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ABSTRACT 

The electronic structures of the nucleobases, 5-fluorouracil compounds, DNA, metallic 

DNA, and samples of boron nitride are investigated. Soft X-ray absorption (XAS) and 

emission (XES) spectroscopy using synchrotron radiation are used to probe the 

unoccupied and occupied partial densities of electronic states, respectively. Hartree

Fock and density functional theory calculations have been included to compare with 

experimental results. 

A systematic approach to understanding the complicated electronic structure of DNA 

and metallic DNA systems is to initially examine smaller components. Detailed 

experiment and theory for both absorption and emission spectroscopy was. performed 

for the nucleobases and 5-fluorouracil compounds. Main transitions in the XAS and 

XES spectra are identified. X-ray spectroscopy has proven to be extremely sensitive to 

changes in the environment of various DNA samples. The local chemical environment 

plays an important role in determining the electronic structure of DNA. In agreement 

with previous results indicating metallic DNA is more efficient at the transfer of 

electrons than DNA, XES measurements reveal that there are a higher number of 

charge carriers in the metallic system. Both liquid and powder samples of (Ni)·M

DNA are found to have a high spin Ni(II) configuration. The drying process 

significantly alters the electronic structure of the metallic DNA sample. A comparison 

of high quality single crystals and thin films of boron nitride found that differences 

between the electronic structures of the nanocrystalline films and the single crystal 

samples exist, and the surface roughness of the substrate plays an important role in 

determining the structure of the resulting deposited film. 
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1 INTRODUCTION 

The research focus for the DNA molecule has been previously centred on its 

fundamental role as the carrier of genetic code. As the field of molecular electronics 

emerges, the suggestion of using DNA strands in the production of nanoelectronic 

devices has caused widespread investigation of its electronic properties1
• While a 

highly conducting form of DNA would have a significant impact on the developing 

field of nanotechnology, it has so far been elusive. Contradictory experimental results 

for the electrical properties of DNA are found which range from insulating2
-
5

, 

semiconducting6
-
8

, highly conductive9
, to superconducting10 behaviour. 

Despite controversy concerning the conductivity of DNA, many attempts have been 

made to improve the electron transport properties of DNA by incorporating metal ions 

into the structure or growing metal on the surface11
• A disadvantage to depositing 

metal on the surface of the molecule is the loss of self-assembly and molecular 

recognition abilities. A method of incorporating metal into the structure, while 

preserving the desirable properties of the DNA helix, is to convert DNA to metallic 

DNA ((X)·M-DNA) at pH values above 8.5 by the addition of divalent metal ions 

(Zn2+, Co2+, and Ni2+)12
• Investigations of the electron transport through (Zn)'M-DNA 

molecules have shown that it is more efficient at electron transfer processes than 

DNA13
• 

Investigating the electronic structure with soft X-ray absorption (XAS) and emission 

(XES) spectroscopy using synchrotron radiation directly provides valuable information 

about the occupied and unoccupied partial densities of states. By combining soft X-ray 

spectroscopy and theoretical calculations this study focuses on the electronic structure 

of DNA, metallic DNA, and their components. The electronic structure of complicated 

biomaterials often can be examined using a building block approach. A systematic 
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approach to understanding the complex electronic structure of DNA and metallic DNA 

systems is to initially examine the electronic structures of smaller components such as 

the nucleobases and 5-fluorouracil systems. A greater knowledge of the electronic 

structure of a sample is crucial in understanding macroscopic properties such as 

conductivity. This characterization is important in determining possible uses for 

metallic DNA and helping to explain the controversy surrounding the conductivity of 

DNA. 

The electron transfer properties of DNA can be studied by direct measurements of the 

Ohmic conductance, examination of the energy gap between the occupied and 

unoccupied states, or by modeling the conduction mechanisms. It is expected that, 

regardless of the conduction mechanism, this gap will be related to the electrical 

conductivity. Accordingly, this study has focused on the energy gap of the 

biomaterials. By combining experimental results and calculations the following main 

topics are addressed in this study: 

The electronic structure and energy gap of the nucleobases. 

