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Abstract 
 
Part One: Chemical Modification of Porous Alumina for Nanowire 
Templating: 
  
 A modified sol-gel technique and subsequent polymer coating technique 
was used to modify the size of nanowires grown via electrodeposition in porous 
alumina templates. The porous alumina film is initially soaked in a water-
containing solution prior to exposure to a different solution of 3-
aminopropyltriethoxysilane in toluene. The amount of water in the aqueous 
solution correlates with the thickness of silane coating observed after exposure to 
the organic solution. The pH of the aqueous solution influences the coating 
thickness as well, primarily as a function of film density. Other factors such as 
silane concentration, silane exposure time, and aqueous co-solvent choice did 
not influence the coating thickness. 
 After coating porous alumina with APTES, polymethylmethacrylate 
(PMMA) was coupled to amines at the material surface through an aminolysis 
reaction. No proton-transfer catalyst was necessary for the transformation. 
Thickness of polymer films were related to initial pore diameter in the modified 
porous alumina. Dissolution of PMMA-treated porous alumina templates under 
alkaline conditions yielded no nanostructures, supporting the covalent attachment 
of the PMMA to the pore wall. Amide-related peaks were also observed using 
infrared spectroscopy. 
 Several nanowire systems were grown in the aforementioned chemically 
modified, electrode-backed porous alumina templates. Nickel, bismuth telluride, 
and bismuth antimony nanowires were grown electrochemically using previously 
established methods. Nanowire diameters were smaller in modified templates in 
accordance with the coating procedures applied to the porous alumina. 
  
Part Two: NEXAFS Spectroscopy of Aqueous ATP: 
 
 NEXAFS spectroscopy at the nitrogen and carbon K-edges was used to 
study the hydration of adenosine triphosphate in liquid microjets. Total electron 
yield spectra were recorded as a function of concentration, pH, and the presence 
of sodium, magnesium, and copper ions (Na+/Mg2+/Cu2+).  Significant spectral 
changes were observed upon protonation of the adenine ring, but not under 
conditions that promote π-stacking, such as high concentration or presence of 
Mg2+, indicating NEXAFS is insensitive to the phenomenon. Intramolecular inner-
sphere association of Cu2+ did create observable broadening of the nitrogen 
spectrum,  whereas outer-sphere association with Mg2+ did not.
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Part One: Chemical Modification of Porous 
Alumina for Nanowire Templating 
 
Chapter 1: Sol-Gel Chemistry and Porous 
Alumina 
 
 The interest in nanotechnology has driven many different scientific fields to 
rise to new challenges. Physics looks for new models and measurement 
techniques to study emergent material properties. Material sciences look for new 
ways to incorporate nano-scaled materials into useful devices, both nano- and 
macro-scale. Biology looks at interesting parallels between biomacromolecules 
and nanoscale constructions, as well as innovative applications of hybrid 
bio/nanotechnology. Among other things, chemistry is tasked with new synthetic 
methods to create these nanostructures. Traditional synthetic chemistry methods 
are tasked with creating and breaking the right bonds, optimizing yields, 
minimizing side-products, and carefully balancing kinetics and thermodynamics 
to arrive at a target compound. Nanotechnology adds another dimension to these 
synthetic challenges, namely control of the size and shape of the compounds that 
are synthesized. 
 In Part 1, I discuss the results of a novel application of silica sol-gel 
chemistry to porous alumina as a means to control the size and shape of 
templates for nanowire fabrication. A specialized form of dip-coating is used 
where an excess amount of sol-gel precursor, 3-aminopropyl triethoxysilane, is 
introduced to a limited amount of water within the pores of porous alumina. This 
control of reaction stoichiometry, as well as other solution-based controls such as 
co-solvents and pH, is shown to produce tunable thickness and adjustable 
surface roughness within the porous alumina. These modified templates are then 
shown to be useful in porous alumina masked electrodeposition of nanowires. 
 Both porous alumina and sol-gels have been established topics in 
chemistry for decades; this introductory chapter hopes to provide sufficient 
background and history on these topics to highlight the methods adapted herein. 
Section one will discuss sol-gel chemistry and the underlying mechanisms, 
section two will detail porous alumina films and the distinct size controls 
achievable in its synthesis, and section three will review past discoveries 
involving sol-gel chemistry applied to porous alumina films. 
 
Section One – Sol-Gel Chemistry: 
 The name sol-gel chemistry is a descriptive one, based on a precursor in 
solution forming a network of bonding in a ʻgelʼ-like state. The precursor 
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molecules are typically discrete species such as metal alkoxides that condense 
to form a polymeric structure. A simplified example of a sol-gel reaction with 
tetraethyl-orthosilicate (TEOS) is exhibited in equations 1 and 2. Eq. 1 represents 
hydrolysis of the alkoxide, while eq. 2 represents the condensation of the 
 

Si(OEt)4 + H2O  Si(OH)(OEt)3 + HOEt  (1) 
Si(OH)(OEt)3 +  Si(OH)(OEt)  (EtO)3Si-O-Si(OEt)3  (2) 

 
hydrolyzed silanols. Although the equations only represent the replacement of 
one ethoxide from the silicate and one bridge between silicons, these reactions 
can occur at all the degrees of hydroxide substitution, proceeding until a 
tetrahedral network of SiO2 is formed. In this case, the TEOS and derivative 
silanols comprise the sol, while the condensed networks of Si-O-Si species 
comprise the gel. Although silicon oxide is given in this example, this kind of 
chemistry can be applied to a variety of metals with a variety of bridging moieties. 
 The first report of sol-gel chemistry appeared in 1845 when Ebelman he 
reported the slow hydrolysis of silicic esters forming a transparent solid.1 There 
were applications of this process in the 1930s and 1940s, where sol-gel reactions 
were used to create anti-reflective glass coatings by the Schott Company. In the 
1950ʼs sol-gel techniques were utilized by the U.S. government for the synthesis 
of metal oxides, such as UO2 and ThO2, in the production of radioactive fuels.2  
Work by Dislich in the 1970s3 promoted further interest with his low-temperature 
sol-gel method for making borosilicate glass. This spurred more work with multi-
component sol-gel systems, tailor-made optics, and early nanostructured 
architectures such as monoliths. The first sol-gel conference was held in 1981 in 
Padova, Italy, titled The International Conference on Glasses and Glass 
Ceramics Obtained from Gels.4 The research interest in sol-gel reactions grew, 
and more than 35,000 papers were published on the subject throughout the 
1990s. 
 As time progressed, more attention was paid to the mechanistic steps of 
sol-gel reactions5-6  and new uses for sol-gel materials were found in areas such 
as non-linear optics7-8, optical fiber,9-10 and protective coatings11-12 Researchers 
have lost interest in the use of sol-gels as a synthetic preparation of bulk 
materials because processing on an industrial scale is more expensive than 
traditional methods, but sol-gel processing is still a competitive method for  the 
deposition of coatings and a well-established technique for obtaining many 
different types of nanostructures. There is considerable current interest in hybrid 
organic/inorganic sol-gel systems with prime examples such as biosensors13-14 
and novel platforms for catalysis.15-16 
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Figure 1.1: A Schematic of a Sample Sol-Gel Process 
 
 The sol-gel process is comprised of two main steps, with an example 
illustrated in figure 1.1. The first involves the mixing of sol to start gel formation. 
This formation can be influenced by temperature, pH, solvent choice, initial 
concentrations, and many other factors common to solution-based chemistry. 
These factors allow some external control of the gel-formation, and are important 
factors for optimization in sol-gel synthesis. In the second step, the resultant gel 
is extricated and then dried to remove the solvent. The manner of drying can 
produce differing results in the final material. Fast removal of solvent through 
methods such as high heat can promote dense and uniform materials, whereas 
slow removal can promote low-density or porous structures. Further annnealing 
is a typical end-treatment due to the desire for sintering and further development 
of the polymeric network in the material. 

Add 
Sol 

Gel Product 

Remove 
Gel 

Time Drying 
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 When using sol-gel methods for coating a surface, dip-coating and spin-
coating are the primary techniques used. In dip-coating, the gel is typically left in 
the solution and the substrate is immersed in the gel for a set period of time. After 
initial bonding to the substrate surface has been achieved, the substrate is 
removed from the solution and then undergoes the drying process. For spin-
coating procedures, a small amount of solution is placed on the substrate, which 
is then spun at high velocity. Centrifugal force spreads the solution over the 
substrate. In addition to normal solution-based controls on gel reaction, film 
thickness can be governed by spin speed. After the prescribed amount of 
spinning, the resultant product can undergo drying treatment. These methods are 
industrially important, both in sol-gel processes as well as other thin-film 
processes. 
 Many different types of sol-gel precursors have been developed to 
address a wide range of scientific problems. The chemical makeup of the 
precursor has obvious impact on the gel-reaction, but it also dictates the material 
behavior of the final product. Metal alkoxides and chlorides served as some of 
the first sol-gel precursors, forming metal oxides such as SiO2, TiO2, ZnO, Fe2O3, 
and many others. These oxides have a range of magnetic, conductive, optical, 
and thermal properties that can be used in modern devices. So-called 
inorganic/organic hybrid precursors consist of a metal atom with covalently 
bonded organic moieties. These have additional uses because of the steric 
effects they can have on the polymerizing network as well as having sites for 
further chemical modification after the gel has set. Other precursors can be used, 
such as non-oxide bridged materials or other chelate-based network solids, but 
these types of reactions are not the focus of this study. 
 The range of behavior of hybrid organic/inorganic precursors is an integral 
factor in their current interest in the sol-gel community. One important feature in 
determination of functionality of hybrid precursors is the number of organic 
groups bonded to the metal center. Schematic examples are shown in Figure 1.2. 
Di- or tri-substituted metal alkoxides are limited in the type of networks they form, 
since the organic moieties arenʼt typically substitution sites for the building of 
extended networks. Tri-substituted metal alkoxides can only ʻcapʼ reactive sites 
on a substrate, whereas di-substituted species can only provide linear networks 
as bridging species. Mono-substituted metal alkoxides can form 3-D network 
polymers, but not in the symmetric manner of unsubstituted metal alkoxides. 
Control over these mono-substituted structures often depends strongly on the 
reaction conditions, where polymerization can be limited to one or two 
dimensions.17,18,19
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Figure 1.2: Examples of Hybrid Organic/Inorganic Sol-Gel Precursors 
 
 The extent of substitution of organic/inorganic sol-gel precursors is an 
important factor in the structures obtained, and can be used to control the kinds 
of networks needed for project goals. Mixtures of substituted and unsubstituted 
species can also be used to achieve various ends. 3-D networks involving di- or 
tri-substituted species can be obtained by adding an appropriate amount of 
unsubstituted metal alkoxide to the sol, providing an extension to their 
capabilities at the expense of loss of relative amount of substituted groups. 
These mixture-based networks will lack the symmetry of networks made from 
unsubstituted metal alkoxide, in part because of the limited network the metals 
can achieve but also because of the space requirements of the substituted 
organic group. This second requirement can lead to porosity in the final dried 
solid, a property desired for some applications.20-21 Porosity can also be achieved 
with silesquioxanes and related materials. Silesquioxanes are poly-silicon 
alkoxide materials bridged by an organic group, such as an alkyl chains or aryl 
rings. Condensation of these materials can produce ordered porous networks 
due to the organizational space requirements of the bridging organic group, and 
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are desirable because the parameters of porosity are more consistent and easily 
controlled by choice of the organic moieties.  
 Another advantage of hybrid precursors is the ability to further modify the 
surface after drying the gel. The organic substitutions can be selected such that a 
desired reactive functional group can be present on the surface of the new 
material and further reacted through conventional chemical methods. Two major 
examples include amino- and mercapto- functionalities. Neither of these groups 
have thermodynamically favorable substitution of alkoxy groups on silicon, 
meaning they will not be chemically incapacitated through involvement in the 
cross-linking network. Alkylaminosilane-based materials are commonly used in 
biomolecule immobilization studies.22,23 These commonly use glutaraldehyde to 
couple the amine surface to the macromolecule through conjugate formation of 
imides from the aldehydes.24 Mercaptosilanes have an intriguing use as a 
suitable surface for monolayer deposition of gold though gold-sulfur 
interactions,25,26,27 although this has also been achieved with aminosilanes.28 
These are just a few directed examples; the chemistry available to these 
functionalized surfaces is compatible with many of the conditions required for 
organic synthesis, and thus there is little limit to what one can add to these 
surfaces. 
 
