4-5] A
diblock copolymer, the simplest case, self-assembles into various equilibrium
morphologies, such as alternating layers, complex topologically-connected cubic
structures, cylinders on hexagonal lattices and spheres on a body-centered lattice.
Self-assembly of BCPs can therefore serve as templates for the spatial arrangement of
nanoparticles in thin films or in bulk samples and can provide an effective means to
manipulate their positions.

In recent years, much effort has been directed toward the synthesis of semiconductor or
metal oxide nanoparticles within block copolymer matrix materials.[6-16] For instance,

BCPs/semiconductor nanoparticle nanocomposites have been synthesized for
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applications involving photonic band gap devices.[17-18] Studies using ZnS,[7, 10, 11]
PbS,[6, 8, 9] and CdS[7, 12-14] within BCPs and CdS in salt-induced BCPs
micelles[15-16] have also been reported. Among these studies, the common approach
has been to synthesize the nanocrystal clusters within microphase-separated diblock
copolymer films by attaching metal complexes to the functionalized block of the
copolymer before microdomain formation. Then, the composite block copolymers are
treated with hydrogen sulfur gases for obtaining nanoparticles in-situ.  Although the
functional groups in the monomer that are used to bind the metals can be designed
appropriately for one block of the copolymer, variations within the nanocrystal, can not
easily be controlled within the microdomains of the block copolymers. Furthermore,
these functionalized block copolymers are not suitable for use as large area templates, as
opposed to the more readily available block copolymers such as polystyrene-b-poly
(methyl methacrylate) (PS-b-PMMA).or polystyrene-b-poly (ethylene oxide) (PS-b-PEO).
In the present study, we have adopted an-appreach, of synthesizing nanoparticles with
modified surfactants. The surfactant'can be either-hydrophilic or hydrophobic, with one
of its ends tethered to a nanoparticle by an ionic bond or a covalent bond. = The
selective dispersion of these nanoparticles in one block of the diblock copolymer through
either van der waals or polar interactions between the particular block and the surfactants
without altering the chemical structure of the diblock copolymer is desired. This
selectivity is important in designing the optical properties of nanoparticles-block
copolymer hybrid systems. For instance, in a diblock copolymer, nanoparticles can be
placed into blocks with the higher refractive index for enlarging the differences between
the refractive indices of the two blocks for photonic crystal application.[17-18]

Here, we report on dispersing surfactant-modified TiO, nanoparticles into either block
of a PS-b-PMMA diblock copolymer with an ordered lamellar phase. TiO, was first

synthesized in tetrahydrofuran (THF) instead of in an water or alcohol phase.[19-21]
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Cetyl trimethyl ammonium chloride (TMAC) amphiphilics or 3-(methacryl
loyloxypropyl)-trimethoxy silane (TMS) surfactant was used to modify the TiO,
nanoparticles. To our knowledge, this presents a new approach to selectively disperse
quantum-confined nanoparticle in a PS-b-PMMA diblock copolymer with an ordered

lamellar phase.

2-2 Experimental Section

2-2-1 Material

Polystyene-block-polymethyl methacrylate (PS-b-PMMA) diblock copolymer was
purchased from Polymer Source, Inc. The polydispersity index, Mw/Mn, was 1.12, and
the number-average molecular weights (Mn) of the PS and PMMA blocks were 85,000
and 91,000 g/mol, respectively, as detesmined by SEC. Cetyl trimethyl ammonium
chloride (TMAC) was obtained from Taiwan Surfactant, Inc.
3-(methacryloyloxypropyl)-trimethoxy silane (TMS, 97%) was obtained from Lancaster.
Titanium tetra (isopropoxide) (TTIP; 98% Acros USA'), isopropyl alcohol (IPA, 99.9%
TEDIA USA), THF (99.0% Pharmco USA), and HCI(36% Acros) were obtained from

commercial sources.

2-2-2 Synthesis of TiO, nanoparticles

Reagent grade chemicals and solvents were used without further purification. The
precursor TTIP was diluted to 0.1M with IPA (TTIP/IPA). The TiO,-TMAC and
TiO,-H" colloidal solutions were prepared by mixing TMAC, HCl and de-ionized water
in THF for 30 min. Afterwards, TTIP/IPA was dropped slowly with rapid stirring. The
compositions of these TiO, colloidal solutions are given in Table 2-1. The TiO,-H"
colloidal solution was then put in a vacuum oven at 65°C for solvent removal.
Subsequently, a light yellow powder was obtained. TiO,-TMS colloidal solution was

first prepared with HCI, de-ionized water and TTIP/IPA. TMS was added to the
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solution after 2 hrs. The synthesis of surfactant-modified TiO, nanoparticles is shown in

Scheme 2-1.

2-2-3 Preparation of TiO,/PS-b-PMMA nanocomposites

0.1g of PS-b-PMMA was added to 5 ml of TiO,-TMAC ~ TiO,-H" ~ or TiO,-TMS
colloidal solutions.  After stirring for 3 hrs, the mixture was transferred to a petri dish

and organic solvent was removed at 65°C for 12 hrs.

2-2-4 Characterization

Transmission electron microscopy (TEM) studies were carried out on a JEOL 2000FX
electron microscope operating at 200 keV. The samples for TEM studies were prepared
by directly dispersing the TiO, solution on a carbon film supported on a holey copper
grid.  Ultrathin sections of TiO,/PS-b-PMMA for TEM studies were deposited on
copper grids after microtoning with a Leicaultracut Uet. The morphologies of all the
bulk films were obtained by TEM:after cutting a roughly 100-nm thin film.
Energy-dispersive x-ray scattering (EDS) spectra were taken on a Link ISIS (OXFORD)
detector connected to the electron microscope. UV-vis absorption spectra were obtained
on an Aglient 8453 UV-vis spectroscopy system by scanning between 190 and 1000 nm.
The concentrations of nanosized TiO, colloidal solutions were diluted to 6 x 10~ M for the
UV-vis experiment. From the spectral absorption edge ( 4, ), the diameters of the TiO,
nanoparticles were calculated by using absorption onset data.[19] The X-ray diffraction
study was carried out with a MAC Science MXP 18 X-ray diffractometer (50 kV, 40mA)
with copper target and Ni filter at a scanning rate of 4” /min. The glass transition
temperatures (Tg) of the bulk films were obtained from a Dupont DSC 2910 at a heating
rate of 20°C/min.  Fourier-transform infrared spectroscopy (FTIR) spectra of the
samples were obtained using a Nicolet PROTEGE-460. The photoluminescence of

TiO,/PS-b-PMMA was observed under excitation of the sample by UV light at 260 nm,
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in air, with a Hitachi F4500 fluorescence spectrophotometer at room temperature. The
*Si solid state NMR spectrum was recorded with a BRUKER DMX-600 NMR

spectrometer.