A comparison of calculations based on Hartree- Fock and density functional 

theories. 

The electronic structure and physical structure of 5-fluorouracil compounds. 

The sensitivity of DNA to its surrounding environment. 

The energy gap, structure and conductivity of DNA. 

The effects of adding divalent transition metal ions to DNA. 

The effects of drying biological samples (solid versus solution). 

The electronic structure of single crystal and nanocrystalline thin films of boron 

nitride. 

The following sections will outline the key components of the research project. An 

explanation of the details concerning the production of synchrotron radiation (Section 

2) is followed by a description of beamline 8.0.1 at the Advanced Light Source 

synchrotron facility located at the Lawrence Berkeley National Laboratory (Section 3). 
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The electronic structure of materials is introduced, and a detailed explanation of the soft 

X-ray spectroscopic techniques used in this research project is presented (Section 4). 

To describe the theoretical calculations included in the project a brief section on 

quantum mechanics (Section 5) introduces more thorough descriptions ofHartree-Fock 

theory (Section 6) and density functional theory (Section 7). 

Following the background sections required for an understanding of both experimental 

and theoretical aspects of this research project, the biomaterials included in this study 

are introduced and explained in detail (Section 8). Methods of experimental energy 

calibration are reviewed and a brief description of sample preparation required for 

measurements is given (Section 9). Sections 10 through 14 contain the results and 

analysis for this research project. Starting with the comprehensive studies of the 

nucleobases (Section 10) and 5-fluorouracil compounds (Section 11), the building 

blocks of DNA and metallic DNA are examined. Subsequent to the analysis of the 

simple components is an investigation of DNA samples (Section 12) and metallic DNA 

systems (Section 13). Finally, results from investigating highly purified single crystals 

and thin films of boron nitride are presented (Section 14). The concluding section of 

this study contains a summary of all results (Section 15). 

3 



EXPERIMENTAL FACILITIES AND TECHNIQUES 
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2 SYNCHROTRON RADIATION 

Synchrotron radiation was first observed in a particle betatron when scientists were 

trying to determine a source of a recurring energy loss in the storage ring. Today, there 

are many synchrotron research facilities dedicated to using the emitted radiation from 

the moving electrons as a tool for many fields of research14
• An accelerated charged 

particle traveling on a curved trajectory will emit radiation15
. When an electron 

traveling on a circular path approaches the velocity of light, the emission pattern is 

folded sharply forward, and the emitted power increases dramatically. The radiation 

that is produced is highly collimated and the angular distribution is of the order of 1/y, 

where this relativistic y is called the Lorentz factor and is defmed in terms of the 

velocity (v) and the speed of light (c) in Equation 2.1. 

1 (2.1) 

The electrons traveling in the ring will emit synchrotron light with the instantaneous 

power per electron described in terms of energy (E), ring current (/) and radius of 

curvature (p) in practical units in Equation 2.2 (for~= 1 ). 
c 

P[kW] = 8.85x10-2 E4[GeV]I[mA] 
p[m] 

(2.2) 

Equation 2.2 shows clearly that the emitted power is strongly dependent on the energy 

of the electrons in the beam. The following sections will describe some of the 

fundamentals of synchrotron light sources and properties of the resulting radiation. 
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2.1 Synchrotron Light Sources 

The synchrotron facility can be described in terms of four primary sections: the linear 

electron accelerator (linac ), the booster ring, the storage ring and the beamlines. 

Electrons are emitted by a cathode and are accelerated into a linac by a potential 

difference. High-power microwaves and radio waves chop the electron beam into 

bunches and accelerate the electrons to nearly the speed of light. These electrons are 

then ejected into the booster ring where they now travel in a circular trajectory confmed 

to their path by magnetic fields. Microwaves are used to continue ramping up the 

energy of the electron bunches. For the Advanced Light Source (ALS), located at the 

Lawrence Berkeley National Laboratory, these electrons circulate in the booster ring 

until they reach the target energy of about 1.9 GeV. The electrons are then injected into 

the main storage ring where the synchrotron radiation they produce can be used for 

experiments. 

