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CHAPTER 1

TNTRODUCTION

1.1. Over\ievv

Anodized aluminum membranes (AAM) have been of great interest to material

scientists for the past decade owing to their interesting features.'"'^ These membranes

contain regular cy lindrical pores and are heat resistant and tough. The alumina has a high

surface energ}- and is ^^et b}- mam- materials. Moreover, the membrane can be easih

dissolved in acidic or basic solution. These features have made alumina membranes good

templates for nano-object fabrication, especialh' nanorods.

Nanorods with regular shape and size can be made using AAMs as templates by

forming them inside the regularly packed pores of the membrane and can be building

blocks for self-assembled structures. Polymeric nanorods have been recently produced

using these membranes. ^"^ The first polymer nanorods and nanotubes using AAMs were

prepared by wetting a polymer melt or solution on the membranes.^ This method has the

drawback that the length of the polymer nanorods is not controllable. The McCarthy

group developed a practical method in which the length of the polymer nanorods can be

controlled by changing heating time.^

A nanorod of this sort made up of two components rather than a homogenous

nanorod invokes more interest, not only in theoiy, but also in applications. This thesis

work covers two types of tw o-component nanorods diblock copoh mer and

semicrystalline polymer nanorods. The aim of this thesis is to prepare block copoh mer
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and semicn sialline polymer nanorods and in\ estigate their structures, including the

possibilit} of preparing composite nanorods.

Chapter 2 describes a procedure for preparing AAMs w hh \ arious pore sizes. The

diameters of the template pores directh' affect the morpholog) of the tw o-component

nanorods as w ell as the diameter of the produced nanorods. The pore size and pore-to-

pore distance is affected b} the anodization condition, such as current. \ oltage. electrohte

composition and temperature. AAMs w ith pore sizes of less than 100 nni are of interest

because the equilibrium period of man}- block copolymers and the cr) stal stack distance

of semicr} stalline poh mers is on the order of tens-of-nanometer scale.

Chapter 3 describes the micro-phase separated structure of pol> st> rene-/j-

poh butadiene (PS-/)-PBD) prepared from commercial and in house prepared membranes,

which represents the strong-segregation limit. The block copol> mers were confined inside

the nanopores w ith diameters less than 8 times the equilibrium period and with high

curv ature. New phases induced from these conditions were observed.

Chapter 4 describes the micro-phase separated structure of polystyrene-^-

polymethylmethacr>iate (PS-/)-PMMA) prepared from commercial and in house prepared

membranes, represents the weak-segregation limit. In addition to pore size, the surface

propert}' ofAAMs was changed by formation of a silane monolayer. In the case of PS-^-

PMMA. the surface affinity of each block w as changed when the AAM surface was

treated with octyltrimethoxysilane.

Chapter 5 describes the preparation of semicr\^stalline polymer nanorods and their

composites w ith a different polymer or metal clusters. Poly(4-methyl-l-pentene) (PMP)

was selected as the substrate nanorod and polynorbomene was selected as the second
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polymer component. Pt was selected as the metal component. PMP/Poh norbornene

nanorods were successfully prepared by polymerizing norbornene inside PMP nanorods

in liquid CO2 by ring-opening metathesis polymerization. PMP/Pt nanorods were

successful!) prepared b>- introducing dimeth>l( 1.5-cyclooctadiene)platinum(lI) as an

organometallic precursor and reducing it with H2 in supercritical CO2.

The balance of this chapter provides the background information on the

commensurability of block copolymers in confined geometry, surface modification of

metal oxides using silane coupling agents, and subcritical(liquid) and supercritical CO2 as

a reaction media for modiiy ing solid polymer substrates.

1.2. Commensurability

Block copolymer nanorods in alumina pores of defined diameter impact

fundamental issues of commensurabilit}-, i.e. the relationship between the inherent repeat

periods of the copolymer to the physical dimension of the system. If the two are

incommensurate then the block copolymer would be forced to shift away from its

equilibrium structure to relieve the imposed frustration.