2-3 Results and discussion

2-3-1 TiO, nanoparticles
Figure 2-1 shows the UV-vis spectra of TiO,-TMAC- TiO,-H" and TiO,-TMS solutions.

The concentration of TiO, nanoparticles in both colloidal solutions is about 6x10~> M .
The shifts in the UV-vis absorption onset of these TiO; colloidal solutions suggest that

the TiO, nanoparticles have quantum-confined properties.[23-25] The reference
absorption and the corresponding bandgap energy are A,; =385nm and Egr= 3.2V
(we assume an anatase crystal shape:for TiO; in thecalculation). From the onset

absorption wavelength ( A, ), theradii of the FiO, particles were calculated using

equation (1).

D g 2
Egos - Egref = AEg zh—ﬂz.i_ 1.8e
R’ 4 R

(1)
Here, R is the radius of the particle, u is the reduced mass of the exciton, i.e.,

_ . . ® . I .
U= m,” +m,”", where m . is the effective mass of the electron, m , is the effective

mass of the hole and & 1is the dielectric constant of the material. Here, we use mean
values of x=1.63m. and &=184 for the calculation.

Table 2-2 shows the calculated radii of TiO, particles in the colloidal solutions. The
growth of TiO; particles by the sol-gel reaction is catalyzed by acid and, therefore, the
TiO,-H" colloidal solution has the largest TiO, radius (1.59 nm) among all colloidal
solutions. The size of TiO, in TiO,-TMAC and TiO,-TMS are similar (0.96 and 1.07
nm), but the stabilities of the solutions are different. ~After stirring for 36 hrs, the

TiO,-TMAC and TiO,-H" colloidal solutions became muddy after an initially transparent
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yellow-brown color. The TiO,-TMS solution, however, remained transparent after 36
hrs stirring, and became light yellow and transparent after 45 days. This phenomenon
indicates that the covalently-bonded surfactant (TMS) effectively prevents TiO, particles
from aggregating. Figure 2-2 shows the *?SiNMR spectrum of TiO,-TMS. The
spectrum shows a T° peak, resulting from the bonding structure of [Si(OSi);R], at —67
ppm.[24-26] There is no presence of a T' peak, which would originate from a
(RSi(OSi)(OR’),) structure, at -45 ppm or a T* peak, from a (RSi(OSi),(OR”);) structure,
at -57 ppm. This indicates that most of the Si-OH groups of TMS react to give Si-O-M
(M=Si or Ti). The T’ peak has two splits indicates that the silan group T° have different
chemical state. The lower one is Si-O-Ti, and the higher one is Si-O-Si.  The splitting of
the T peak (-67.0 ppm and —67.7 ppm) implies that TMS is attached to TiO, by a
covalent bond. The TEM image of TiO,-H' in Figure 2-3 indicates that the particle size
is about 3 nm, which is also the value.estimated.by equation (1). Figure 2-4 shows the
X-ray diffraction curve of TiO,-H" nanopatticles,-and the TiO, nanoparticles are
determined to have an anatase phase, which haspartial crystallinity. The diffraction
pattern of TiO, particles on a carbon grid is shown in the bottom-right corner of Figure

2-3 and indicates that the TiO, particles are partially crystalline.

2-3-2 Morphology and photoluminescence of TiO,/PS-b-PMMA

Figure 2-5(a) shows the lamellar morphology of PS-b-PMMA after staining with RuO,.
The periodic lamellar thickness of PS-b-PMMA is about 50 nm. The dark region is the
PS domain, owing to staining, and the PS volume fraction of PS-b-PMMA is 0.55, which
falls into the ordered lamellar phase region[4] (a PS volume fraction between 0.34~0.62).
The TiO,-TMAC/PS-b-PMMA morphology is shown in Figure 2-5(b). In Fig. 2-5(b),
the presence of TiO; in the dark spots is confirmed by EDS (Figure 2-5(¢)), the size of

TiO, aggregates (dark spots) is about 15-20nm. The Ti band peak indicates the
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existence of TiO; at the PS domains, while the presence of Cu peaks is caused by the Cu
grid used in the sample preparation. In Figure 2-5(d), the gray phase is the PS domain,
which is a result of staining with RuO4, while the light phase is the PMMA domain.

Dark TiO; nanoparticles are found to disperse in the gray domain (PS domain) in the
lamellar PS-b-PMMA. That the TiO,-TMAC nanoparticles can be dispersed in the PS
domain corresponds to the fact that both the cetyl trimethyl ammonium chloride (TMAC),
containing 10 methylene units, and the polystyrene domain are hydrophobic and miscible.
The presence of TiO,-TMAC in the PS domain is further supported by differential
scanning calorimetry (DSC) results. Figure 2-6 reveals that the glass transition
temperature (Tg) of the PS domain in TiO,-TMAC/PS-b-PMMA increased by 9°C, as
compared to that of neat PS-b-PMMA (104°C vs 95°C). This increase might be
attributed to TiO, aggregates, which:hinder the molécular movement of the PS domain,
indicating that TiO,-TMAC aggregates are located at the PS domain.  Since the heat
capacity of glass transition of PMMA is. much-smaller than that of PS (0.03 watts/g vs.
0.065 watts/g), the Tg of PMMA is indetectable in this case.[27] Therefore, the
presence of TiO, in the PMMA phase of PS-b-PMMA can only be confirmed by other
means. The Fourier-transform infrared (FTIR) spectra of TiO,/PS-b-PMMA
nanocomposites are shown in Figure 2-7.  The peaks at 1741 cm™ and 1726 cm™ result
from the carbonyl groups of the PMMA domain in neat PS-b-PMMA. The carbonyl
band of TiO,-TMS/PS-b-PMMA shifts to lower wavenumbers (from 1726 to 1714 cm™)
as compared to that of PS-b-PMMA. This indicates the possibility that TiO; is present
in the PMMA domain since hydrogen bonding between the remainder of the dangling
-OH groups on the surface of TiO, and the carbonyl groups of the PMMA domains
causes the carbonyl band to shift to smaller wavenumbers. Figure 2-8 shows a
transmission electron microscopy image of TiO,-TMS/PS-b-PMMA. That the TiO,

nanoparticles are dispersed rather uniformly in the PMMA phase is consistent with the
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fact that TMS contains methacrylate structures. The difference in the modes of
dispersion of TiO; in PS and in PMMA domains can be manifested by the bonding
difference between the surfactants and TiO, In the TiO,-TMAC/PS-b-PMMA case, the
polar-ionic bondings between TiO; surfaces and TMAC are weak and hence allow TiO;
nanoparticles to rearrange to form aggregates during the solvent removal process.
Whereas, in the TiO,-TMS/PS-b-PMMA case, TMS is bonded to TiO, surfaces covalently,
and this type of bondings is well maintained during the solvent removal process. The
covalently tethered TMS prevents TiO, from aggregating, resulting in a better dispersion.
A schematic drawing of the formation of these two types of dispersion of TiO, in the PS
and PMMA block is presented in Figure 2-9.