Section Two – Porous Alumina 
 As an introductory note, the term porous alumina can refer to two distinct 
materials. One is a thin film of Al2O3 obtained from high-voltage anodization of Al0 
in an acid bath, and the other is a sol-gel derived microporous Al2O3 monolith 
material. Despite the previous emphasis on sol-gel chemistry, all future uses of 
the term porous alumina will refer to the anodized thin-film structures. 
 Anodized porous alumina has attracted scientific interest since the 
1940s.29 Aluminum metal will naturally develop a passivating layer of aluminum 
oxide approximately 3-4 nm thick under ambient conditions. When a large 
anodizing potential is applied to an Al0 film in water, aluminum atoms near this 
Al0/Al2O3 interface can become oxidized to Al3+. The resultant charge is alleviated 
by O2-, which originates from H2O at the electrode surface. Through 
rearrangement and diffusion, oxide anions travel through the alumina layer. The 
alumina layer thickness will affect the oxidation potential of the Al0 at the 
Al0/Al2O3 interface, and thus the reaction can stop once the electropotential of the 
aluminum atoms are counteracted by the thermodynamics of the oxide diffusion.  
 In an acidic solution, however, the alumina surface is dissolved at a rate 
dependent upon the acidity as well as the identity of the conjugate base due to 
chelation-assisted dissolution. There can be further enhancement of dissolution 
in the case of an applied potential; the electric field developed in the course of an 
anodization can render a repulsive electrostatic effect on the Al3+ atoms in the 
Al2O3 layer, making the dissolution event more energetically favorable. Thus, 
when anodizing in an acidic solution, there are processes creating and dissolving 
alumina. Due to mechanical consequences of the interfaces between the water, 
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alumina, and aluminum,30 the dissolution can be field enhanced at specific sites. 
When the oxidation rate and dissolution rate are in the right proportion, the 
alumina that is selectively dissolved away by solution develops a regular porous 
structure on top of a thin uniform layer of alumina called the barrier layer. 
 

  
Figure 1.3: (Left) SEM Planar view of the top of porous alumina (Right) SEM 
Cross-sectional view of pores in porous alumina. Synthesis for this sample is 
detailed in Chapter Two. 
 
 Scanning electron micrographs of porous alumina are shown in figure 1.3. 
The gray regions in the images are the alumina structure. The pores are ordered 
into a hexagonal array as a result of the field-enhanced dissolution. The quality of 
these hexagonal arrangements are a function of optimized anodization conditions 
such as anodization potential, anion identity in the acid bath, and smoothness of 
the initial aluminum film. With optimized conditions, the pores are straight and do 
not branch throughout the entirety of the alumina film, which can be as thick as 
120 µm.31 
 The specific dimensions of pores and porosity in porous alumina are 
strongly dependent upon anodization conditions. The dependence of these 
dimensions are often interlinked with one another, and have received a 
considerable amount of study.31-38 Important variables in porous alumina growth 
include the Al surface roughness, solution pH, identity of anions in solution, 
anodization potential, temperature, aluminum purity, and time of anodization. The 
importance of these variables can be qualitatively linked back to either the rate of 
aluminum oxidation or the rate of alumina dissolution, however the complexity of 
this system is still not fully understood. 
 Even with all the variables in porous alumina growth, there are some limits 
to the morphological characteristics of the film. Porous alumina thickness is 
largely a function of the time of anodization and thickness of the original Al film, 
and represents one of the more fluid and independent parameters of the system. 
Porosity and pore diameter have much more intricate dependencies. To get 
circular pores in an aesthetically hexagonal arrangement, there are identified 

200 nm 50 nm 



 8 

ʻrecipesʼ involving a specific mixture of conditions. All of these recipes require low 
pH, (0.1-1.0 M of their respective acid) and are performed at low temperature 
(~0º C). The recipes are typically differentiated by the acid used, the applied 
voltage, and the pore size that results from the idealized conditions.33,34,39 
Alumina with pore diameters of 200 nm are made from phosphoric acid solutions 
with a typical applied voltage of 200 V. These have been the films that have been 
the most commercialized, with the major distributor, Whatman, extolling their 
usages in filtration. Pore diameters of 40 nm are achieved in oxalic acid at 40 V. 
These films are the ones most commonly used in work with nanotechnology-
inspired aims, especially in use as templates for nanomaterials.40,41 20 nm 
diameter pores can be achieved with sulfuric acid with an applied voltage of 20 V. 
Templates with 20 nm pores tend to be fragile with respect to use as templates 
for nanomaterials, but emerging work within the Stacy group has shown promise 
in addressing these practical issues.42 
 As a templating material, porous alumina can be used in the fabrication of 
nanowires and nanotubes, or as a master pattern for making other porous 
materials. Pores can be filled with material by a variety of methods, primarily 
including electrodeposition,41,43-47 pressure-injection,48-50 or selective 
precipitation.51,52 In general, the formation of rods versus tubes is highly 
influenced by the solution environment. Although rods are generally the product 
formed, special interactions with the surface can promote the growth of tubes.53 If 
a series of rods have been obtained, these rods can be further used as a mold 
for a new material upon the careful dissolution of the alumina.54-56 This method 
can be used to create a variety of porous matrices. Other applications of porous 
alumina tend to focus on its ability to act as a confined scaffold, either as a filter 
with nanometer-scaled exclusion or as a high-surface area material. One 
particular case to note is use as a scaffold for biosensors.57 In these cases, the 
surfaces are functionalized with proteins or other biologically relevant molecules. 
 One of the more promising avenues for porous alumina use involes its use 
as a template for nanowire fabrication. Nanowires are of interest to the scientific 
community because of changing thermal and electrical properties of materials 
with two confined dimensions. Thermal properties change as a result of changes 
to phonon-scattering, illustrated in figure 1.4. The mean free path of a phonon, 
the quantum vibration of a crystal lattice, is the average distance the vibration 
propagates through the crystal before being inelastically scattered by the 
boundary. When the mean free path is smaller than the dimensions of the 
material, the dispersion relation of phonons is altered. Since phonons are  
involved in heat transfer within materials, this can affect properties such as the 
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Figure 1.4: Illustration of nanoscale-confinement on phonon scattering.  
 
heat capacity and thermal conductivity of a given material. The electrical 
properties of nanowire materials can be altered from the bulk state due to 
quantum confinement effects upon the electrons.  Figure 1.558 is a plot of the 
density of states for a generic system as a function of energy, with multiple plots 
to illustrate the effects of the various degrees of quantum confinement. The  

 
Figure 1.5: Density of states as a function of energy for various quantum 
systems.58 

Bulk Material 
No constraints 

Nanowire 
Diameter < Mean Free 

Path 

 : Bulk System (3D) 
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bulk density of states follows a square root dependence with respect to energy,  
while limits placed on spatial dimensions yield more complex relationships due to 
boundary conditions imposed on the electrons. Changing a bulk material to a 
quantum-confined structure can change the number and the nature of states near 
the Fermi energy, leading to potential changes in the properties of these 
electrons and how they interact with the various influences. These changes to 
electronic states, along with the changes to the phonon dispersion, can lead to 
interesting new materials with combinations of properties not seen in bulk 
materials. 
  Porous alumina has several distinct advantages as a template for 
nanowires. The first is the high porosity of the film, which leads to high wire 
density in the final product. The second is the generally unreactive nature of the 
alumina. The large thermodynamic stability of Al2O3 means that it is compatible 
with many other chemical systems. There are also a large range of film 
thicknesses and several attainable pore diameters that allow customization of the 
wires fabricated. Finally, there are architectural reasons that porous alumina is a 
good template as it applies to practical use of the nanowires. The porous alumina 
template holds the nanowires in a macroscopic film, with all the wires oriented in 
the same direction. This allows for better implementation of nanowires into 
macroscale devices when the wires are left in the template, since the nanowires 
can then be manually manipulated and interfaced with macroscale components. 
These features summarily make porous alumina one of the most promising 
materials for bridging the new material properties of nanotechnology with 
implementation into everyday devices. 
 An area of templating that deserves special attention is electrodeposition 
in porous alumina films. The alumina can be utilized as a patterned mask for an 
electrode surface to elicit growth of nanowire structures via electrodeposition. 
This creates nanomaterials that are electrically contacted to a metallic film, and 
thus ease implementation into electronic applications. The first case of deposition 
into porous alumina was Au microtubules along a specially-functionalized 
surface,59 and from there was expanded to CdSe and CdTe nanowires without 
assistive coatings.60 Since then, nanowires have been electrodeposited to study 
new magnetic61 and magnetoresistive62 phenomena, high-efficiency 
thermoelectric materials,63 and many other materials with potentially interesting 
properties. The main obstacle to outright implementation of these arrays of 
nanowires deals with electrical contact issues with the non-electrode end of the 
nanowires.64 This has been overcome in some cases, resulting in working 
devices utilizing the nanowires directly.65 
 An ill-resolved issue in the use of alumina as a template is the limited 
range of pore diameters naturally attainable through the synthetic process, 
although it does boast a wider range than other ordered nanoporous materials. 
While some have noted a trend of 1V/1nm,33 this is only representative at small 
deviations from the optimized applied voltages. Because the pore formation is so 
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reliant on a balance of competing anodization and dissolution processes, too 
much deviation starts ruining pore regularity and eventually devolving the porous 
structure altogether. Pore regularity is more important in templating procedures 
than high-surface-area scaffolds because of the importance of size precision; the 
utility of a nanometer-scale template is lessened when deviations in size render 
the scale of templated materials unpredictive. Scaffolding applications donʼt 
require specific sizes except as they relate to the usable surface area of the 
material, and possibly size-exclusion issues for some of the macromolecular 
biosensors. 
  
Section 3 - Sol-Gel Reactions and Porous Alumina 
 The prominent literature of sol-gel chemistry applied to porous alumina 
has been published mostly in the last twenty years, despite the age of both fields.  
In the early and mid-nineties, work from the research groups of Martin59,66 and 
Wada67 opened up the combination of fields to the scientific community. Special 
attention is paid to Martinʼs work because it was the first to highlight the potential 
of porous alumina as a template for nanomaterials. Other applications of sol-gel 
chemistry to porous alumina focus on its ability to coat the surface. This can be to 
strengthen or protect the alumina, or it can be to add new reactive or chemically 
interesting groups to take advantage of the porous architecture.  
 Metal alkoxide chemistry is the primary form of sol-gel methods that is 
applied to porous alumina due to the ability of the gel to chemically adhere to the 
alumina surface. This process is illustrated in figure 1.6. In this case, a silica- 

 
 
Figure 1.6: Example of a generic silica particle crosslinking with the alumina 
surface. 
 
derived particle is shown coupling with surface hydroxides on the alumina. This is 
functionally similar to mixed metal alkoxide sol-gel processes that form 
homogenous mixtures of metal oxide, with the exception that the aluminum 
hydroxide moieties are already attached to an underlying structure. The number 
of surface hydroxyl groups can be increased by treating the alumina with a H2O2 
solution, although this is not strictly necessary for complete coating of the 
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surface. Both dip-coating and spin-coating methods can be used as gel-
attachment methods, with dip-coating being the most used literature method. 
There seems to be no generalized benefit or hindrance to either method. 
 Sol-gel treatment can be used to change or influence the properties of the 
resultant composite film. Wada67,68 originally described a treatment of porous 
alumina with zirconium alkoxide that successfully increased the alkaline 
resistance of the pore walls, with the added benefit of a self-repairing surface 
after alkaline exposure. The electrostatic capacitance of the porous alumina films 
is an important feature due to their use in capacitors. The capacitance has been 
shown to increase with SiO2