Symmetric diblock copolymers confined between two parallel \\alls have been

8 17
studied extensively. " In this case, one block migrate to the wall surface and the overall

structure is a multilayered film. There can be two t\pes of multilayers: a multilayer with

identical ends (symmetric case) and a multilayer with different ends (asymmetric case).

The film thickness is equal to hLq in the symmetric case and is equal to (;? + V2) Lq in the

asymmetric case (Figure 1.1.). Both cases are referred to as the commensurate condition.



a) b)

D = (n + -)L„
1

Figure 1.1. Lateral structures of block copolymer thin films between solid substrates in a)

symmetric b) asymmetric conditions.

The incommensurate case can be obser\'ed \yhen the film thickness is not equal to

nLo (symmetric case) or (// 1 ''2) Lo (asymmetric case). When a film in an

incommensurate condition is located on an open substrate, frustration resulting from

incommensurabilit}' is relieyed by the formation of surface topography consisting of

ten-aces of step height lo so that a highly oriented layered structure can propagate

throughout the entire film.'" (Figure 1 .2)

Figure 1.2. Lateral structures of block copolymer thin films on solid substrates in a)

symmetric b) asymmetric conditions. Both haye incommensurate situations at the left.'"

When the film is confined between two solid walls, the formation of a surface

topography, the mechanism to relieye an imposed frustration in the case of film on open

substrate, cannot be applied. Therefore, the copolymer must find an alternative route to

respond to this en\ironment. If the interfacial interactions are strong, the period of the
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confined multilayers ha\'e to either stretch or compress. The thin polymer film cannot

relieve the frustration via formation of surface topography. With changes in the thickness

of the confined film, the number of las ers wiW change and the stretching or compression

of the layers ^^ ill be distributed tliroughoiit the film so that each layer \\ ill distort less

with increasing thickness. This action preser\'es the natural period of the copoh mer at the

expense of the interfacial energies.'''

As>'mmetric diblock copoh mers. on the other hand, have dra\\ n much less

attention compared with symmetric diblock copolymers. As is in the case of symmetric

diblock copolymers, the interpla} of the confinement with the preferential interfacial

interactions causes deviations of the morpholog} from that seen in the bulk.

A block copolymer sandwiched between two parallel solid walls experiences an

essentially a one-dimensional confinement. Recentl>\ a two-dimensional confinement

method has been researched."*^ In addition to the confinement imposed by the film

thickness, placing the film into photo-lithographically defined troughs with walls, affects

the hexagonal packing of spherical and cylindrical microdomains and can introduce an

incommensurabilit}- of the in-plane, lateral packing of the copolymer between the natural

period and the trough width. The growth of the microdomains along the trough can be

used to induce long-range ordering within the trough, which is the key to fabricating

sectored surfaces for device applications.

Another type of two-dimensional confinement can be created by use of

nanoscopic c} lindrical pores that can be conveniently prepared in alumina membrane

w ith pore diameters of the tens-of-nanometer scale. Cylindrical confinement is of

particular interest since mam situations are met in nature w here such confinement

5



influences phase behavior. In addition to confinement. cyHndrical nanopores force a

curvature on the morphology. So both commensurabilit> between the pore diameter and

the natural period and the imposed curvature can strongh influence the morphology of

the confined S} stem.

1.3. Surface modification of metal o.xide h\ sih lation

When a block copoh mer is forced into alumina pores, the interaction between the

alumina surface and the outermost la} er of the block copoh mer pla\ s an important role in

determining the morpholog}' of block copolymer as well as the commensurability does.