Figure 2-10 shows the photoluminescence of the TiO,/PS-b-PMMA nanocomposites as
excited by 260nm UV light. A mild 410 nm luminescence peak, caused by the
band-to-band transition,[24] is displayed by the TiO; nanoparticles modified by TMS.
For neat PS-b-PMMA, the 320 nm lumin€scence-peak 1s resulted from the PS domain.

In the case of TiO,-TMAC/PS-b-PMMA; only a-broad and weak 326 nm luminescence
peak appeared. Whereas, in the case of TiO,-TMS/PS-b-PMMA, there are two
luminescence peaks (323 nm and 400 nm) being present. The stark difference in the
two cases can be interpreted by the morphological evidences as discussed in the previous
paragraph. When TiO,-TMAC forms aggregates in the PS domain, a large portion of
the excitation light is absorbed by PS domain, which also luminescences at shorter
wavelength, resulting a small portion of excitation light reaching TiO, aggregates. This
results in non-luminescence by TiO,-TMAC in the PS domains. On the other hand,
since TiO,-TMS nanoparticles dispersed more uniformly in the PMMA domain, both
TiO,-TMS nanoparticles and PS domain can luminescence independently.  This
luminescence phenomenon is consistent with our previous argument on the distribution

of TiO, nanoparticles in different blocks.
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2-4 Conclusion

The dispersion of TiO, nanoparticles can be controlled in one of the two blocks of
lamellar PS-b-PMMA by using hydrophobic or hydrophilic surfactants, as revealed by
transmission electron microscopy, differential scanning calorimetry and
Fourier-transform infrared spectroscopy. The modes of dispersion of TiO, nanoparticles
in different blocks are determined by the type of bondings between the surfactant and the
nanoparticles. The photoluminescence of the TiO,/PS-b-PMMA nanocomposites

depends on the location of the TiO, nanoparticles.
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Scheme 2-1. Synthesis of TiO; nanoparticles by ionic or non-ionic surfactants.
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Table 2-1. Compositions of TiO; colloidal solutions.

aF MA  1vs mo  HClE TTIP/IPA
) ) (ml)
(g (g (36%)
TiO,-TMAC
g 5 0.08 - 0.05 0.026 0.5
TiO,-TMS in
o 5 _ 0016 0.05 0026 0.5
TiO,-H in
o 5 ] ] 0.05 0.026 0.5

[Chem. Mater. 2003, 15, 2936-2941]
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Table 2-2. Onset of UV-vis absorbance and calculated radii of TiO, nanoparticles.

Absorbance onset

wavelength (nm) radius (nm)

TiO,-TMAC 359 0.96
TiO,-TMS 364 1.07
TiO,-H" 376 1.59

[Chem. Mater. 2003, 15, 2936-2941]
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Figure 2-1. UV-vis absorbance spectra of TiO, colloidal solutions.
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Figure 2-2 *SiNMR spectrum of the TiQ,-TMS colloidal solution.
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TiO; nanoparticles from TiO,-H" colloidal solution.

[Chem. Mater. 2003, 15, 2936-2941]
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Figure 2-4. X-ray diffraction curve of TiO,-H nanoparticles.
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Figure 2-5. Transmission electron microscopy images of (a) PS-b-PMMA, (b)
TiO,-TMAC/PS-b-PMMA and (c) shows an energy-dispersive x-ray diffraction
pattern of the dark particles in (b), (d) TiO,-TMAC/PS-b-PMMA stained with
RuOs.
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Figure 2-6. Differential scanning calormmetry-curves of PS-b-PMMA,
TiO,-TMS/PS-b-PMMA and TiO;-TMAC/PS-b-PMMA
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Figure 2-7. Fourier-transform infrared spectra of PS-b-PMMA and TiO,/PS-b-PMMA
nanocomposites.
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Chapter 3

Synthesis of arrayed, TiO, needle-like nanostructures via a
polystyrene-block-poly(4-vinylpyridine) diblock copolymer template

3-1 Introduction

Titanium dioxide (TiO;) is a highly versatile material, owing to the optical and
catalytic properties exhibited by its two common crystal forms: rutile and anatase. The
rutile phase of TiO; has a high refractive index and is useful for optical devices, such as
waveguides.[1] The photocatalytic activity of the anatase phase of TiO, is widely
applied in many fields, such as microorganism photolysis,[2] medical treatment,[3]
environmental purification[4] and photovoltaic cells.[5-6] More recently, ordered
nanostructures have been prepared using templating techniques. For example, ordered
TiO; nanotubes were synthesized usifig porous-anodic alumina as templates via a sol-gel
process.[7-12] TiO, nanowire arrays have also been synthesized using an
electrochemical method.[13]

On the other hand, the fabrication of periodically ordered two-dimensional
nanostructures on the scale of tens to hundreds of nanometers is critically important as
electronic, optical and magnetic devices are continually miniaturized. Attempts have
been taken to arrange nanomaterials, such as semiconductor nanocrystals, as well as
metal and metal oxide nanoparticles, into ordered structures for device
applications.[14-17] A diblock copolymer chain consists of two chemically dissimilar
blocks attached through a covalent bond. These diblock copolymers can microphase
separate into various ordered nanostructures with periodic thicknesses between 10 and
100 nanometers.[18] Thin films of diblock copolymers can therefore be used as

lithographic templates to produce highly dense nanostructures [19-22] or as nanoreactors
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for the synthesis of nanocrystal clusters with spatial control.[23-27] Quasi-regular
arrays of Au clusters,[23-24] Co and Fe arrays,[25] and self-assembly of both Au and
Fe,0; nanoparticles[26] have been synthesized using micellar
polystyrene-b-poly(4-vinylpyridine) (PS-b-P4VP).  Alternatively, presynthesized
nanoparticles can be selectively dispersed in one block of a diblock copolymer using
specific interactions between their surface ligands and the block.  For instance,
presynthesized CdS nanoparticles have been selectively incorporated in the PEO phase of
polystyrene-b-poly(ethylene oxide) (PS-b-PEO) via dipole-dipole interactions.[27] In
another case, surface-modified TiO; has been dispersed selectively into the PS or PMMA
domain of polystyrene-b-poly(methyl methacrylate) (PS-b-PMMA ) , depending on the
hydrophobic or hydrophilic nature of the surfactant.[28]