69 and TiO2
70 coatings by up to 300%. There are also 

methods for coating with hydroxyapatite71, enhancing the biocompatibility of the 
alumina films. 
 Thin layers of material can be attached to porous alumina with sol-gel 
methods and, as such sol-gel techniques can be an ideal tool for creating a 
porous scaffold with desired properties or reactive groups. Many different 
luminescent lanthanide coatings have been applied with sol-gel methods, 
including films containing Tb72, Er73, and Eu.74 These cases typically involve a 
small concentration of lanthanide in a silica or titania gel, and show promise in 
optoelectronics as infrared optical converters. Hybrid inorganic/organic silica 
precursors are popularly used for immobilization of biomolecules, as described in 
section one. Monosubstituted amino-alkyl silanes or mercaptan silanes are 
typically the sol-gel agent of choice, and gel conditions are controlled so that as 
little as a monolayer adheres to the alumina surface. One recent example75 is 
detailed in figure 1.7, where a porous alumina film has been functionalized 
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Fig. 1.7: SiO2 coating and anti-HBs immobilization in porous alumina: (a) TMOS–
sol coating; (b) formation of amine group using APTES; (c) surface modification 
with glutaraldehyde; (d) immobilization of anti-HBs (primary antibody).75 
 
with anti-Hepatitis B surface antigen and incorporated into a microfluidic cell for 
immunoassays. In this setup, an initial layer of silane is laid down before 3-
aminopropyltriethoxysilane (APTES) is slowly pumped through the alumina. 
Glutaraldehyde couples with the surface amines, and the remaining aldehyde is 
able to couple with dangling amines on HBV antibody. This is a typical 
attachment scheme for biosensors in porous alumina, although a middle linker or 
surface like polyethylene glycol is sometimes needed to keep the ionic surface 
from denaturing the biological material.76 Many different macromolecules77 have 
been attached to porous alumina in this fashion, including catalase78,alliinase79, 
and DNA.80 
 Martinʼs original work66 on template synthesis provided a good start to the 
field of porous alumina nanomaterials, showcasing a variety of sol-gel 
preparations for TiO2, MnO2, V2O5, Co3O4, ZnO, and WO3. The number of 
compounds that came out so quickly emphasized the facile nature of these 
syntheses. The general preference for nanotubes or nanowires in a given 
reaction can be traced back to the sol-gel conditions. Low exposure time of the 
gel to the alumina as well as low temperatures favor the formation of tubes. This 
is believed to come about by rate-control issues in the gel adhesion stage. 
Research since Martinʼs original work has focused on the formation of more 
complex oxides, both as nanotubes and nanowires. LiCoO2 nanowires81 were 
investigated as cathode materials for Li-ion batteries, where the post-heating 
crystal structure is comprised of sheets of CoO4

4- with layers of Li+ interspersed 
between them. Many complex perovskite structures have also been obtained in 
porous alumina.60 The famous YBa2Cu3O7-∂ superconductor, a defective 
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perovskite structure, has also been made in nanowire form through sol-gel 
reactions in porous alumina.82 The kinds of nanomaterials obtainable with sol-gel 
methods in porous alumina appear to be more limited by research ingenuity or 
perceived utility rather than a practical limit to the chemistry. 
 In Chapter 2, I report my work using sol-gel chemistry to controllably 
change the pore dimensions and roughness of porous alumina. The porous 
structure can work as a small reaction vessel for the sol-gel reaction, which I 
utilize to control the extent of reaction and, subsequently, the final pore diameter. 
I use a dip-coating method with several sol-gel protocols, such as pH control and 
annealing, to achieve this precise control of coating thickness. This procedure 
can allow for a continuous range of pore diameters in porous alumina, expanding 
porous aluminaʼs use in nanotechnology research by overcoming the small range 
of available pore sizes. 
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Chapter 2: Modification of Porous Alumina 
with APTES and PMMA 

 
Although porous aluminum oxide (alumina) was originally developed in the 

1940s and 1950s1-3, there are continuing efforts to understand and modify this 
material for applications that can take advantage of the nanoporous structure.  In 
particular, the mono-disperse, nanoscale pores can be used as supports for 
catalysts,4-6 for chromatographic and filtration applications,7 and as a template for 
nanomaterials.8-12 One limitation of porous alumina is the lack of a dynamic range 
of pore sizes available; in general, well-ordered pores have specific sizes related 
to their anodization potential and solution, and, although they range in size from 
20-200 nm, the availability of quality pores is not continuous within this range.3 
This impacts the size specificity of filters, the mass-transfer conditions of porous-
supported catalysts, and the sizes of nanotmaterials from templates. My 
investigations have centered on using sol-gel technology to apply precise 
thicknesses of coating to porous alumina to increase the range of pore diameters 
available for use in nanoscale technology and research. 

In particular, use of porous alumina in nanowire synthesis is well-
documented,9-15 specifically the electrodeposition of nanowire arrays in metal-
backed porous alumina templates. The template acts as a mask on the metal 
electrode surface, and the material deposition conforms to the pore shape as the 
metal deposits within the pore. A templated array of nanowires has device-
implementation benefits over single wires because of the forced alignment of all 
the nanowires and the encapsulation of the nanostructures.  A porous alumina 
film can be grown in excess of 100 µm thick,14 and thus can be manipulated and 
incorporated into macroscale devices.16 This is a potentially useful way of 
utilizing the emergent properties found in nanoscale-confined systems. 
Additionally, the synthesis of porous alumina and subsequent growth of 
nanowires in the pores can be achieved through electrodeposition, an industrially 
facile, inexpensive, and scalable process. In some systems, such as 
thermoelectric nanowires, porous alumina has some drawbacks as a template 
material. The thermal conductivity of porous alumina is 40 Wm-1K-1, a relatively 
high value for some thermal applications. An additional limitation is the minimum 
pore size, since some interesting systems17-20 show the largest property changes 
below 20 nm, a range not easily attained in porous alumina.   

There are established methods for decreasing pore diameter in porous 
alumina by filling in pores with metal-oxide coatings. Sol-gel methods were 
originally applied to porous alumina by Martin.9 A metal oxide precursor, such as 
alkoxysilane, is made into a sol, and the alumina is dipped in for an appropriate 
length of time. The precursor attaches to hydroxyl sites on the alumina surface, 
and eventually builds into a thick layer of metal oxide. Fine-tuning of the resultant 
pore diameter is difficult under these conditions due to the nature and timing of 
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the reaction. Atomic layer deposition (ALD) methods have been developed by 
Stair,21,22 where layers of atoms can be added sequentially to the alumina. This 
provides incredibly precise control of pore diameter, but comes at a cost of 
throughput and scalability because of the instrumentation required. The time for 
layer addition and the limited chamber space provide challenges to industrial 
mass-production of ALD-coated alumina.  

One particular area that could benefit from control of pore diameter is the 
synthesis of thermoelectric nanowires. Thermoelectric materials23 exhibit the 
conjugate Peltier and Seebeck effects, where an applied voltage creates a 
temperature gradient across the material (and vice versa) due to thermal 
separation of charge carriers in the material. These materials are used in 
refrigeration and power generation applications.23,24 Despite benefits such as 
low-toxic impact refrigeration and maintenance-free power generation without 
mechanical parts, there is limited implementation of thermoelectric materials due 
to low efficiency. The figure of merit (Z) for establishing thermoelectric efficiency 
is given in eq. 1. T represents the temperature (Kelvin), while S is the Seebeck  

ZT = [S2σ(κ)−1]Τ     (1) 
coefficient (VK-1), σ is the electrical conductivity (Ω−1m-1), and κ is the thermal 
conductivity (WK-1m-1). ZT is roughly proportional to the Carnot efficiency, where 
a ZT ~1 is equal to 10% Carnot efficiency.  
 Optimization of these interrelated parameters with respect to ZT generally 
leads to semiconductor materials, specifically semiconductors comprised of 
period 5 and 6 p-block elements. With bulk-materials, a ZT around 1 represents 
the best efficiency that has been attained. Some limited theoretical17-20 and 
limited experimental evidence25 have reported that reducing the dimensionality of 
the bulk material to 1-D nanowires can increase the thermoelectric efficiency. 
This is believed to be a combination of quantum confinement effects as well as 
increased boundary-induced phonon scattering. Thermoelectric nanowires have 
been electrodeposited in porous alumina, but the theoretical results suggest that 
larger gains in efficiency are to be found in sub-10 nm diameter wires, sizes that 
are not currently attainable in nanoporous materials of sufficient pore density. 
The ability to study the effects of systematic changes in wire diameter, as well as 
the ability to reach the sub-10 nm diameter mark, make thermoelectric nanowires 
a system that would greatly benefit from implementation of pore size control of 
porous alumina. 

In this work, I describe a two-step method to controllably adjust the pore 
diameter in porous alumina through a composite silane/polymer coating (shown 
in figure 2.0.1), with design aims towards enhancing thermoelectric nanowire 
arrays. The first step is a specialized sol-gel reaction. The alumina template is 
first soaked in a solution of varying water/methanol composition to introduce a set 
amount of water into the pores. After the template has been sufficiently filled, it is 
submerged into a toluene solution containing 3-aminopropy triethoxysilane 
(APTES). By controlling the water composition of the solution in which the 
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template is soaked, we can control the extent of silanization in the alumina pore. 
The APTES will not create a perfect crystal network of SiO2 due to the alkyl-  

 
Figure 2.0.1: Schematic of two-step coating process proposed in this work. 

R1 groups are subsurface propylamine groups, abbreviated for image clarity. R2 
groups represent PMMA polymeric backbone. Water comes exclusively from pre-
treatment soaking of the pores.    

             
silicon bond, but the three alkoxy sites do allow for a networked, three-
dimensional structure to be formed. The second step is the immobilization of 
polymethylmethacrylate (PMMA) to the template, a polymer that can further fill 
the pore as well as provide a thermal jacket for the nanowire (PMMA thermal 
conductivity =  0.167 Wm-1K-1). This will help to decouple the higher thermal 
conductivity of the alumina template from that of the nanowire and help minimize 
negative effects of the porous alumina towards thermoelectric applications. The 
amino groups of the APTES-coated surface can react with the ester groups of 
PMMA to form a new amide bond, anchoring the polymer molecule to the 
surface. These surface-modified alumina films are then used as templates for 
electrodeposition of established thermoelectric systems. This two-step approach 
to pore-coating is a useful middle-ground between the precise control of pore 
diameter via ALD methods and the cost-effectiveness and industrial scalability of 
traditional sol-gel methods. 