The alumina surface is composed of h}drox>l groups like other metal oxides."' Various

chemical modification methods have been developed to change the properties of metal

oxide surfaces."""'' and sih lation. the formation of organosilanes layers on the surface, is

a recently developed method to modif}' metal oxide surfaces such as silica" " and

alumina."*^

Sih lation of silica surface has been researched in broad areas. Hydrophobizing the

silica stationar}- phase with silanes is used to prepare reversed-phase chromatograph}'

columns for separation of biomolecules.
^'^''^^

Silylation of surfaces has found applications

in producing biocompatible surface.'"*"''^ lithography.'' and micropatteming.'"'^""^^

Organosilanes for modifs ing metal oxide surfaces have one. two or three

hydrolyzable groups in the molecule, and are called mono-, di- and trifunctional

organosilanes. Monofunctional organosilanes (R.^SiX. usually X=C1. OR. NMe:) have the

advantage of reproducible surface structure. It is known that these kinds of organosilanes
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have one kind of atiachmeni with silica by covalent bonding (Sis-O-Si). Trifunctional

organosilanes (RSiX.O are more reactive and have more possible structures. In addition to

covalent attachment, they can exhibit two dimensional and three dimensional

pohcondensation on the surface. (Figure 1.3) Long-chain alk\ Itrichlorosilanes are the

most w ideh studied, including the self-assembh process and the effect of temperature,

solvent and water on the surface properties. Trialkox} silanes (Z(CH2)iiSi(OR)3. where

R=Me or Et. Z is often amino. epox>'. acn lo> 1. \ im 1. bromo). are often called silane

coupling agents and ha\ e some ad\ antages o\ er alk> Itrichlorosilanes. Trialkox>'silanes

don t generate acid on h> drolysis and are more convenient to handle because the>- are less

reacti\ e. The alkox> silanes undergo exchange reactions \\ ith h> drox) l groups under

conditions similar to those of carbox>iic esters.

1.4. Subcritical (liquid) and supercritical CO^ as reaction media

Liquid and supercritical CO2 has attracted both scientific and industrial interest in

recent years. A supercritical fluid is an}" substance above both its critical temperature (Tc)

and pressure (Pc). Figure 1 .4 shows the phase diagram of a pure substance. The critical

point (C) is marked at the end of the gas-liquid equilibrium cur\'e, and the shaded area

indicates the supercritical fluid region.

hi the supercritical environment, the boundar\" of liquid and gas disappears and

only one phase exists. This phase is termed as supercritical fluid (SCF): it is neither a gas

nor a liquid and has unique properties between those of a gas and a liquid. SCFs retain

solvent power similar to liquids as well as the transport properties common to gases.

The} ha\ e no surface tension and ver} low viscosity. Additionalh'. the densit}' of a SCF
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can be changed upon minor adjustment of its temperature and pressure. These properties

have made SCFs an interesting reaction medium. Table 1.1 provides representative

properties of liquid, gas and supercritical fluids.

TEMPERATURE

Figure 1.4. Pressure temperature phase diagram for a pure substance."*

Table 1.1: Ph} sical property comparison for liquids, gases, and supercritical fluids.

Solvent
Diffusivity

(cm7sec)

Viscosity

(cps)

Densit)

(g/cni')

Surface tension

(dynes/cm)

Liquid 10-'
1 1.0 20-50

SCF 10"-^ 0.03 0.2-1.0 0

Gas 10-' 10-^ 10-^

Carbon dioxide is one of the most commonly used SCF because of its advantages.

SC CO2 has Tc of 3 1 . 1 °C and of 73.8 bar ( 1 070 psi) (Table 1 .2.). These critical

conditions are relatively mild compared with other solvents. Moreover. CO: is nontoxic.
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nonflammable, and inexpensive. It is convenient to recycle CO2 because it is a gas phase

at ambient conditions. Releasing CO: as a gas phase leaves no solvent residue.

In addition, two properties of CO: are important regarding to polymerization

reactions: the solubility of CO: and the plasticization effect of CO: on the poh mer

products. The solvent strength of SC CO: is similar to that of a typical non-polar solvent.

Although it can dissoh e many small organic molecules to a certain extent, it cannot

dissoh'e most strongh' polar molecules and high molecular weight molecules. Adding

cosolvent or surfactant can enhance the solubilit>' of CO:. Another unique method of

manipulating the soh ent properties of SC CO: is changing its densit}' b)' temperature and

pressure adjustment. Figure 1.5 sho\\ s the dependence of CO: density on pressure and

temperuture. The densit} of CO: changes dramaticalh' b} controlling external pressure

and temperature, making it possible to increase or decrease the solubilit}- of certain

molecules or fractions.