In the present study, we report the $ynthesis of an‘arrayed TiO, nanostructure using
ordered TiO, seeds, which were synthesized and incorporated into one block of a thin
PS-b-P4VP nanotemplate. To our knowledge,-this is the first time TiO, nanostructures
have been grown using TiO; seeds. "Scheme 3-1 demonstrates how the nanostructure is
produced. This approach is particularly useful for controlling the density and spatial
location of the TiO, nanostructures. The approach begins by incorporating Ti(OH),>"
ions selectively into one block (P4VP) of the diblock copolymer (PS-b-P4VP) through
ionic-polar interactions. Then, Ti(OH),*" ions in the P4VP block order into TiO, seeds
after thermal annealing. O, plasma treatment of the TiO,/PS-b-P4VP was used to
remove the polymer template. The TiO, molecules then crystallize on the TiO, seeds to
form a needle-like TiO; nanostructure immersed in Ti precursor solutions.[29-33] The
detailed growth mechanisms of TiO; in a Ti precursor solution have been reported by

Yamabi et al.[29-30] and Sathyamoorthy et al.[31].

3-2 Experimental Section
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3-2-1 Material

Polystyrene-block-poly (4-vinylpyridine) (PS-b-P4VP) diblock copolymer was
purchased from Polymer Source, Inc. Two kinds of PS-b-P4VP were used. The
number-average molecular weights (Mn) of the PS and P4VP blocks for the first
copolymer were 92,700 and 32,700 g/mol, respectively, with the ratio of the
weight-average molecular weight (Mw) to Mn ( polydispersity) equal to 1.13, as
determined by size exclusion chromatography (SEC). This copolymer is referred to as
SVP252 in the present study. Mn values for the PS and P4VP blocks in the second
copolymer (termed SVP229) were 365,300 and 29,400 g/mol, respectively, with a
Mw/Mn (polydispersity) ratio of 1.23.  Titanium oxide sulfate hydrate (TiOSO, « xH,O,
Riedel-de Haén), Urea (98%, Showa), Toluene.(99% TEDIA USA), and HCI (36% Acros)

were used in the study.

3-2-2 Synthesis of ordered TiO; seeds

Si wafers were cleaned ultrasonically with diluted nitric acid and ethanol for 1h,
respectively, and then dried with nitrogen gas. Titanium oxide sulfate hydrate was
prehydrolyzed in de-ionized water to form Ti(OH),> in aqueous solution. SVP252 and
SVP229 were dissolved in toluene at 70 °C and cooled to room temperature to yield 0.5
wt % and 0.2 wt% micellar solutions, respectively. By combining the Ti(OH),>"
aqueous solution with the PS-b-P4VP micelle solution, a Ti(OH),”"/PS-b-P4VP solution
was formed. The molar ratio of Ti(OH),*" to P4VP was kept at 1 in this study. The
weight ratio of the aqueous solution/toluene solution was held below 1.5x107 to keep the
solution uniform. The resulting solution was subsequently stirred for 48 h, allowing the
Ti(OH),*" ions enough time to diffuse into the micelle cores and attach to the pyridine
groups of P4VP through ionic-polar interactions. The micelle solutions remained

transparent for 48 hrs. The maximum amount of Ti(OH),>" allowed in the P4VP core
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was at P=2 (P=molar ratio of Ti(OH),”" to P4VP ) to maintain solution uniformity. A
monolayer film of PS-P4VP micelles with Ti(OH),*" in P4VP was then fabricated by spin
coating at 2500 rpm from the micellar solutions onto silicon wafers. The monolayer
thin films were annealed at 170 °C in vacuum for 24 hrs. The Ti(OH),*" ions condense
into TiO, by the following reaction, as protons react with pyridine groups in PS-b-P4VP.

Ti(OH),*'+H,0 — TiO(OH),+2H"

TiO(OH), —2—% TiO,+ H,0

Subsequently, the polymer template was removed from the silicon wafer by plasma
treating it at 110 W and 300 mTorr for 10 min. If more than 10 min are required for this
step, TiO; seeds will be etched away. The TiO; that remains after plasma treatment is

used to seed the growth of the TiO, nanostructures.

3-2-3 Synthesis of TiO; needle-like nanestructure

Precursor solutions with Ti concentrations 0f 0.0001-0.1M were prepared by adding
TiOSO4 * xH,0 into aqueous solutions-of hydrochloric acid (HCI) containing urea with a
R molar ratio (R = urea/Ti) of 200, and Wwere then stirred for approximately 1h at room
temperature. The initial pH value of the solutions was adjusted to 1 after 1h of stirring.
TiOSO4 was chosen as a starting material because of its low cost, low reactivity with
moisture, and lack of toxicity. Substrates were perpendicular immersed into the
precursor solutions and maintained at 60 °C.  After an appropriate reaction time (30 min
-12 hrs.), the substrates deposited with TiO, were rinsed with de-ionized water and dried

at room temperature.

3-2-4 Characterization

Transmission electron microscopy (TEM) studies were carried out on a Hitachi H-600
electron microscope operating at 100 keV. The monolayer thin film was defined by the

fact that the size of the P4VP core is close to the thickness of the PS-b-P4VP thin film,
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which indicates that each thin PS-b-P4VP film only consists of one layer of P4VP cores.
These films were removed from the Si wafer by etching the interface between the thin
film and the Si-wafer with 1% HF solution. Subsequently, the self-standing films
floating on water were deposited on a Carbon-Cu grid for TEM studies. High resolution
transmission electron microscopy (HRTEM) studies were carried out on a JEOL 2010
electron microscope operating at 200 keV. An x-ray diffraction study was carried out
with a MAC Science MXP 18 x-ray diffractometer (50 kV, 200mA) with a copper target
and Ni filter, at a scanning rate of 4° /min. Atomic force microscopy (AFM)
measurements were performed in taping-mode with a Digital Nanoscope I1la under
ambient conditions. Scanning electron micrography (SEM) and energy-dispersive x-ray
scattering (EDX) data were obtained on a thermal field emission scanning electron

microscope (JSM-6500F) with an ac¢elerating voltage of 10 kV.