The storage ring is the largest component of the synchrotron facility. Electrons will 

circulate in this large ring for several hours while passing through a radio frequency 

(RF) cavity to maintain the kinetic energy of the electron bunches. These RF cavities 

are specially shaped containers designed to resonate at the rate at which electron 

bunches pass through the cavity and to transfer energy to the electrons. The storage 

ring contains several kinds of magnetic structures, specially designed to contain the 

electrons in their circular path and to enhance the production of synchrotron radiation 

for the beamlines. 

2.2 Magnetic Structures 

2.2.1 Bending Magnets 

Bending magnets are critical components of the storage ring, as they help to keep the 

electrons traveling in their circular trajectory. In addition, when the electrons pass 

through a bending magnet, a fan of X-rays is emitted with angular distribution of the 
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order of 11 y, as described previously. In the typical case, a small part of the horizontal 

fan of radiation will be collected by a beamline for use in experiments. 

An important quantity for a bending magnet is the critical energy. The critical energy 

(Ec) is defmed as the energy that separates the bending magnet radiation spectrum into 

two halves of equal radiated power and is described in the following equation 

(2.3) 

where p is the bending magnet radius, c is the speed of light, Bo is the peak magnetic 

field and E is the ring energy. This equation is valid because a bending magnet creates 

a uniform magnetic field created perpendicular to the path of the electrons and does not 

depend on magnet design specifically. Bending magnets are the simplest magnetic 

structures in the storage ring. Insertion devices, classified as either as wigglers or 

undulators, are more complicated but are key features in the production of synchrotron 

radiation in third generation synchrotron light sources. 

2.2.2 Wigglers and Undulators 

Wigglers and undulators are located in the straight sections of the electron storage ring. 

When electrons travel through these periodic magnetic structures, the alternating 

magnetic fields will cause the electrons to oscillate sinusoidally about their path. These 

variations from the straight path cause radiation to be emitted. The multi-pole wiggler 

is the high-field case where the oscillations, or 'wiggles', are large enough that the lly 

fans of radiation that are emitted do not line up. Therefore, the wiggler produces a very 

intense beam with a large angular spread. The multi-pole undulator is the low-field 

case where the wiggles are smaller and the emitted fans of radiation do line up. The 

synchrotron radiation produced from consecutive periods of the device combine 

constructively to generate a very intense quasi-monochromatic source of radiation. A 

useful parameter, denoted K, has been designated to help defme wigglers and 

undulators and is shown in the following 
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(2.4) 

where e is the elementary charge, me is the mass of the electron, c is the speed of light 

and A-p is the period length for the insertion device. For wigglers, K is much greater 

than 1 and for undulators, K is approximately equal to 1. 

Synchrotron radiation produced by an undulator is far brighter (,., 1019 

photons/(s)(mm2)(mrad2)(0.1 %bandwidth)) than wiggler radiation (,., 1 016
) and bending 

magnet radiation ("" 1 015
). The energy of the nth harmonic of the synchrotron radiation 

from an insertion device is given as, 

En = 0.950 nE
2

[GeV] n = 1,2,3,4, ... 
Ap[cm](1 + K 2 I 2) 

(2.5) 

where E is the ring energy, A-p is the period length for the insertion device and K is the 

parameter defmed by Equation 2.4. The tuning of the radiation energy is accomplished 

by changing the gap between the magnets in the undulator, which changes the magnetic 

field. The alteration in the magnetic field affects the parameter K, which alters the 

radiation energy given in Equation 2.5. The insertion devices in a synchrotron provide 

a brilliant source of tunable radiation that is directed into a beamline for use at an 

experimental endstation. 
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3 BEAMLINE DESCRIPTION 

3.1 ALS Beamline 8.0.1 

Beamline 8.0.1 at the Advanced Light Source, located at the Lawrence Berkeley 

National Laboratory, is designed for high spectral resolution in the soft X-ray regime. 

The insertion device for this beamline is an undulator with 89 poles and a period of 5.0 

em with usable 18\ 3rd and 51h harmonics16• A schematic representation of the major 

components of the beamline, obtained from the technical data sheets available from the 

ALS17, is shown below in Figure 3.1. 