 
Experimental: 
 All reagents were used as purchased unless otherwise noted. Sheets of 
aluminum foil (0.13 mm thickness, 99.9995% purity) were purchased from Alfa 
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Aesar. Aluminum films were mechanically polished to a mirror finish in a two-
stage treatment, first with Metadi II diamond polish (1µm particle size) and then 
with Allied colloidal silica (0.05 µm particle size). Polished Al films underwent a 
double anodization procedure as described by Masuda26 to form porous alumina 
with a nomative pore size of 40 nm. The Al film is initially anodized at 40 Volts at 
room temperature for 6 hours in an aqueous solution of 0.2 M Oxalic Acid (Solid 
Oxalic Acid from Alfa Aesar, 99.5% purity). The initial porous alumina film is 
treated with a heated acidic solution [2 g CrO3, 95 mL H3 PO4, 5 mL H2SO4] for 
15 minutes to remove the existing porous structure. After the alumina has been 
dissolved away, the remaining Al film is anodized again at 40 Volts in a 0.2 M 
oxalic acid solution at 0º C for 36 hours. The typical thickness of porous alumina 
films created in this manner is 60 µm.  At this stage, excess aluminum is stripped 
from the porous aluminum film by immersion in an aqueous saturated HgCl2 
solution. The Al0 reduces Hg2+ to Hg0, which can form an amalgam with the Al0 
and enhance its removal from the alumina structure.  
 Some porous alumina films were sent to Thin Film Technology Corp. 
where a Ti/Pt film was sputter-deposited onto the non-barrier layer side of the 
porous alumina utilizing a proprietary methodology. When porous alumina films 
received the treatment, this step is inserted between the second 40 V anodization 
and the HgCl2 treatment. The Pt/Ti film is coated with clear fingernail polish 
before the HgCl2 treatment to prevent interaction of the metallic thin film with the 
mercury. After the mercuric chloride step, the barrier layer of the Pt/Ti-backed 
porous alumina is then removed by immersion in a rapidly stirred 10% H3PO4 
aqueous solution for 70 minutes.  
 Porous alumina films ready for silanization were pre-treated by immersion 
in a soaking solution for at least 1 hour to allow full permeation of the solution into 
the pores. The soaking solution was a predetermined mixture of water and 
methanol, ranging from 100% water to 100% methanol. Aqueous buffer solutions 
were made by equimolar mixing of either acetic acid and sodium acetate or 
sodium bicarbonate and sodium carbonate to the desired pH.  
 3-Aminopropyl-triethoxysilane (Aldrich, 99% purity) was dissolved in 
toluene (Fisher) for silanization treatments. Silane concentration ranged from 
0.01-10% silane (v/v). Silane solutions were used in an environment open to air 
since there were no signs of silane sol in the toluene solutions in the timeframes 
studied. The soaked porous alumina was then immersed in the silane solution for 
between 5-120 minutes, then rinsed thoroughly with methanol. Afterwards, the 
membranes were floated upon a viscous solution of saturated KOH (Aldrich) in 
ethylene glycol to clear any pore opening blocked by silane buildup. 
 For addition of polymethylmethacrylate, 1 g of PMMA (MW ~ 350k g/mol, 
Aldrich) was added to 100 mL of tetrahydrofuran (Fisher). The silanized porous 
alumina film was immersed into the solution, and is then stirred and heated under 
reflux conditions at 80º C for 24 hours. Afterwards, the porous alumina film is 
floated on concentrated base as in the silane preparation, and then the modified 
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film is soaked in acetone for 10 minutes to remove PMMA that is non-covalently 
associated with the surface rather than attached via an amide linkage. 
 Electrodeposition of nanowires was achieved by application of the porous 
alumina-masked Pt/Ti films described earlier. With the pores open, the metal-
alumina electrode was affixed to a copper disc electrode with colloidal Ag paint 
(Ted Pella). The copper electrode itself is coated with either fingernail polish or 
paraffin, depending on the aqueous or organic nature of the electrodeposition 
conditions, respectively. In all electrodepositions, a three electrode setup was 
used: the Pt-backed alumina template as the working electrode, a piece of Pt 
gauze as a counter electrode, and a homemade Ag/AgCl (3M NaCl) reference 
electrode with a measured potential of +0.209 V vs SHE. For depositions in 
which DMSO was the solvent, a Pt wire pseudo-reference electrode is used in 
place of the Ag/AgCl electrode. Porous alumina electrodes were soaked in the 
electrodeposition solution with vigorous stirring for at least one hour to ensure 
solution penetration into the pores. Electrodepositions were carried out 
potentiostatically on homemade potentiostats. 
 The method for electrodeposition of Ni0 nanowires into porous alumina 
electrodes is an adapted process from the literature.27,28 The deposition solution 
was prepared by the dissolution of 12 g of NiSO4•6H2O (Alfa-Aesar, 98% purity) 
and 4.5 g of H3BO3 (Alfa-Aesar, 99.5% purity) in 100 mL of water. 
Electrodeposition was carried out at an applied potential of -1 V vs. the Ag/AgCl 
electrode for approximately 2 hours until Ni overgrowth was visible on the 
template surface. 
 The electrodeposition of Bi2Te3 nanowires is well described by the 
literature.14,29-31 A mass of 0.392 g of Bi metal (Mallinkrodt) and 0.319 g of Te 
metal (Aldrich, 99.8% purity) were dissolved in 15.75 mL of conc. HNO3. This 
solution was stirred until the metals have completely reacted with the nitric acid to 
form Bi3+ and HTeO2

+. The mixture is subsequently diluted with water to 250 mL. 
The three electrode setup is performed with the Ag/AgCl reference electrode in a 
1M KNO3 solution connected to the deposition solution and the other two 
electrodes through a salt bridge [the salt bridge is made by heating a slurry of 
2.5275 g KNO3, 0.75 g Agar, and 25 mL H2O until a gel-like consistency is 
obtained, and then carefully poured into a curved glass tube to let cool]. Both 
solutions are cooled by a circulating ice-water bath prior to and during the 
experiment; this minimizes acid-derived pore widening in the alumina during the 
soaking phase and maintains a sufficient rate of reduction during the 
electrodeposition process. An applied voltage of -0.019 V versus the Ag/AgCl 
electrode was applied for a typical time of 3-4 hours, until nanowire overgrowth 
was visible on the template surface. 
 Electrodeposition of BiSb alloy nanowires is also well-described by the 
literature.16,32-34 In my studies, a 3:1 molar ratio of Bi:Sb was used for 
demonstrative purposes. The deposition solution consisted of 0.9214 g SbCl3 
(Alfa-Aesar, 99.9%), 5.8208 g Bi(NO3)3•5H2O (J. T. Baker, 99.4%) and 4.4467 g 
tetrabutyl ammonium chloride in 200 mL of dimethylsulfoxide (DMSO). A potential 
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of -0.850 V versus the Pt pseudo-reference was applied for 48 hours or until 
nanowire overgrowth was visible on the template surface. 
 Scanning Electron Microscopy (SEM) was used for visualization of 
nanostructured features of samples made in this work. A Hitachi S-5000 SEM 
operating at 10 keV, courtesy of the Electron Microscopy Lab of UC Berkeley, 
was utilized.  Secondary electron and backscatter electron detectors were used 
in this work.  SEM samples were sputter-coated with a thin Pt layer using a 
Tousimis Sputter Coater linked to a Bio-Rad E5400 Controller. Infrared data were 
obtained courtesy of the Tilley Group (UC Berkeley) using a Thermo-Nicolet 6700 
FT-IR instrument. Sample films of alumina were held between two salt plates 
without the use of nujol or any other matrix. X-ray diffraction data were obtained 
with a D5000 Siemens X-Ray Diffractometer utilizing 1.54Å Cu Kα radiation.  
 
Results and Discussion: 
 The data in this work characterize the morphology of pores after 
treatments with APTES and PMMA, establish and characterize trends and 
influences of solution conditions on the pore diameters, and show example 
nanowire systems with modified templates. Section one details the appearance 
of pores utilizing scanning electron microscopy. This provides a baseline for 
further SEM-based evaluation of the effects of the sol-gel coating and 
subsequent PMMA treatments. Section two presents data concerning systematic 
control of sol-gel conditions and the effects upon the coating. These include 
factors such as water content of the pre-soaking solution, choice of co-solvent, 
solution pH, and sol-gel dip conditions. Data concerning PMMA treatment and its 
filling parameters are discussed in section 4. FT-IR characterization of modified 
templates is presented in section 5, both of APTES and APTES/PMMA coated 
templates. Section 6 outlines the use of these modified templates in established 
nanowire electrodeposition experiments. A variety of electrodeposition conditions 
are shown to be compatible with the coating treatments. 
 
 Sec. 1 – Basic Morphological Characterization of Pores 

The pore morphology in porous alumina can be visibly distinct as a 
function of the layers of coating added, so establishing the appearance of the 
pores under different types of treatment can be valuable. SEM images of empty 
porous alumina are shown in Figure 2.1.1. The gray regions represent alumina, 
while dark spaces are the pores. A nominal pore diameter of 40 nm is observed 
in empty alumina films anodized in oxalic acid. Figure 2.1.1a shows a plan view 
of the porous alumina. Pores are arranged in a hexagonal pattern, owing to 
dissolution conditions during anodization.35 Figure 2.1.1b shows a cross-
sectional view of the pores. The pore walls are  relatively smooth, and the 
anodization conditions are controlled to prevent branching or other 
macrostructural defects. 
 Figure 2.1.2 shows an alumina template after an initial water soak and 
subsequent APTES treatment. The pores have been narrowed, and have 
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developed a distinct surface roughness. It is likely that this roughness arises from  

 
Figure 2.1.1: SEM secondary electron images of porous alumina. A) planar view 
B) cross-sectional view 
 
the cross-linking conditions within the pore which causes variances in the 
average pore diameter. While this added variance of pore diameter could be 
detrimental to some applications, it can work to the benefit of thermoelectric 
materials grown in the silanized porous alumina. It is proposed that nanowires 
formed in the roughened template will have more macrostructural defects,  
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Figure 2.1.2: Cross-sectional SEM image of porous alumina after treatment with 
APTES. 
 
reducing the phonon mean free path and causing more scattering events while 
lessening heat transfer along the length of the nanowire. 

Figure 2.1.3 shows an SEM imagesof the silanized alumina template after 
treatment with PMMA. This image shows further pore narrowing, indicating that 
polymer has been attached to the pore surface. There is still a slightly uneven 
texture to the pore walls, although this appears mollified in comparison to the 
templates treated with silane alone. This could be explained by limited 
attachment of the PMMA molecules to the surface. If only a few ester sites were 
transformed into silane-bound amides, it would leave flexibility in the 
conformation of the unbound  

                              
Figure 2.1.3: Cross-sectional SEM image of porous alumina treated with both 
APTES and PMMA. 
 
polymeric units. If sufficient flexibility existed, the van-der Waalʼs forces would 
favor a low-surface area pore wall. A rougher surface would have a higher 
surface energy, promoting the flexible polymeric units to fill in gaps where it 
could. In this course of surface-area minimization, it could also promote more 
amidation to occur, strengthening the overall adhesion of the polymer to the pore 
wall. With this hypothesis I would not predict perfectly smooth walls due to the 
constraints on flexibility as more amide linkages form as well as thermal disarray 
as a result of the weak van der Waals forces between polymeric units. 

50 nm 
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 These observations are important because they establish a visible basis 
for determining the coating of a pore under the different treatments. Textural 
differences are apparent between the different coatings, and can be used to 
evaluate the stage or success of a given experiment. Pore narrowing is distinctly 
observed, and can be measured to draw correlations between systematic 
changes in the synthesis. This allows the detailed study of changing 
experimental conditions reported in sections 2 and 3. 

 
Sec. 2 – Study of Silanization Conditions 
There are many variables that can be altered for sol-gel techniques, 

including pH, dip time, reagent concentration, and different drying and annealing 
procedures. Although this is a non-traditional dip-coating method, these variables 
can still affect the resulting coats, and need to be studied in order to establish a 
procedure for obtaining coated pores of precise diameters. Careful control of the 
silanization process will be shown to allow for many different controls of pore 
diameter, roughness, and coating quality.  

The ratio of H2O:HOCH3 in the pre-soaking solution is an important factor 
in determining the silane thickness on the pore walls.  Figure 2.2.1 shows porous 
alumina that has been treated with silane under varying initial template soak 
conditions. These experiments are carried out with 60 minutes of exposure to the 
silane solution at room temperature. There is a clear trend of decreasing pore 
size with increasing water content in the soaking solution. As water content 
decreases, the silane has less available reagent for crosslinking of APTES 
molecules, resulting in less filling of pores. The methanol is inert with regards to 
crosslinking since it is unable to bridge between silicon centers. 
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Figure 2.2.1: SEM images of porous alumina treated with APTES and a pre-soak 
treatment. (A) 8% Water (B) 50% Water (C) 75% Water (D) 100% Water 
 
Values for pore diameter under various soaking conditions in the silanization step 
are shown in table 2.2.1.  Because of the variation on pore diameter due to 
roughness of the silane coating, pore widths are statistically reported as the 
range of widest and narrowest widths within a single pore over a typical image 
length of 368.25 nm (250k magnification with SEM). The pre- soaking solution 
allows for a range of pore width in our templates of approximately 16 nm for one 
coat, illustrated graphically in Figure 2.2.2 as a function of average pore 
diameter. Although there is some overlap of error bars, a clear trend towards 
lower pore diameters is exhibited.  
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Conditions Pore Diameter 

Untreated 38(4) nm 
8% H2O Soak 31(3)-36(4) nm 
20% H2O Soak 28(2)-31(3) nm 
50% H2O Soak 24(2)-29(4) nm 
75% H2O Soak 22(2)-26(1) nm 
100% H2O Soak 19(3)-24(4) nm 

Table 2.2.1: Maximum and minimum pore diameter ranges in porous alumina 
after APTES treatment with differing pre-soak conditions. Complementary solvent 
is methanol. 