3-3 Results and Discussions

Figure 3-1(a) shows a TEM micrograph of-a-PS-b-P4VP / SVP252 thin film after
staining with RuO4. The micellar structure was constituted by the P4VP and PS blocks
in the matrix, due to the selectivity of toluene solvent during the spin-coating process.
The size of the P4VP sphere is about 65 nm and the interdomain distance between P4VP
spheres is about 125 nm. Figure 3-1 (b) shows a transmission electron microscopy
image of a Ti(OH),**/SVP252 thin film at a molar ratio (P) of Ti to PAVP equal to 1.
The dark region, which has high electron density, indicates that Ti(OH),>" ions have been
incorporated into the P4VP core of the micelles due to ionic-polar interactions. The
distance between the nearest two cores (Ti(OH),”"/P4VP) and the cores sizes are similar
for the different P ratios, implying that the concentration of Ti(OH),”" does not affect the
micelle size. Figure 3-1(c) shows the topology of a SVP252 monolayer thin film (the

thickness of the thin film is only slightly larger than the size of the P4AVP spheres (85nm
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vs. 65nm)). The morphology of the Ti(OH),>"/SVP229 thin films is similar to that of
Ti(OH),>"/SVP252, but with a difference; the distance between two micelles is 160 nm
and the film thickness is about 60 nm. Figure 3-2 (a) shows the AFM topology in height
images of TiO; seeds remaining on a silicon substrate after O, plasma treatment. In the
image, the ordered TiO, seeds are 5 nm in height and 50 nm in width. For comparison,
a monolayer thin film of SVP252 on a Si wafer was treated with O, plasma and no
remaining material could be detected. The average distance between two seeds is about
120 nm. Figure 3-2 (b) displays an SEM image of a TiO,/SVP252 thin film. The
composition of the remaining TiO; seeds with short-range order was confirmed by EDS
spectra. The ratio of the elemental percentage in the upper left-hand corner indicates
that TiO, particles are present.

As a control experiment, Figures 3=3(a), (b), and(c) show SEM images of a pure Si
wafer, without TiO; seeds, immersed.in 10*M Ti precursor solution for 1, 6 and 12 hrs,
respectively. The images reveal that heterogeneous nucleation will occur on a blank Si
wafer,[32-33] but roughly12hrs are needed to form structured TiO, needles on Si
substrates with Si-O-Ti bonds. The morphology of the TiO; films on Si substrates are
similar to those observed by Yang et al.[32]. Table 3-1 provides the sample name,
reaction conditions of films deposited from Ti precursor solutions onto various substrates
for 1 and 6hrs, respectively. Figure 3-4(a) shows an SEM image of a 10*M Ti precursor
solution deposited with TiO,-seeded substrates for 1 hr (252L1). Figure 3-4 (b) displays
an SEM image of TiO, short needles, 40~50 nm in length, after 6 hrs of growth (252L6).
Figure 3-4 (c) shows a cross-sectional profile of sample 252L.6. The distance between
the nearest two bunches of needle-like TiO, is about 120 nm, similar to that for the TiO,
seeds. When the precursor concentration is increased, the morphology becomes
different. During the initial reaction stage, they are not easily distinguished. Figure

3-4(d) shows an SEM image of 252H1, which shows small islands of TiO,, similar to the
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case of 252L1. Figure 3-4 (e) is an image revealing the long-needle structure. The
length of the needles is about 130~150 nm. The tip of the needle for 252H6 is sharper
than that for 252L.6. From the cross-sectional profile image presented in Figure 3-4(f),
the tip size of the needle is about 3 nm. The needle length can be controlled by
changing the growth parameters, such as reaction times or the reaction concentration.
When the reaction time is fixed at short times such as in our cases, the growth of TiO,
needles is controlled by the reaction kinetics, which affects the needles morphology.
When using the PS-P4VP block copolymer templates at the same molecular weights such
as in sample 25216 and 252H6, the TiO; seeds density at per unit area are the same.
Hence, as the concentration of Ti precursors increase, the reaction speed will increase
accordingly, which in turn results in larger size of TiO; needles. This is the reason why
the needle length and width of TiO, needles in the case of 252H6 is larger than that in the
2521.6 case. Figures 3-5 (a) and«(b).show an SEM .image of TiO, seeds generated from
a larger molecular weight PS-b-P4VP (SVP229)template; the seeds grow larger and
needle structures grow as the reaction‘time.is inereased to 6 hrs (229H6). Figure 3-5(c)
show a cross-sectional profile of sample 229H6. As compared with Figure 3-4(f), the
distance between the two needle bunches is larger (160 nm vs. 120 nm). In the
architecture of PS-b-P4VP micelle, the P4VP blocks form the core while the PS blocks
constitute the corona. When the molecular weight of P4VP block differs only slightly in
the diblock copolymers and the molecular weight of the PS block is much larger than that
of PAVP block in the diblock copolymers, the distance between the P4AVP cores is
actually controlled by the size of or the molecular weight of the PS block. In the present
study, the molecular weights of the P4VP blocks in SVP252 and SVP229 are 32,700
g/mol and 29,400 g/mol, respectively, indicating that the domain size of the P4VP core in
the thin films is roughly the same in two cases. Whereas, the molecular weights of the

PS block in SVP252 and SVP229 are 92,700 g/mol and 365,300 g/mol, respectively.
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The distance between two P4VP cores in SVP229 is larger than that in SVP252.  The
structural variation in PS-b-P4VP is therefore used to vary the distance between the
nucleation sites of TiO,. This suggests that a variable density of TiO; nanostructures
can be fabricated on a substrate using PS-b-P4VP block copolymer templates with
different molecular weights.

Figure 3-6 shows diffraction peaks that can be indexed as the tetragonal rutile phase
(JCPDS card File No. 75-1757).  Figure 73- (a) shows typical TEM images of the TiO,
nanostructure and Figure 3-7(b) shows a selective area electronic diffraction (SAED)
pattern. Three typical diffraction spots are indexed as the 111, 110 and 220 planes by
the ratio of 1/d,,,. From this TEM image, the needle-like TiO, nanostructure is
observed to be more than 100 nm in length, terminating with a sharp pinnacle. A
HRTEM image is shown in Figure 3-7(c). It reveals that TiO, has a rutile crystal
structure.  The lattice spacing is about 3.2 A between adjacent lattice planes of the TiO,
needles, corresponding to the distance between-(110) erystal planes of the rutile phase.
The rutile and anatase crystals were form:at the condition near thermodynamic
equilibrium of Ti(OH),*"/rutile and Ti(OH),*/anatase, respectively.[29-30] At low pH
values or acidic conditions, the chemical potential of Ti(OH),>" (;) is slightly larger than
that of the rutile phase (11;) and less than that of the anatase phase(p,). As a result, the
rutile crystal are grown in the solution at pH values between 0.5 and 1.8.  As the pH

value increases, the anatase crystal will form in the solution instead by the fact that the p,
value is slight lower than pi.  (r<Mi<Ma — Hr<Ma<Mi, as pH value increasing).