Figure 3.1 
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The synchrotron radiation produced by the undulator enters the beamline and is initially 

focused by a water-cooled SiC cylindrical vertical condensing mirror onto the 

adjustable entrance slit ofthe monochromator. 
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3.1.2 The Monochromator 

The monochromator is required for energy selection of the incoming radiation. Once it 

has passed through the entrance slit, the radiation will be incident on one of three 

interchangeable spherical gratings. The radius of curvature for all the gratings is 70 m 

and the low-, medium- and high-energy gratings have rulings of 150, 380 and 925 

lines/mm, respectively. These three gratings allow for a total possible energy range of 

70- 1200 eV with adjustments of the undulator gap. The energy can be selected by 

rotating the grating and allowing the desired energy to pass through the exit slit. 

Optimal focusing conditions are produced by aligning the entrance slit, exit slit and 

diffraction grating so that they satisfy Rowland geometry. This geometry specifies that 

the three components lie on a circle with a radius equal to one-half of the radius of 

curvature of the grating. 

Available from the beamline 8.0 technical data sheets17
, Figure 3.2 displays the 

relationship between photon energy and available flux for the three gratings in units of 

the photoelectron current produced from a gold paddle into the beam. 
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Figure 3.2 
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The resolving power of the monochromator is defined as BILlE, where E is the selected 

energy and LlE is the resolution at this energy E. At this beamline, resolving powers 

above 6000 have been achieved. The energy resolution depends on the size of the 

entrance and exit slits as well as the energy range. For an effective experiment a 

balance needs to be achieved between desired energy resolution and required flux. 

3.2 Flux Measurement and Focusing 

Following the monochromator in the beamline, a horizontal refocusing mirror is used to 

narrow the spot size. From this spherical mirror the photons pass through a highly 

transparent gold mesh. Although the majority of photons pass directly through this 

mesh, some will interact with the gold and cause photoelectrons to be ejected. This 

causes a net positive current to flow from the mesh. This mesh current monitors the 

incoming photon beam and is recorded and used to normalize the experimental results 

to the number of incoming photons. 
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3.3 The Soft X-ray Fluorescence Endstation 

Figure 3.3 displays the layout for the soft X-ray fluorescence endstation, including the 

Rowland circle grating emission spectrometer with a photon counting area detector and 

an ultra-high vacuum (UHV) sample chamber18
• The diagram excludes a channeltron 

detector that has been recently added to the main chamber and an adjustable entrance 

slit for the spectrometer. 

PLAN 

Figure 3.3 
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Soft X-ray spectrometer at the ALS beamline 8.0.1 

After the photons interact with the sample in the main chamber, the subsequently 

emitted fluorescence photons pass through the entrance slit of the spectrometer, 

incident on one of four selectable spherical gratings. The spectrometer grating is 

chosen to correspond to the desired energy range. This grating separates photons 

according to energy and will diffract the photons by different angles, so the area

sensitive detector can develop an energy-resolved image of the fluorescence emission. 

The detector consists of a stacked array of three multi-channel plates (MCP), 

containing multiple silicon channels, biased so that they generate an electron cascade 

when struck by an incident photon. The frrst MCP is coated with Csl and the quantum 

efficiency of this detector is between 10% and 20 %. A gold mesh in front of the frrst 

MCP is negatively biased to ensure the electrons will not scatter back towards the 
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sample. Therefore, an incoming photon passes through the gold mesh and is incident 

on the channel walls where it will produce a free electron. The free electron is 

accelerated toward the back of the detector by a positive voltage, producing a cascade 

of electrons along the way through further interactions with the walls of the channels. 