Table 1 .2. Critical conditions for various solvents.

Solvents
Critical temperature

CQ
Critical pressure

(bar)

Carbon dioxide 31.1 73.8

Ethane 32.2 48.8

Propane 96.7 42.5

Cyclohexane 280.3 40.7

Benzene 289.0 48.9

Toluene 318.6 41.1

p-Xylene 343.1 35.2

Ammonia 132.5 112.8

Water 374.2 220.5
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The plasticization effect is another indispensable factor when a polymerization is

carried out in liquid or SC CO:. This is important not only when monomers are diffused

into the polymer, but also when additives are incorporated into polymer matix. The Tg

depression of amorphous poh mers induced b\' CO: has been investigated by some

groups/""^^ The plasticization of poh mers has been in\'estigated by stud} ing sorption and

dilation of Poh ethylmethacrylate (PEMA). pol}'(vim l benzoate). and poIy(\'in}i but\Tal)

by Kami> a and coworkers/'^"^^' Figure 1.6 shows that the Tg of PS is depressed with CO:

pressure and Figure 1.7 shows that the elongation ofPEMA increases with CO: pressure.

The interaction of SC CO: ^^ ith several semi-ciystalline poh mer was investigated b>'

Shkh er al.-^

The McCailh>' group has developed ideas of pohmerization inside plasticed

polymer phases and deposition of metal clusters b>- reducing organometallic precursors in

CO2. Figure 1 .8 is a scheme for preparing composite polymer materials." "
' In this case,

styrene was poh merized inside various swollen polymers. This approach was expanded

to the anionic polymerization of ethyl 2-cyanoacr\'late within SC CO:-swollen

poly(tetrafluoroethylene-co-hexafluoropropylene)^"^ and ring-opening metathesis

polymerization of norbornene within SC C02-swollen Poly(4-methyl-l-pentene).^'^ Figure

1.9 shows a scheme of metal deposition by infusion of organometallic precursors and

reduction of them.*^^ Platinum clusters were formed in PTFE film and AI2O3

membranes.
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Figure 1.7. Elongation versus pressure for C02 in PEMA at (O.^) at 15. (0.#) at 24.

(A.A) at 35. (V.T) at 45. and (.) at 55 °C. Open and solid s>mbols correspond to

sorption and desoiption runs."""
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CHAPTER 2

FABRICATION OF ANODIZED ALUMINUM MEMBRANES

2.I. Introduction

Anodization of aluminiini has been coniniercialh' used for 80 } eai's for protection

and decoration purpose. .An anodic oxide film is formed on the surface of aluminum

when it is anodized in an electrohlic cell \\ ith proper electroh te and electric current. It

was already known in 1950 s that anodic oxide films on aluminum could exist in two

forms: nonporous and porous oxide.'

"

A nonporous anodic aluminum oxide, which is also called barrier-t> pe film . is

prepared when the electroh te does not dissolve the formed oxide film completely.

Neutral boric acid solution, ammonium borate or tartrate aqueous solutions (pH 5-7).

ammonium tetraborate in ethylene glycol, citric acid, malic acid, and glycolic acid are

examples for this case. A porous anodic aluminum oxide, w^hich is also called porous-

t}'pe film . is prepared when the electrolyte partly dissolves the formed oxide film.

Sulfuric acid, oxalic acid, phosphoric acid, and chromic acid are examples for this case."'

Contrary' to the nonporous oxide, porous oxide has had limited industrial

application for the protection of aluminum. The discover}- of regular nanoporous

stmctures' has attracted attention for potential applications such as magnetic recording

media.^^ optical devices.^ functional electrodes.*^ and display devices.

Constant efforts have been made to fabricate porous alumina with better

regularity . w hich means more homogeneous pore size and better packing regularity of
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