3-4 Conclusion

By using TiO, seeds prepared from a PS-b-P4VP diblock copolymer template, we have
been able to fabricate arrayed, needle-like rutile TiO, nanostructures with variable spatial

positions and densities. The distance between two TiO, needle bunches (120 nm and
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160 nm) can be controlled using block copolymer templates with different molecular

weights.
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Scheme 3-1.

Synthesis of needle-like TiO, nanostructures with ordered patterns.
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Table 3-1. Reaction compositions of TiO, nanostructures deposited from Ti precursor

solutions for 1 and 6 hrs with ordered TiO, seeds on the Si substrate.

'PS-b-P4VP Ti concentration Reaction

Sample (M)(withurea  time(hr)

name 2R:200)
25211 SVP252 0.0001 1
252H1 SVP252 0.0005 1
229H1 SVP229 0.0005 1
25216 SVP252 0.0001 6
252H6 SVP252 0.0005 6
229H6 SVP229 0.0005 6

1. Two kinds of block copolymers (SVP252 and SVP229) were used as templates in
this study.

2. R s defined as molar ratio of urea.to Ti. The value is fixed at 200 in this study.

[Chem. Mater. 2004, 16, 4080-4086]
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Figure 3-1. (a) Transmission electron microscopy image of SVP252 stained with RuOy,
(b) transmission electron microscopy image and (c) AFM topology in height
images of a Ti(OH),*"/SVP252 (P=1) thin film.

[Chem. Mater. 2004, 16, 4080-4086]
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nm Section Analysis

Figure 3-2. (a) AFM topology and line-section analysis of ordered TiO; seeds from a
TiO,/SVP252 (P=1) thin film and (b) SEM image of TiO, seeds from
TiO,/SVP252 (after O, plasma treating).

[Chem. Mater. 2004, 16, 4080-4086]
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Figure 3-3. FE-SEM micrograph of TiO, deposited on a Si wafer without TiO; seeds in
Ti precursor solution for (a) 1, (b) 6 and (c) 12 hrs.

[Chem. Mater. 2004, 16, 4080-4086]
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Figure 3-4. FE-SEM micrograph of TiO; seeds from TiO,/SVP252 reacted in 0.0001M Ti
precursor solution for (a) 1 hr (252L1) and (b) 6 hrs (252L.6); and (c) a
cross-sectional profile of a 25216 TiO; needle film; reacted in 0.0005M Ti
precursor solution for (d) 1hr (252H1) and (e) 6 hrs (252H6); and (f) a
cross-sectional profile of a 252H6 TiO, needle film.

[Chem. Mater. 2004, 16, 4080-4086]
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100KV X30,000 100nm WD 10.1mm

Figure 3-5. FE-SEM micrograph of TiO, seeds from TiO,/SVP229 reacted in 0.0005M Ti
precursor solution for (a) 1 hr (229H1) and (b) 6 hrs(229H6); and (c) a
cross-sectional profile of a 229H6 TiO, needle film.

[Chem. Mater. 2004, 16, 4080-4086]
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Figure 3-6. X-ray diffraction curveés of 252L6;252H6 and 229H6 TiO; needle-like

nanostructures.

[Chem. Mater. 2004, 16, 4080-4086]
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Figure 3-7. (a) TEM image, (b) electron diffraction pattern and (¢) HRTEM lattice image
of the 252H6 TiO, needle-like nanostructure.
[Chem. Mater. 2004, 16, 4080-4086]
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Chapter 4
Using a solution crystal growth method to grow arrays of aligned,
individually distinct, single-crystalline TiO, nanoneedles within
nanocavities

4-1 Introduction

Titanium dioxide (TiO;) is one of the most important semiconductor materials. It is
used widely (a) in photovoltaic cells, photonic crystals, photocatalysis, ultraviolet
blockers, and smart surface coatings, (b) for sensing, optical emission, and selective
adsorption, and (c) as a functional filling material in textiles, paints, paper, and
cosmetics.[1] In recent years, orderedand aligned TiO, nanostructures have been
prepared using a number of templating techniques:. For example, ordered TiO,
nanotubes have been synthesized through sel=gel processing using porous anodic
alumina as the template [2,3] and afrays of TiO, nanowires have been synthesized
electrochemically.[4] We reported recently the synthesis of arrayed TiO, nanoneedles
from ordered TiO, seeds that we had incorporated into one block of a thin layer of a
PS-b-P4VP diblock copolymer.[5] To the best of our knowledge, the growth of
individually distinct rods, which are important components in some applications, has yet
to be described. In this chapter, we report that single, aligned TiO, nanoneedles having
diameters in the tens of nanometers can be grown through a solution crystal growth
process from patterned nanocavities under the influence of an electric field. The electric
field, which we applied perpendicular to the substrate plane, drove the precursor solution
into the cavities by overcoming the surface tension encountered and oriented the TiO,
nanoneedles during the growth process. This method is a new and simple approach for

the synthesis of arrays of individual and aligned TiO, nanoneedles.
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4-2 Experimental section

4-2-1 Preparation of substrate

The Si wafers were cleaned ultrasonically with diluted nitric acid and ethanol for 1 h,
respectively, and then dried with nitrogen gas. The 100-nm TiO; layer (rutile phase)
was oxidized from 100-nm Ti using an E-gun evaporation system; the wafers were then
annealed in a furnace at 950 °C for 3 h in the presence of O, gas. The crystal phase of
the substrate was characterized using wide-angle X-ray diffractometry. Figure 4-1
displays the wide-angle X-ray diffraction peaks that can be indexed as the tetragonal
rutile phase (JCPDS card file No. 75-1757). Figure 4-1 shows that the ratio of the
intensity of x-ray diffraction peaks of TiO, underlayer is closed to that of TiO, powder.

This indicates that there is no preferred:orientation for the TiO, underlayer.