 
 
 
Figure 2.2.2: Average porous alumina pore diameter and standard deviation after 
APTES treatment as a function of the water content of the pre-soaking solution. 
 

The range of pore widths can be expanded with multiple treatments of 
silane. The porous alumina template, once silanized, still has available oxo-sites 
on the pore walls from the silane that can undergo further crosslinking. Figure 
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2.2.3 shows a progression of silanization with 2.2.3A representing a single 
treatement (100% H2O pre-soak) and 2.2.3B representing a double-treatment  

 

 
Figure 2.2.3: SEM images of porous alumina treated with (A) one water 
soak/APTES treatment and (B) two sequential soak/APTES treatments. 
 
(both 100% H2O pre-soak conditions). Both silanization treatments involved 
dipping the template into the silane solution for 60 minutes. This second 
silanization treatment further narrows the average pore diameter by a further 10 
nm, from 22 nm to 12 nm. 

The acidity of the soak solution plays an important role in the process of 
pore-coating. Figure 2.2.4 shows the pore diameters of coated porous alumina 
when the soak solution is buffered with 1:1 HOAc:NaOAc (pKa 4.74) or 
NaHCO3:Na2CO3 (pKa 10.3) at 0.10 M total buffer concentration. The pores 
soaked in the acetate buffer, shown in figure 2.2.4A have larger pore diameters 
(~30 nm) than the pores prepared with an unbuffered water (~22 nm), and the 
acetate-soaked porous alumina has distinct nanostructural differences in 
roughness of the pore walls. The pores soaked in carbonate buffer have even 
smaller pore diameters, ranging from 10 nm to possibly closed in some parts 
(figure 2.2.4A). 

50 nm 50 nm 
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Figure 2.2.4: SEM images of porous alumina treated with APTES after being 
soaked in (A) 0.05 M HOAc : 0.05 M NaOAc aqueous buffer solution (B) 
unbuffered water (C) 0.05 M NaHCO3 : 0.05 M Na2CO3 aqueous buffer solution. 
 

These different pore diameters seen in Figure 2.2.4 can be explained in 
light of the differing effects of acid and base catalysis as has been established in 
sol-gel literature.36 Acid-catalysis promotes the formation of dense, highly-
crosslinked silane networks in tetraethylorthosilicate sol-gel reactions, whereas 
base-catalyzed reactions produce silica solids with lower density. This is based 
on the relative rates of formation of gel particles; when gel particles come 
together, the relative rates of attaching to another gel particle and of creating 
more extensive silane bridging between particles will dictate the size and density 
of the glass that is formed. Acid or base should not greatly affect the equilibrium 
amount of APTES that attaches to pore walls since these species act as a 
catalyst to the reaction and water still remains as the limiting reagent.  
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Figure 2.2.5: SEM images of samples A,B, and C from Figure 2.2.4 after 
annealing in air at 150º C for 1.5 hours. 
 

Additional evidence for density differences comes from data obtained from 
annealing coated porous alumina for 2 hours at 150º C after silanization. Figure 
2.2.5 demonstrates the effect of annealing porous alumina films that have been 
silanized.  Post-annealing of traditional sol-gel-derived silica36 drives off solvent 
and promotes further crosslinking, increasing the overall density of the silica by 
reducing the volume of the solid. The size of post-annealed pore diameters in an 
unbuffered solution is statistically similar to the coating derived from the acetate 
buffer soak seen in figure 2.2.4a. Figure 2.2.5c shows the carbonate buffer pre-
soaked sample from figure 2.2.4c after annealing. All samples coated with a 
100% water soak solution adjust to approximately 29 nm diameter pores after 
annealing, regardless of the buffer conditions of the solution. There is also a 
visible smoothing of most of the surfaces after annealing, likely due to the 
opportunity for surface energy minimization. The carbonate buffer-soaked 
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alumina does exhibit some extra intermittent debris along the pore walls; this is 
presumably a mechanical consequence of the extreme density loss upon 
annealing. 

Results from changes of conditions other than pre-soak water content are 
summarized in table 2.2.2. There were no statistical differences of modified pore 
width with starting concentration of APTES under the conditions studied. This is 
likely because water is the limiting reagent in silane buildup on the pore wall.  

 
Percent H2O 

Pre-Soak 
Pre-Soak Co-

solvent 
APTES % Immersion 

Time (min) 
Average Pore 
Diameter (nm) 

100% NA 2% 60 22 
100% NA 1% 60 22 
100% NA 0.25% 60 23 
100% NA 10% 60 22 
100% NA 2% 15 22 
100% NA 2% 30 23 
100% NA 2% 110 22 
10% Methanol 2% 60 29 
10% Acetone 2% 60 29 
10% DMSO 2% 60 28 

Table 2.2.2: Average pore diameter under differing APTES, time, and solvent 
conditions. 

 
 The lack of APTES concentration dependence is also consistent with the 
lack of correlation between coating thickness and long silane treatment times; at 
silanization times greater than 15 minutes, there is no water for further reaction. 
Below 15 minutes, measured pore diameters were inconsistent across different 
areas of the sample. This may be to a mass-transfer issue, where a minimum 
time is required for APTES to diffuse the complete length of the pore. 
 Beyond 15 minutes, distance from the alumina surface did not exhibit a 
statistically significant effect upon the extent of pore narrowing, except in areas 
very near (< 5 µm) the surface with open pores. The silane can agglomerate at 
the pore openings, nearly-closing or closing pores. This phenomenon prevents 
further use of the modified porous structure, so a further treatment is necessary 
to re-open those pores. Therefore, after silanization, pores were floated on a 
concentrated KOH/ethylene glycol solution for 2-3 minutes to ensure the pores 
were open afterward.  
 Methanol was the primary co-solvent used in the pre-soak solution 
studies. In co-solvent soaking conditions, the other solvents studied have little to 
no effect on the extent of silanization. This may suggest a high adaptability of this 
method towards other sol-gel reactions with more specific solvent requirements. 

Although these numerical results are quite promising, I would caution 
about using these results directly in other porous alumina systems, primarily 
because of the unique nature of the reaction vessel. Although we control the 
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amount of reagent water, the precise nature of the reaction rate constants and 
equilibria ultimately determine the conditions of coating, constants that are 
difficult to study in the interior of porous alumina. Acidity conditions appear to be 
an important influence as seen in the results of buffering the soaking solution. 
Surface acidity may also play a part in attachment of the silane to the pore wall. 
With porous alumina synthesized in different acids, different anions can be 
incorporated and affect the surface chemistry. Starting pore diameter will also 
influence the amount of filling based on changing pore volume; it takes more 
material to change the diameter of the pore from 40 nm to 30 nm than it does for 
30 nm to 20 nm, and thus may require different conditions to enact the same 
diameter change. While this method is a useful way for controlling pore widths in 
porous alumina, the specifics should not be taken prescriptively for use in other 
systems; ultimately, the conditions will likely have to be re-optimized or 
recalibrated to reflect subtle changes in size, shape, and the underlying reaction 
dynamics of a given system. 

In short, I have detailed a method for coating porous alumina with 
nanometer-scale precision. Control of water concentration and pH of the pre-
treatment soaking solution exhibit a large influence on the coating thickness. The 
pH-related changes in coating thickness are normalized with a post-treatment 
annealing procedure, suggesting that coating density is the cause of variation. 
APTES concentration and co-solvent choices did not affect silanization within the 
parameters studied, and sol-gel reaction time has no significant effect after 
appropriate time for reagent diffusion has occurred.   

 
Section 3: Study of PolyMethylMethAcrylate Attachment 
The study of this sol-gel method with APTES as opposed to a non-hybrid 

sol-gel precursor such as TEOS allowed me to utilize further chemical reactions 
to change the pore thickness as well as potentially change the chemical 
environment within the porous structure. With a stated focus on thermoelectric 
materials, and the presence of an amine at the surface (from the APTES), 
polymethylmethacrylate is a desirable choice due to itʼs low thermal conductivity 
and multiple reactive ester moieties. 

The attachment of PMMA is enacted through transformation of the 
ancillary ester into an amide via the amines on the APTES-coated pore walls. 
This is a thermodynamically-favored transformation due to the larger extent of 
delocalization of the nitrogen lone pair into the carbonyl system, as compared to 
the oxygen lone pair of the ester. This transformation has kinetic limitations due 
to the difficulty in coordinating proton-transfer between the oxygens and 
nitrogens involved. This kinetic barrier can be overcome with heat and time in the 
form of overnight reflux.37 The end result is a long-chain polymer covalently 
attached to the pore wall with a chemically resilient amide bond. 

Both acetone and tetrahydrofuran (THF) were tested as solvents for this 
reaction. Acetone was found to be an ineffective choice, presumably because of 
amines being converted to the corresponding imine in the presence of excess 
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acetone. No pore-narrowing was observed in samples that utilized acetone as 
the solvent for amidation. Samples from THF solutions did exhibit pore 
narrowing, and thus are the focus of this study.  

 
Silanization 
Conditions 

Initial Average 
Pore Diameter 

(nm) 

Pore Diameter 
after PMMA  

(nm) 

Δ (nm) 

20% H2O Soak 29 24 5 
100% H2O Soak 22 12 10 

2x 100% H2O Soak 12 < 8 > 4 
Table 2.3.1: Pore diameters with varying soak conditions and subsequent 
narrowing effects of PMMA treatment. 

 
The data for narrowing of pores via PMMA attachment are shown in Table 

2.3.1, and some pictorial examples are shown in Figure 2.3.1. The images show 
the changes in pore wall morphology and the change in pore size, supporting the 
claim that PMMA attaches to the APTES-derived film. The inclusion of a proton-
transfer catalyst (hydroxypyridone)38 had no apparent effect on the films formed 
and temperature variance from 80-110º C also had no observed effect. The pores 
are narrower after PMMA treatment, although the amount of narrowing as a 
function of original thickness is not well resolved. If PMMA attached as a simple, 
regular monolayer, we would expect to see consistent thicknesses across the 
different initial pore diameters.  
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Figure 2.3.1: SEM images of silanized pores before and after PMMA treatment: 
(A) porous alumina silanized after 100% H2O soak (B) subsequent PMMA 
treatment of A (C) porous alumina silanized twice (100% H2O soaks) (D) 
subsequent PMMA treatment of C. 
 

This phenomenon of differing polymer coating thickness may be partially 
due to changing preferred orientations as a function of space within the pore, or 
reflect the differentials of volume change. The pore volume may limit 
conformations that the PMMA can achieve within the pore, and thus influence the 
manner and number of amide linkages formed. Although the pores appear to 
have less surface contour after PMMA treatment, precise measurement may be 
obscured by multiple layers of error from both the roughness of the original silane 
coat and varying thickness of the PMMA film itself.  
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Figure 2.3.2: SEM image of PMMA debris after acid-dissolution of a 
PMMA/silanized porous alumina template. 
 

Dissolution of porous alumina templates after the creation of polymer 
nanotubes has been used to further examine the nanostructure and morphology 
of the nanotubes.39 Attempts to remove the PMMA tubes from the porous 
alumina template with either strong acid or base were unsuccessful. The 
resultant debris show no signs of tubule-like structures, shown in Figure 2.3.2. 
This provides some support to the covalent linkage of PMMA to the pore wall 
rather than van der Waalʼs association seen in other polymer nanotubes.39-41 We 
hypothesize that, if the nanotube was being held together with Van der Waalʼs 
forces, these organizing forces would continue to exist after removal of the 
template. There wouldnʼt likely be fully intact nanotubes due to the small diameter 
and thickness of the nanotubes, but we would expect small chunks with intact 
tubular structure. While there would be some Van der Waalʼs associations in a 
covalently-bound monolayer, the Van der Waalʼs forces arenʼt the structural 
forces that hold the nanotube together. In this case, by destroying the surface to 
which the PMMA is attached, we in turn destroy the nanotubular organization of 
the macromolecules; the non-optimized van der Waalʼs forces that are present 
are simply not able to hold even small parts of the nanostructure together after 
the alumina scaffold is removed.  

I have provided evidence for the covalent attachment of PMMA to APTES-
coated porous alumina. Changes in both the morphology and pore diameter are 
observed after an 18 hour treatment. The thickness of the PMMA coating is 
irregular with respect to the initial pore size. This is believed to be related to 
different available conformations of PMMA molecules that can be attained in the 
different pore volumes. Covalent attachment of the PMMA is supported by the 
inclusion of an acetone soak after treatment and the lack of observed structure 
after dissolution of the alumina scaffold. 

 

2 µm 
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Section 4: FT-IR Characterization 
Infrared spectroscopy studies were performed to try to further establish 

chemical changes to the porous alumina after silanization and PMMA treament. 
We were able to study the IR properties of the films without altering the samples 
in any way. The porous alumina films we synthesize are both thin enough for 
basic transmission experiments and thick enough to fit between salt plates 
without the need of supporting media such as nujol. 

Figure 2.4.1: Infrared spectrum of silanized porous alumina (100% H2O pre-
soak).  

 
The infrared spectrum of silanized porous alumina is shown in Figure 

2.4.1. Porous alumina synthesized in oxalic acid has characteristic peaks at 
1464, 1575, and 3400 cm-1 due to the inclusion of the anion in the alumina 
structure.42 While the bands at 1464 and 1575 cm-1 are cut off due to film 
thickness, the peak at 3400 cm-1 is evide t. The absolute transmittance values 
are not believed to be very useful in cross-sample comparison due to potential 
differences in thickness and surface state of the samples.  

The peak observed at 2350 cm-1 is attributed to CO2 that has been 
incorporated in the alumina. The CO2 comes from oxalate degradation while 
incorporated in the alumina matrix.43,44 There is minor evidence of C-H stretching 
as weak shoulders in the 2900-3000 cm-1 region, likely arising from the propyl-
chain of the APTES. There is no visible N-H stretching (3300-3500 cm-1); 
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however, this may simply be obscured by the large background of the alumina in 
that region. The general lack of strong peak features related to the APTES45,46 is 
attributed to the overall minimal amount of modified silica relative to the alumina 
substrate. 

 
Figure 2.4.2: Infrared spectrum of a PMMA/silane treated porous alumina film. 
 
 The covalent attachment of PMMA alters the infrared spectrum, shown in 
figure 2.4.2. In this case, the three peaks related to the oxalate incorporation are 
fully visible. The carbon dioxide peak is still present as well, although its smaller 
size combined with the intensity of the oxalate peaks indicate that this is a thinner 
film. This is consistent with the treatments with concentrated hydroxide used to 
open up the pores after APTES treatment, as the alkaline conditions will dissolve 
the alumina as well as the silane coating. 
 There are distinct differences between the pre- and post- PMMA treatment 
spectra.  The peaks in the C-H stretching region are more pronounced, as might 
be expected with the inclusion of the polymer. There is also a small peak at 1260 
cm-1, which we assign to the C-O stretch of unreacted ester functional groups. 
There is also a slight shoulder at 1735 cm-1, where ester carbonyl stretches are 
typically found. There is a weak shoulder at 1390 cm-1 and small peaks around 
3600 cm-1 that could be assigned to the C-N and N-H amide stretches. However, 
these assignments are hardly definitive given the low signal of the peaks and 
complexity of the system. 
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 Similar to the silane spectra, these features are small changes to the 
underlying alumina spectra.  This is not entirely surprising due to the small 
relative size of the nanotubes compared to the larger alumina substructure. Non-
commercial alumina grown in oxalic acid has a porosity of roughly 30%,14 
meaning that even if we were to form nanowires of silane that there would still be 
twice as much aluminum oxide in the sample as there would be silane. 
Therefore, the relative peak intensities are not taken to be indicative of poor 
reaction efficiency, but a natural consequence of the system studied. 
 

Section 5: Nanowires 
The silane and PMMA-modified porous alumina films were used as 

templates for nanowires grown with electrodeposition. Porous alumina templates 
synthesized in oxalic acid with an initial pore diameter of 40 nm were used in the 
coating procedures. Nanowire systems that were examined include Ni0, Bi2Te3, 
and BixSb1-x alloy. 

The first system studied was that of Ni0 nanowires. This system was used 
as a test case to establish viability due to the simplicity of the electrodeposition 
method and the mild pH conditions required. The silanization process was 
performed after  anodized templates were sent to Thin Film Technologies, where 
a thin Pt/Ti film was affixed to the porous alumina to function as an electrode 
surface. The nickel nanowires shown in figures 2.5.1 and 2.5.2 were deposited in 
a template that had a pre-silanization soak of 100% water. These images were 
recorded using a backscatter detector, where high Z atoms will appear more 
brightly than low Z atoms, resulting in bright nanowires in a field of dull alumina. 
Figure 2.5.1 shows the bottom of one of these nanowire arrays after the Pt-
backing electrode has been polished off. The image shows high density of 
nanowires, but it also shows a variety of wire diameters, ranging from 25-60 nm. 
While superb for determining filling density, these kinds of images tend to be poor 
for actual determination of nanowire diameter due to the effects of mechanical 
polishing spreading material out across the surface. 
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Figure 2.5.1: SEM backscatter images of nickel electrodeposited in silanized 
porous alumina (100% H2O pre-soak solution, 2% APTES in toluene, 60 minute 
immersion time). 
 

Figure 2.5.2 shows cross-sectional views of the nanowires. There appears 
to be smaller template-filling density based on cross-sectional images, but this 
difference is attributed to nanowires falling out of the cross-section sample.  
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Figure 2.5.2: Cross-sectional SEM backscatter images of nickel electrodeposited 
into silanized porous alumina (100% H2O pre-soak solution). 
 
Figure 2.5.2A shows the nanowires growing from the bright Pt electrode film at 
the right. These wires show a distinct roughness in the morphology of the wire. 
The wires also exhibit interesting filling properties within the pores. Although 
Figure 2.52.D is not a representative phenomenon of what we observe in the 
template, it does offer an interesting perspective on the filling properties of the 
nanowires in surface-roughened conditions.The wire grows (right to left) around 
the obstruction, close-filling but leaving a small deadspace before the obstruction. 
X-ray diffraction data in figure 2.5.3 confirm that nanowires are highly-oriented 
crystals with ordering in the 220 direction. 
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Figure 2.5.3: X-ray diffraction spectrum for Ni nanowires grown in a silanized 
porous alumina template. The solitary peak is referenced to the Ni 220 reflection. 
 
 The nanowire diameters observed in the cross-section of this sample 
ranged from 23-40 nm. While the presence of small wires and the large filling 
density represented a general success of the method, the wide variety of sizes 
was not expected based upon examination of the empty APTES-coated 
templates. This discrepancy was traced back to a procedural difference involving 
the outsourced thin-film sputtering of the backing electrode performed by Thin 
Film Technologies. There were noticeable coating consistency issues with 
templates that were silanized after being received back from Thin Film 
Technologies. Pores coated with silane after this treatment exhibited a wide 
range of coating thicknesses. It was established that performing an initial 
silanization procedure before shipping the alumina out to TFT somewhat 
resolved the coating-consistency issue. This inconsistent filling was believed to 
be a result of changes to the surface charge or acidity during the TFT processing. 
In light of the fact that small (23 nm) wires were observed and good nanowire 
density was achieved, the nickel test system was deemed sufficiently successful 
to move to more interesting systems. 

Nanowires of Bi2Te3 were also electrodeposited into silanized alumina 
templates. The conditions of this electrodeposition are more acidic, with 
approximately 0.1 M HNO3 in solution. The acidity can potentially alter the pore 
sizes due to dissolution of the modified silica. 
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Figure 2.5.4: Planar SEM backscatter images of Bi2Te3 nanowires in a (100% 
H2O pre-soak) silanized porous alumina template. 
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Figure 2.5.5: Cross-sectional SEM images of Bi2Te3 nanowires grown in (100% 
H2O pre-soak) silanized porous alumina templates. A) full-template view 
withbackscatter detection. B+C) individual wires with backscatter detection. D) 
secondary electron image of C. 
 
Images of the Bi2Te3 nanowires are shown in figures 2.5.4 and 2.5.5. The planar 
view shows a high percentage of pore-filling, as well as small wires. The cross-
sectional views show nanowires with the desired structural roughness and 
appropriately reduced diameters. Given the nature of electrosynthesis, there is 
little concern about the electrical continuity along the rough-looking wires; any 
break in conductivity would stop the wire growth. The average diameter for the 
wires grown in 100% water pre-soak silanized template is 22(6) nm. This is a 
larger standard deviation than the empty-templates, but may be attributable to 
the lower resolution of backscatter imaging as opposed to secondary electron 
imaging. Figure 2.5.6 is the x-ray diffraction pattern of the nanowires, showing 
preferential ordering in the 110 direction. 
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Figure 2.5.6: X-ray diffraction spectrum of Bi2Te3 nanowires grown in a silanized 
porous alumina template. 

 
Alloyed bismuth antimony wires were also grown in modified porous 

alumina templates. In addition to the use of BiSb alloys as thermoelectric 
materials, this nanowire synthesis was used to test the modified templates in a 
non-aqueous electrodeposition. A dimethylsulfoxide (DMSO) solvent is used for 
electrodeposition of these nanowires to avoid complications from antimony-
related solubility and complexation issues. Although these experiments were 
performed only with a 3:1 Bi:Sb alloy ratio, these results are expected to be 
congruent with tests at other alloy compositions. It should be noted that BiSb 
nanowires were grown in templates from the same batch as those used in the Ni 
nanowire synthesis; as such, the results will be less helpful in terms of the 
consistency of coating thickness due to the aforementioned issues with silane 
post-processing of TFT Pt-backed templates. Still, qualitative data about the 
nature of the growth and potential wire diameters can be analyzed. 
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Figure 2.5.7: SEM images of bismuth-antimony alloy nanowires in 
silanized/PMMA modified porous alumina. A-C) backscatter images of 
nanowires. D) secondary electron image of C. 
 

Figure 2.5.7 is comprised of SEM images of BiSb nanowires grown in 
(100% H2O pre-soak) silanized/PMMA-treated porous alumina templates. Figure 
2.5.7a shows the consistency issue noted earlier in the nickel nanowire 
templates, where a large range of wire diameters, 13-40 nm for BiSb, is 
observed. There is clear visual evidence of roughened nanowires. Despite the 
poor quality of the coating, we still observe 13 nm diameter nanowires, a size we 
should expect with a silane/PMMA coat. The x-ray diffraction pattern in Figure 
2.5.8 shows peaks both for Bi and BiSb. This could be due to size-related effects 
upon deposition of the nanowires, or the effect of the PMMA upon the chemical 
environment of the pore. Changes in the pore environment may affect the 
deposition potential of the two metals differently, allowing bismuth to deposit but 
not antimony at the potential applied. Work in additional systems with smaller 
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50 nm 50 nm 
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pores may require optimization of the electrochemical parameters (given in the 
experimental) to achieve the composition and crystallinity seen at the larger 
diameters. There is also an unknown peak at 35.906º that does not match to any 
powder pattern of Bi, Sb, Pt, or Ti. 

Figure 2.5.8: X-ray diffraction spectrum of Bi-Sb nanowires. 
 