4-2-2 Preparation of nanocavityies and synthesis of TiO, nanoneedles

We deposited a thin layer (ca. 100 nm)0fTiOs.onto a Si wafer and then used E-beam
lithography (JEOL JSM-6500F and DEBEN PCD BEAM BLANKER) to create holes of
different sizes (30—100 nm) within a PMMA photoresist. We prepared the 50-nm
photoresist layer (Micro Chem, 495 PMMA A3) by spin-coating on the TiO; layer of the
Si wafer. After the E-beam writing, we used methyl isobutyl ketone/IPA to develop (25
°C, 70 s) the nano-patterned arrays of 30—100-nm cavities. Figures 4-2a and 4-2b
display the in-plane and cross-sectional images, respectively, of 50-nm holes. We
prepared precursor solutions having Ti concentrations over the range from 0.1 mM to 0.1
M by adding TiOSO4xH,0 at room temperature into aqueous solutions of hydrochloric
acid (HCI) containing urea; the molar ratios (R) of urea to Ti were between 100 and 500.
After stirring for 1 h, we adjusted the initial value of the pH (pH;) of each solution to 1.0,
1.2, or 1.4.  We chose TiOSOy as the starting material because of its low cost, low

reactivity with moisture, and lack of toxicity.[5,6] The substrates were immersed into
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the precursor solutions maintained at 95 °C.  After a reaction time of 6 h, the substrates
deposited with TiO, were washed with acetone under weak ultrasonic stimulation to
remove the photoresist, rinsed with de-ionized water, and then dried at room temperature.
The applied electric field was controlled up to 750 V/cm. Scheme la displays the
processes for synthesizing aligned single TiO, nanoneedles and growing the nuclei
confined within the holes; Scheme 1b indicates how a limited number of nuclei may

reside in a nanocavity and grow to form a single particle.

4-2-3 Characterizations

Scanning electron micrographs were obtained using a thermal field emission scanning
electron microscope (JSM-6500F) operated at an accelerating voltage of 15 kV.
High-resolution transmission electron microscopy (HR-TEM) studies were performed on
a JEOL 2010 electron microscope opetatingat 200 keV. The samples for the HR-TEM
study were obtained from the substrate upon its ultrasonic shaking in D.I. water and then
dredging upon a carbon—Cu grid. “~An:X-ray-diffraction study was performed at a
scanning rate of 4 °/min using a MAC Science MXP 18 X-ray diffractometer (50 kV, 200

mA) equipped with a Cu target and Ni filter.

4-3 Results and Discussions

4-3-1 Effect of the Electric Field

Table 1 lists the number of TiO, nanoneedles present in one confined hole. In the
absence of an applied electric field, no TiO, nanoneedles formed within the smallest
cavities (30—40 nm). After applying an electric field, arrays of single, aligned TiO,
nanoneedles were observed on the substrates having cavities sizes < 50 nm. These
reactions were performed at 95 °C over 6 h using 5 x 10~* M Ti precursor aqueous
solution (pH; 1.0; R =200).
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Figure 4-3 displays the arrays of TiO; nanoneedles that we prepared using different the
cavity sizes; the arrays were grown while applying an electric field of 625 V/em. After
a reaction time of 6 h, we observed that flower-like TiO; particles, which consist of a few
TiO; nanoneedles, formed on the substrate surface patterned with 100-nm-sized
nanocavities (Fig. 4-3a). When we decreased the sizes of the holes to 50 nm, the
number of branches of the TiO, flowers decreased (Fig. 4-3b). When each nanocavity’s
size was 30 nm (Fig. 4-3c), most of the TiO, particles that grew on the substrate were
single nanoneedles (i.e., without branches) and, additionally, they were aligned; Figure
4-3d presents a scanning electron microscopy image of the tilted substrate. This result
suggests that the size of the cavity determines the degree of branching of the TiO,
nanoneedles that grow from a single cavity. No TiO, nanoneedles grew in nanocavities
smaller than 50 nm unless an electri¢'field was present. In the case of the 30-nm
cavities, we grew the single and aligned TiO; nanoneedles, which can be either rutile or
anatase depending on the pH value of the solution; under an applied field of 625 V/cm.

Figure 4-4 displays a high-resolution transmission electron microscopy (HRTEM)
image of a typical TiO, nanoneedle obtained after reacting the mixture at 95 °C for 6 h
and using a 5 x 10 M Ti precursor aqueous solution (pH; 1.0; R =200). The TiO,
nanoneedle is greater than 80 nm long and 30 nm wide and possesses a sharp pinnacle at
its tip. In the inset of Figure 4-4a, the spacing between adjacent lattice planes of a
simple TiO, needle is ca. 3.2 A, which corresponds to the distance between the (110)
crystal planes of the rutile phase. Figure 4-4b displays a selective-area electronic
diffraction (SAED) pattern. Three typical diffraction spots are indexed to the 111, 110,

and 220 planes by considering their ratios of 1/dp.
4-3-2 Effect of the Initial pH (pH;) of the Solution

Figure 4-5 displays the wide-angle X-ray diffraction patterns of TiO, nanoneedles
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obtained from aqueous solutions having different values of pH;. The results are in
agreement with those of previous studies. The diffraction peaks indicate that the TiO,
nanoneedles possess both rutile and anatase crystal phases when the value of the pH; of
the aqueous solution was either 1.2 or 1.4.

Figure 4-6 presents plan-view SEM images (15° tilted) of TiO, nanoneedle arrays
grown at pH; 1.4 from nanocavities having sizes of (a) 100, (b) 50, and (c) 30 nm. At
this higher pH;, we observe that wider TiO, plates formed and grew into multi-plate
nanoneedles. Even when the size of the confining holes decreased to 30 nm, on this
substrate we did not observe any single, aligned TiO, nanoneedles that resemble those
presented in Figure 4-3c. Moreover, most of the plates formed at pH; 1.4 are larger than
the original cavity size and the lengths of nanoneedles are obviously shorter than those of

the TiO, particles grown at pH; 1.0.

4-3-3 Effect of the Ratio R

As the ratio R increases, the pH'increases rapidly upon heating because of the
decomposition of urea. Many TiO; precipitates formed quickly in the aqueous solution
such that the amount of deposition decreased. In Figures 4-7a and 4-7b, we observe that
only a small amount of deposition occurred in the 30-nm-sized holes after reaction for 6 h.

Moreover, no deposition occurred on the substrate when R was 500 (Fig. 4-8c¢).

4-3-4 Discussions of TiO, Shape and Growth

Although the shape and crystal phase of the TiO, nanoneedles can be controlled by
changing the values of the pHj, the ratio R, and the Ti precursor concentration, [7,8] the
individually distinct single-crystalline TiO, nanoneedles formed only under a strict set of
conditions. When we changed the value of pH; from 1.0 to 1.4 and R was 200, the
initial growth of TiO;, was in the form of wide plates and multiple needles formed in the

confining cavities. At a value of pH; slightly higher than 1.0, the conditions in solution
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are closer to the thermodynamic equilibrium between Ti(OH),*/rutile or
Ti(OH),*"/anatase.[6a] This situation causes too many TiO, nuclei to form
simultaneously within the cavities. Concurrently, the value of pH of the solution
increases as the urea decomposes, which causes the nuclei to form rapidly. The TiO;
underlayer in rutile phase facilitates the growth of vertical TiO, needles in the
nanocavities across the photoresist layer homogeneously. Without this underlayer, the
vertical growth of TiO, needles was more difficult. The effect of crystal phase of TiO;
underlayer on the crystal phase of grown TiO, needles depends on the pH value of the
solution. For instant, as the value of the pH; increases, the crystal phase of the TiO,
nanoneedles changes from rutile to anatase.

It is well known that the surfaces of rutile and anatase have different wettabilities that
depend upon the crystal plane.[9,10]% The (00l) planes of rutile and anatase, which are
perpendicular to the C axis, are comparatively inert in the absence of more-reactive
bridging site oxygen atoms. Other crystal.planes.that possess bridging site oxygen
atoms and are parallel to the C axis are relatively hydrophilic. ~Crystal growth
perpendicular to the C axis is suppressed when co-existing species, such as urea and
ammonium ions, become adsorbed selectively onto the more-hydrophilic surfaces that
exist parallel to the c axis of the crystallites. This phenomenon results in the preferred
growth toward needle-like TiO; structures, rather than disk-like structures. For instance,
Figure 4-8 shows that the orientation of an anatase TiO; needle is along [002] direction
with the spacing between adjacent lattice planes to be ca. 4.7 A as determined by
HRTEM/SAED experiments. On the other hand, increasing the molar ratio of urea to
titanium should result in TiO, nanoneedles having higher aspect ratios. Indeed, when
the ratio R is over 300, the value of pH rises quickly because of decomposition of urea;
this phenomenon leads to increase precipitation in the aqueous solution and a decrease in

deposition because the aqueous solutions quickly become supersaturated with TiO,. In
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our study, we found that the best conditions for obtaining long, single TiO, nanoneedles

were a pH;of 1.0-1.2 and a ratio R of 150-300.
4-4 Conclusions

In summary, we have fabricated arrays of single, aligned TiO, nanoneedles within
nanocavities by using a solution crystal growth process under an applied electric field.
The values of pH; and the ratio R both affect the morphology of the TiO, nanoneedles.
When the pH; was >1.2, the nuclei formed too quickly and we did not fabricate any single
needles; when the ratio R was larger than 300, needles did not form within the
nano-cavities. We believe that this new class of aligned TiO, nanostructures will find a

wide range of future applications.
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Scheme 4-1. Graphical representations of (a) the synthesis of aligned single TiO,
nanoneedles and (b) the growth of nuclei within nanocavities.
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Table 4-1. The number of TiO; nanoneedles within a single nanocavity.

pleore L% | 30 nm 40 nm 50 nm 80 nm 100 nm
0 V/ecm - - S,D M Flower-like
250 V/em - S S,D M Flower-like
500 V/em S S S,D M Flower-like
625 V/ecm S S S,D M Flower-like
750 V/em S S S, D M Flower-like

1.

The symbols S, D, and M refer to single, double, and multiple nanoneedles,

respectively, present within a cavity.

branches of nanoneedles.

“Flower-like” refers to particles containing
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TiO, underlayer

TiO, powder
Rutile o

20 30 40 50 60 70
20

Intensity (a. u.)

Figure 4-1. Wide-angle X-ray diffraction pattern of the TiO, underlayer and powder.
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50 nm

Figure 4-2. SEM images of a nano-patterned array of 50-nm cavities. (a) Plan view.

(b) Cross-sectional image.
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from nanocavities sized at (a) 100, (b) 50, and (c) 30 nm. The

concentration of the Ti precursor solution was 5 x 10 M, the ratio R was
200, the value of the initial pH was 1.0, and the applied electric field was 625
V/em. (d) Cross-sectional image of the TiO, nanoneedles grown from the

30-nm-sized nanocavities.
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Figure 4-4. (a) An HRTEM image of a TiO, nanoneedle. The spacing between adjacent
lattice planes is ca. 3.2 A.  (b) An SAED pattern indicating that the TiO,

particle possesses a rutile crystal phase.
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A: anatase
R R: rutile

Intensity (a. u.)

Figure 4-5. Wide-angle X-ray diffraction patterns of TiO, nanoneedles obtained from

aqueous solutions possessing different values of pH;.
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Figure 4-6. SEM images (plan views, tilted 15°) of arrays of TiO, nanoneedles grown
from nanocavities sized at (a) 100, (b) 50, and (c) 30 nm. The
concentration of the Ti precursor solution was 5 x 10~ M, the ratio R was

200, the value of the initial pH was 1.4, and the applied electric field was 625

V/em.
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' 100 nm

100 nrit®

Figure 4-7. SEM images of TiO, nanoneedles grown when the ratio R was (a) 300, (b)
400, and (c) 500. The concentration of the Ti precursor solution was 5 x
10* M, the value of the initial pH was 1.0, and the applied electric field was

625 V/cm.
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Figure 4-8 (a) An HRTEM 1magﬁfof Enﬁx_ .@§@.sz needle. (b) The spacing between

= “-._.:!':.ﬁ_gﬂf ';.--" | 3
adjacent (002) lattlcenplan(-'.g“ Sca-4-7-A )gl?shown in the enlarged section. (c)
;?; -me;._'.ﬂa_f =

An SAED pattern 1ndlca%m‘gv§ha.t_t§1e"f1{(52 needle possesses an anatase crystal

phase.
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Chap 5

Conclusions

The dispersion of TiO, nanoparticles can be controlled in one of the two blocks of
lamellar PS-b-PMMA by using hydrophobic or hydrophilic surfactants, as revealed by
transmission electron microscopy, differential scanning calorimetry and
Fourier-transform infrared spectroscopy. The modes of dispersion of TiO, nanoparticles
in different blocks are determined by the type of bondings between the surfactant and the
nanoparticles. The photoluminescence of the TiO,/PS-b-PMMA nanocomposites
depends on the location of the TiO, nanoparticles.

By using TiO, seeds prepared from.aPS-b-P4VP diblock copolymer template, we have
been able to fabricate arrayed, needle-like rutile TiO, nanostructures with variable spatial
positions and densities. The distance between two TiO, needle bunches (120 nm and
160 nm) can be controlled using block copolymer témplates with different molecular
weights.

We have fabricated arrays of single, aligned TiO, nanoneedles within nanocavities by
using a solution crystal growth process under an applied electric field. The values of
pHi and the ratio R both affect the morphology of the TiO, nanoneedles. When the pH;
was >1.2, the nuclei formed too quickly and we did not fabricate any single needles;
when the ratio R was larger than 300, needles did not form within the nanocavities. We
believe that this new class of aligned TiO, nanostructures will find a wide range of future

applications.
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