In conclusion, nanowires of three different materials, Ni0, Bi2Te3, and 

BixSb1-x have been synthesized in APTES/PMMA modified templates. These 
nanowires have their diameter controlled by the dimensions of these modified 
templates. We are able to exert control on these pore diameters through a 
modified sol-gel technique, where the amount of water available for crosslinking 
is limited by pore volume and pre-silanization soaking solution content. We have 
demonstrated various solution-based variables for control of silane thickness, 
and developed a new method for attachment of organic molecules to the APTES 
surface. With the ability to control pore diameter, we provide a new tool for 
material scientists wishing to study the effect of nanometer scaling on a multitude 
of physical phenomenon such as thermoelectric, magnetoresistive, and 
photovoltaic materials. 
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Part Two: NEXAFS Spectroscopy of 
Aqueous ATP 
 
Chapter 3: Adenosine Triphosphate 
 
 Adenosine triphsophate (ATP) is an important biomolecule found in all 
forms of life. It is most notably utilized for chemical mediator of energy inside 
cells of both prokaryotes and eukaryotes. This energy is used to 
thermodynamically drive the multitude of specialized processes that are required 
by living organisms, such as biosynthesis and motility. The ubiquitous presence 
of ATP in organisms implies that understanding its properties can help further our 
understanding of many facets of biology. By fully characterizing and cataloging 
the chemistry of ATP, we gain useful and relevant information for not only the 
numerous processes it influences but also its importance in shaping how living 
systems evolved into their current states. 



 51 

 
Figure 3.1: Molecular structure of adenosine triphosphate with component parts 
delineated. 
 
 Adenosine is made up of the nucleobase adenine, a purine ring containing 
an amine functionality, attached to ribose (Figure 3.1). In adenosine 
monophosphate, a phosphate group is attached to the 5ʼ hydroxyl group of the 
ribose. Similarly, di- and tri-phosphate groups can be present. ATP does have 
varying acidic properties, outlined in table 3.1. 
  

Formula pKa 
HATP3- 6.61 
HATPH2- 4.162 
H(x+1)ATPH(x-2) ~13 

 
Table 3.1: pKa values for the various protonation states of ATP. 
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While the highest pKa is associated with the terminal phosphate, it should be 
noted that the adenine ring does have a protonation site at the nitrogen alpha to 
the amino carbon, with a pKa of 4.16. The other phosphate sites exhibit pKas in a 
continuum around 1. At pH 7.2, the majority of adenosine triphosphate is in the 
ATP4- state with a small amount of HATP3- present. 
 ATP was independently discovered in 19294 by the labs of Lohman5 and 
Fiske6, as a result of muscle extractions and decomposition studies of ATP to 
AMP and diphosphate by barium hydroxide. No direct structure was proposed at 
the time, the main contention being where on adenosine the phosphate groups 
were located. Despite some early conjectures that were disproven, the correct 
structure of ATP was first proposed by Makino7 in 1935 and synthetically 
elucidated in 1945 by Todd.8 Another interesting historical footnote comes from 
the work of Lipman9 in 1941, coining the now somewhat controversial term “high 
energy bond” in reference to the phosphodiester bonds. 
 The major importance of ATP is a result of the energetic capabilities of the 
triphosphate chain. These phosphate groups are connected through bonding at 
the bridging oxygens, weakened by many lone pair and electronic repulsions 
between neighboring phosphate groups. Hydrolysis of the phosphoester bond is 
often used to thermodynamically drive other reactions in the biology (eq. 3.1-3.3).  
 

ATP + H2O  ADP + Pi   G0 = -36.8 kJ/mol                        (3.1) 
ATP + H2O  AMP + PPi   G0 = -40.6 kJ/mol                       (3.2) 
ADP + H2O  AMP + Pi   G0 = -36.0 kJ/mol                        (3.3) 

 
In this case, Pi and PPi are phosphate and diphosphate respectively. This energy 
can be used to do chemical work or to phosphorylate a specific functionality in 
the presence of the right enzyme. The work of Lipmann9 related the energetic 
capabilities of ATP with the phosphoester bonds. The term “high energy bond” in 
this context is criticized because the bonds themselves do not store energy, and 
are in fact quite weak due to the electrostatic repulsions present. Still, the phrase 
historically persists in biochemistry, ingrained in terms such as “high energy 
phosphate pool.” 
 Given the high charge of ATP around pH 7.2, both from an overall and a 
phophate-localized perspective, the association of metal ions to ATP is of 
fundamental importance to its properties as well as its biological activity. The 
primary site for metal association is with the polyphosphate chain. The binding 
constants10 of ATP4- with several metals are listed in Rable 3.2. The high values 
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Metal Ion Log KM 

Mg2+ 4.29 
Cu2+ 6.34 
Zn2+ 5.16 
Mn2+ 5.01 
Ca2+ 3.91 
Na+ 1.69 

 
Table 3.2: Logarithm of stability constants for metal/ATP complexes- at 25º C. 
 
for dications are indicative of the stabilizing force they exhibit upon binding with 
ATP. Based on bioavailability and these stability constants, the majority of 
cellular ATP is bound to Mg2+.11 Metal ions can also intramolecularly associate 
with the adenine ring through either an inner sphere or outer sphere 
association.10 A diagram is shown in Figure 3.2, and association constants given 
in Table 3.3. 

 
Figure 3.2: Outer sphere and inner sphere associations of metals with the 
adenine ring of ATP. 
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Metal Ion (Metal)ATP2- Intramolecular KA 

Mg2+ 0.20 
Cu2+ 2.02 
Ni2+ 1.29 
Co2+ 0.62 
Zn2+ 0.38 
Mn2+ 0.2 
Ca2+ 0.17 

 
Table 3.3: Intramolecular association constants for metal-ATP complexes from 
ref. 10. 
 
The nature of the intramolecular interaction is dependent upon the metal in 
question. As illustrated in Figure 3.2, Mg2+ undergoes an outer-sphere interaction 
while Cu2+ associates directly to the adenine nitrogen in an inner-sphere 
interaction. Another impact of metal ions are the changes to ATPʼs self-
association constant. All nucleotides have some degree of self-association in 
aqueous media due to the hydrophobic properties of the nucleobases. At high 
enough concentrations, a significant portion of ATP will exist in a conformation 
with stacked adenine rings.12 This stacking is influenced by the charge of the 
molecule, and thus lowering the charge with metal ions enhances the ability of 
ATP molecules to stack. These self-asociation equilibrium constants are shown 
in Table 3.4.10 These stacking interactions can propogate in already stacked 
molecules, leading to a range of poly-plexes of ATP at very high concentrations. 
 
 
Form of ATP KSA 
ATP4- 1.3 
MgATP2- 4.0 
ZnATP2- 11.1 
CdATP2- 17 
 
Table 3.4: Self-association constants of ATP with various metal ions (1:1 
concentration). 
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Figure 3.3: Schematic of the Rossmann fold of a Glutaminyl-tRNA synthetase 
from reference 13. In this case, AMP is bound in the fold. 
 
 To properly use ATP, enzymes must have a place to bind the molecule. 
One common feature used to this purpose is a Rossmann fold,14 a protein 
substructure typically used to bind NAD+ or ATP. One schematic example is 
given in Figure 3.3. The Rossmann fold is made up of alternating parallel beta 
strands and alpha helices in a b-a-b-a-b fashion. Each of these units can bind 
one nucleotide. A family of enzymes called kinases, enzymes involved in 
phosphorylation reactions, also sometimes share a common binding pocket, 
graphically shown in Figure 3.4. A key factor in ATP binding in most pockets or  
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Figure 3.4: Pictorial image of ATP binding to the p38 MAP kinase (Ref 15). 
 
grooves is the association of Mg2+. This stabilizes the charge and allows for 
tighter binding of the ATP to the enzyme. In addition, MgATP is known to 
catalyze the removal of the terminal phosphate to form ADP,10 and thus the 
bound Mg2+ can enhance the enzymatic reaction, whether itʼs a phosphorylation 
or an energy transfer. 
 Theoretical modeling of ATP in proteins is a growing area of study.16-20 
With the increasing number of protein crystal structures, more ATP binding 
environments become sufficiently elucidated to study the energetics of the 
protein-ATP association. In particular, studies of ATPases and their mechanical 
conformational changes are important because of the integral role of ATP binding 
and chemical energy transformation to mechanical energy, such as flagellar 
bacteria and muscular motion of larger organisms. Although the mechanisms of 
these are different, the main premise of interchange between chemical energy 
and mechanical force is dictated by interconversion of adenosine phosphates. A 
rigorously complete view of the binding and release of ATP is important to 
understanding the overall systems, including both the protein pocket environment 
and the solvated aqueous environment. 
 One spectroscopic technique that isuseful in the fine determinations of 
molecular environment is Near-Edge X-ray Absorption Fine Structure (NEXAFS) 
spectroscopy.21 In this technique, X-rays excite a core electron to unoccupied 
antibonding or Rydberg states, then the subsequent fluorescence or Auger 
electrons (and their progeny) are detected. These antibonding and Rydberg 
states can be quite large and diffuse, and thus be heavily influenced by solvation 
or other environmental effects. A distinction between NEXAFS and the closely 
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related EXAFS (Edge X-ray Absorption Fine Structure) is that the core electron 
does not undergo photoemission itself; instead, the subsequent Auger electron 
emission or fluorescence is interpreted to determine the energy difference 
between the core state and loosely bound state as well as the total joint density 
of states between the core and excited states, consistent with selection rules. 
With accompanying calculation methods, model molecular states and 
environments can be modified to best optimize matching between the 
experimental and calculated spectra.  Because the core electron binding energy 
is related to the specific atom, the x-ray energies used tend to be element 
specific, although overlap can sometimes occur between various k- and l- edges 
(such as the k-edge of carbon and the l-edge of potassium)22. 
 Experimental vacuum constraints due to the use of intense x-ray sources 
have traditionally limited NEXAFS spectroscopy to solid-state systems or surface 
science. The use of a SiN window allows for more variability, but lowers the 
intensity of the beam and precludes the study of nitrogen edges. Advances in 
instrumentation23 have allowed for windowless NEXAFS determinations of non-
volatile liquid systems, including aqueous systems of small biomolecules.24-28 
These studies have yielded fundamental observations of the solvation states of 
amino acid structures and enhanced study of the physical origins of the 
Hofmeister effect,29 the influence of anions and cations upon protein 
crystallization. These just constitute a few examples of new subjects that can be 
addressed with precise data related to the solvation state of biologically relevant 
species. 
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Chapter 4: NEXAFS Spectra of ATP Species 
 
 The hydrolysis of adenosine triphosphate (ATP) to the corresponding 
diphosphate is able to thermodynamically drive many enzymatic reactions in 
biological systems, including energetically unfavorable molecular conversions.1 
ATP-utilizing enzymes have special pockets or grooves in their 3-dimensional 
structures to bind the ATP and catalyze the loss of the phosphate, usually in the 
presence of a metal co-catalyst, such as magnesium (Mg2+).2-4 To reliably model 
the uptake of ATP into these special binding sites, more accurate models of 
solvated ATP, as well as the protein crystal structures, are needed. This requires 
an understanding of the details of the solvation environment and how that 
environment is disrupted by association with proteins. 
 Near edge X-ray absorption fine structure (NEXAFS) spectroscopy can be 
used to study solvation because of the sensitivity of the extended anti-bonding 
orbitals and Rydberg states that comprise the final states of the core-level 
transitions to molecular environment.5-8 Previous NEXAFS studies have 
examined adenine in the gas phase as well as in the form of various solid and 
thin-films.9-16 While these provided valuable insight to the electronic structure of 
the adenine ring, understanding the effects of hydration are clearly essential to 
discerning and modeling the observed biological activity. The liquid microjet 
apparatus and methodology developed by Wilson et al.17 overcomes the practical 
difficulties of obtaining carbon, nitrogen, and oxygen K-edge NEXAFS spectra in 
aqueous systems, as well as minimizing radiation damage. Although this method 
typically requires concentrations of analyte larger than that allowed by adenineʼs 
limited water solubility, the charge of the triphosphate chain and hydrophilicity of 
the ribose sugar in ATP allow sufficient aqueous concentrations for measurement 
of the core-level spectra. 
 In this chapter, I report the carbon and nitrogen K-edge NEXAFS spectra 
of aqueous adenosine triphosphate under conditions of varying concentration, 
pH, and metal complement (Na+, Mg2+, Cu2+), and compare these with published 
experimental spectra of the gaseous and solid states. Because of self-
aggregation, concentration studies allow the search for spectral changes 
resulting from adenine rings π-stacking in solution, while pH variation allows us to 
observe both the protonated and unprotonated adenine ring of ATP. Additionally, 
the study of complementary metal ions allows examination of the effects of inner 
and outer-sphere metal ion association with the adenine ring. Comparing these 
spectra with those of the gas phase and solid state spectra helps to elucidate the 
chemical nature of the aqueous system. 
    
Experimental: 
 Disodium adenosine triphosphate was purchased commercially as a 
powder from Sigma-Aldrich with a stated purity of 99.9%, and was used without 
further purification. MgCl2 and CuSO4 were purchased from Fischer Scientific as 
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crystalline powders with a stated purity of 99% and used without further 
purification. Solution samples were prepared by dissolving specific amounts of 
ATP in 18MΩ water (Millipore). For Mg2+ and Cu2+ solutions, the corresponding 
salt was dissolved in the ATP solution to give a 1:1 metal to ATP molar ratio. The 
pH was adjusted by addition of 1M reagent grade HCl or NaOH (Fischer) until the 
desired pH was obtained. Final dilution yielded solutions that ranged from 0.1-0.3 
M in ATP. Solutions were used immediately to avoid sample degradation. 
 Carbon and nitrogen K-edge X-ray absorption spectra were recorded over 
the relevant energy ranges for each solution (C: 285-310 eV, N: 390-420 eV). All 
measurements were obtained at Beamline 8.0.1 of the Advanced Light Source in 
Berkeley, CA. The experimental apparatus has been described in detail by 
Wilson,17 and the instrumental details are essentially identical to those contained 
therein. Briefly, an intense (1012 photons s-1), high energy resolution (5000 E/∂E) 
beam of x-ray radiation is focused onto an approximately 30 µm diameter jet of 
the sample solution. The jet is produced by a syringe pump pressurizing the 
liquid through a pulled glass capillary tip. The signal is collected as total electron 
yield (TEY) by means of a positively biased copper electrode located within 0.5 
mm of the jet/beam intersection. Because of the differential pumping of the 
apparatus, the experiment operates without a window, allowing for spectral 
acquisition without window-based interference. The obtained spectra were area-
normalized and calibrated to CO2 and N2. 
 
Results and Discussion: 
 

 
 
Figure 4.1: Adenosine Triphosphate Structure. N* is the site of protonation at pH 
< 4, and N** is the preferred nitrogen for metal-association. 
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 Figure 4.1 shows the molecular structure of ATP.  The spectral features of 
the carbon and nitrogen edges reported herein are compared with published data 
for adenine in gaseous and solid phases.  Oxygen spectra were recorded, but 
there was insignificant signal above the water background for analysis. Figure 4.2 
shows the carbon edge spectra  
 
 
 

 
Figure 4.2: Carbon K-edge NEXAFS spectra of aqueous ATP (pH 7.5, 0.2 M) and 
adenine (from Refs 9 and 10). 
 
of aqueous ATP at pH 7.5.  In the π* region, there are two major peaks with 
maxima at 286.5 and 287.3 eV, along with shoulders at 286.0 and 288.1 eV. 
These peaks match well with the gas phase9 and solid state10 spectra of adenine, 
although the gas phase spectrum exhibits a peak at 286.8 eV that is not 
observed in either the solid or aqueous ATP data presented here. Zubavichus 
attributed the two peaks to two different carbon environments, viz. carbons 
directly bonded to either one or two nitrogens.10 The π* transitions should be 
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relatively unchanged from those of isolated adenine due to the absence of π 
bonds in the ribose structure. Ukai et al.18 have studied core-level spectra of 
ribose-monophosphates of guanine (GMP), a purine-based nucleoside 
structurally similar to ATP, and found no significant shifts due to the addition of 
the sugar and phosphate in the π* region. Thus, the π* regions of adenine and 
ATP should be directly comparable. Additionally, the relative peak intensities of 
the solid and aqueous systems are similar, suggesting that the aqueous state 
more resembles that of the solid than the gas phase, as one might expect.  
 

 
Figure 4.3: Nitrogen K-edge NEXAFS spectra of aqueous ATP (pH 7.5, 0.2 M) 
and adenine (from Refs 9 and 10). 
 
 Figure 4.3 shows the nitrogen NEXAFS spectra of aqueous ATP at pH 
7.5. The ATP spectrum exhibits major peaks at 400.3 eV and 402.5 eV, along 
with a minor feature at 401.5 eV. The major peak in both adenine spectra falls at 
399.5 eV, and is attributed to transitions of core electrons of ring nitrogens to the 
LUMO. The apparent blue-shifting of the major aqueous ATP peak compared to 
gas and solid-phase data is likely due to hydrogen bonding with the solvent.  
 The lesser feature at 401.5 eV and minor peak at 402.5 eV in the ATP 
spectrum are harder to directly compare to the adenine spectra. The gas phase 
data include a shoulder at 401.5 eV, which is assigned via calculations to the 
amino nitrogen 1s Õ LUMO transition.9 The solid phase data have a nearby peak 
at 401.3 eV, which is attributed to ring nitrogen 1s Õ LUMO+1 by Zubavichus.10 
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However, this peak at 401.3 eV compares better with the larger peak at 402.5, 
given the relative intensities in the spectra as well as the overall blue-shifting of 
the spectrum. In either case, there is a feature that does not directly compare 
with either gas or solid phase data, suggesting that the solvation is playing a role 
in altering the LUMO. Gas phase calculations do not show this peak for adenine.9 
We expect that lone pairs and N-H bonds interact more strongly with solvent 
through hydrogen bonding, as compared to carbon and its less polar electronic 
features.6 
 Increasing the concentration of ATP from 0.1 to 0.3 M produces no 
significant changes in the carbon or nitrogen spectra. This is an interesting result 
in light of the well-known self-association of nucleotides. In solution, the 
nucleotides will agglomerate through π-stacking interactions at high 
concentrations.19-20 Using self-association values from Sigel,21 increasing 
concentrations from 0.1 M to 0.3 M ATP at pH 7.5 should constitute a change of 
free ATP of around 33%, and increasing the relative amount of doubly and higher 
associated ATP stacks. NEXAFS is probably insensitive to π-stacking of 
nucleotides, in accordance with what is seen in GMP.18 
 

 
Figure 4.4: pH Dependence of (A) Carbon and (B) Nitrogen K-edge NEXAFS 
Spectra, 0.2 M ATP. 
 
  Significant changes in the spectra occur as a result of protonation of the 
adenine ring in ATP. The N* (shown in Figure 4.1) has a pKa of 4.16 in ATP and 
the sp2 lone pair accepting a proton creates a positive charge. The spectra of 
aqueous ATP at pH 7.5 and 2.5 are shown for both carbon and nitrogen K-edges 
in Figure 4.4. In the carbon spectra, the peak at 287.3 eV splits into two peaks at 
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287.0 and 287.7 eV, while the peak at 286.5 eV remains unchanged, as pH 
decreases. This can be described with the symmetry argument of Zubavichus.10 
The peak at 287.4 eV in solid-phase adenine was attributed to the four carbons 
bound to two nitrogen atoms (N-C=N); the protonated nitrogen will directly affect 
the states of the two carbons bonded to it and have only secondary effects on the 
other two carbons. Tautomerization is a possible explanation, but the general 
abundance of adeninium tautomers is too low to be observed.22-23 The nitrogen 
K-edge spectrum also undergoes changes with pH. At pH 2.5, there are now two 
clear peaks, and their peak values are at 399.9 eV and 401.8 eV, which match 
marginally with the gas-phase adenine data.9 There still appears to be a feature 
between these peaks, at 400.1 eV. This would seem to be the same feature 
apparent in the pH 7.5 data, although slightly red-shifted. 
 

 
Figure 4.5: Nitrogen K-edge NEXAFS spectra with metal ions, 0.2 M ATP, pH = 
7.5.  
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 Figure 4.5 shows the spectral changes associated with addition of Mg2+ 
and Cu2+ ions to the ATP solution at the nitrogen K-edge. Both of these metals 
have large binding constants to the triphosphate chain (K~2000-4000 M-1) 
compared to sodium (K~43),20 but have differing modes of interaction with the 
adenine ring itself; the Mg2+ is reported to exhibit an outer-sphere interaction with 
the adenine ring, mediated by a water molecule, while Cu2+ can bind to N** 
(Figure 1) of the adenine ring directly.20,24 The MgATP spectra remain unchanged 
from the sodium ATP spectra, but  CuATP exhibits a broadening of the 400.2 eV 
peak in the nitrogen spectrum and some minor relative intensity changes in the 
carbon spectrum (not shown). Intramolecular chelation in the CuATP2- complex 
is reported to account for 67% of the total CuATP,20 so I attribute the broadening 
of the nitrogen spectrum to the presence of this Cu2+ association. Minor changes 
in the carbon K-edge intensities (not shown) can be rationalized as secondary 
effects of the copper binding.  
 The data for the MgATP also support the conclusion of the concentration 
data with respect to observation of ATP multiplexes. The MgATP complex has a 
self-association constant twice as large as that of free ATP,21 and should lead to 
even larger concentrations of higher-order ATP complexes. The lack of any 
observable spectral changes further testifies to the insensitivity of NEXAFS 
spectra to the π-stacking of nucleosides. 
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Chapter 5: Conclusions 
 
Part One:  

In summary, we have developed a method for reducing pore size in anodic 
aluminum oxide films via silanization of the pore walls followed by covalent 
attachment of an ester-containing polymer. The silanization is controlled by 
limiting the sol-gel formation to the confines of the pores, setting an upper limit to 
the internal silica film growth. The pre-soaking of porous alumina templates and 
immersion into a non-aqueous silane bath achieves this effect. The composition 
and pH of the soaking solution can be modified to select a specific range of pore 
diameters, and post-treatment annealing provides further controllable alterations. 
Use of a propyl-amino silane during silanization allows covalent coupling of 
PMMA to the new silica surface, reducing pore size below what can normally be 
obtained in anodic aluminum oxide films. These films have been analyzed and 
characterized with FT-IR spectroscopy. The synthetic steps involved in these 
modifications to porous alumina are industrially scalable, offering new potential 
for nanomaterials to be adapted to macroscale applications. These modified 
alumina films were used as templates for electrodeposition of nanowires, 
however there remain some issues with consistent coating. X-ray diffraction data 
confirmed the composition and makeup of the grown nanowires. These 
functionalized templates can be used in syntheses that are aqueous or non-
aqueous as well as certain acidic solutions with proper precautions.  
 
Part Two:  
 
 I report the carbon and nitrogen K-edge NEXAFS spectra of aqueous 
adenosine triphosphate and discuss the spectral variation with concentration, pH, 
and metal complement. While there are some similarities of the solvated ATP 
spectrum with the solid and gaseous forms of the adenine spectra, there are 
small but distinct changes in the hydrated form. The observations from the 
concentration variation and MgATP spectrum suggest that NEXAFS is insensitive 
to the π-stacking of nucleotides. The protonation of the adenine ring in ATP has 
marked effects upon both the carbon and nitrogen spectra, some of which can be 
rationalized based on symmetry changes in the adenine ring environment. 
Finally, we observe the effect of inner-sphere binding of copper to the adenine 
ring of ATP, primarily manifested as peak-broadening in the nitrogen spectrum. 
First-principles calculations of these aqueous spectra would be very useful for 
interpreting these data, but accurate calculations are beyond the scope of 
present computational capabilities for such a large system and the number of 
parameters involved. 
 