This process allows for significant gains in signal before the electron pulses are 

counted. This data is processed by a personal computer and an emission spectrum of 

photon counts versus emission energy is produced. 
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4 SOFT X-RAY SPECTROSCOPY 

4.1 Electronic Structure 

The electronic structure of both molecular and crystal structures are included in this 

study. Molecules can be described by a linear combination of atomic orbitals. These 

molecular orbitals behave like their atomic counterparts, as they represent the region of 

space where the particular electron being described is most likely to be found. The 

molecular orbitals are filled in such a way as to minimize the molecule's potential 

energy. Both the Pauli exclusion principle and Hund's rule are observed. A sigma (a) 

orbital will result from the combination of s or Pz type orbitals and a pi (1t) orbital will 

result from the combination of orbitals with Px or py symmetry. (Where z is the 

internuclear axis) From each combination of atomic orbitals a bonding and an 

antibonding orbital will be created. The antibonding orbital will always occur at a 

higher energy and is denoted by'*'. The highest occupied molecular orbital (HOMO) 

is the orbital occurring at the highest energy that still contains electrons. Likewise, the 

lowest unoccupied molecular orbital (LUMO) is the frrst bound orbital not containing 

electrons. The energy difference between these two orbitals is often referred to as the 

HOMO-LUMO gap. 

A crystal is a solid structure with many atoms packed closely together; resulting in the 

individual atomic orbitals overlapping to such an extent that it forces the energy levels 

to split. These fmely separated levels form energy bands. The chemical potential J..L is 

defmed as the energy when the probability of occupation for a given temperature is 

equal to 0.5. The chemical potential is equal to the Fermi energy EF at absolute zero. It 

is important to note that the defmition of the Fermi energy is valid for metallic systems 

and not for insulators, which account for the majority of the samples involved in this 
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study. Both X-ray absorption and emission spectroscopy directly probe the density of 

states (DOS), which makes them effective methods to investigate the band structure or 

molecular orbitals and therefore, the electronic properties of materials. 

4.2 Introduction to the Techniques 

X-ray spectroscopy monitors the transitions that occur when radiation interacts with 

matter. These experimental techniques allow many different kinds of materials to be 

studied, including atomic, molecular and solid state structures. Soft X-ray 

spectroscopic techniques are used to probe the electronic structures of materials. X

ray absorption spectroscopy (XAS) and X-ray emission spectroscopy (XES) are 

experimental techniques that provide a picture of the local partial densities of 

unoccupied and occupied states, respectively. Information about the electronic 

structure of a material can provide valuable insight related to macroscopic properties 

such as electrical conductivity. 

In X-ray absorption spectroscopy, the incoming photons are absorbed, causing a core 

electron to be excited (photoexcitation). It is important to note that the descriptions of 

the techniques rely on a one-electron picture, which is a good approximation for light 

elements where electrons are not strongly correlated. Figure 4.1 is a schematic 

representation of the process of X-ray absorption. An incoming photon of appropriate 

energy promotes an electron from its core position to an unoccupied state. 

Alternatively, if the incoming photon is of greater energy than needed to excite the 

electron into the unoccupied states, it will cause the core electron to be ejected 

completely (photoionization). 

15 



e I Unoccupiect~tates 
h 
~ rt"--l Occupied States 
Vrn~~ 

---~e-- C<;>re 

Figure 4.1 Schematic representation of the X-ray absorption process 

After the absorption process, the system will want to rearrange itself to minimize the 

total energy of the system by refilling the core hole that was created. This can occur by 

a decay process, where an electron from an occupied orbital refills the core hole. If a 

photon is emitted during this decay, this is known as the X-ray emission process and is 

shown in the schematic representation in Figure 4.2 . 
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Figure 4.2 Schematic representation of the X-ray emission process 

It is important to note that only a small percentage of the incoming photons will 

actually lead to X-ray emission. There are multiple competing processes. If an 

electron is ejected instead of a photon during the relaxation process it is known as 

Auger decay. For elements with low atomic numbers, Auger yields will dominate the 

radiative contributions14
. For elements with atomic numbers less than 10 (like C, N, 

and 0 in this study) radiative contributions will be much less than 1% and Auger 

processes will make up greater than 99% of the total yield14
. 

Both XAS and XES are element specific and site selective, which is due to the 

characteristic binding energies for each element. By tuning the energy of the incoming 
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radiation to correspond to a core level of a specific element in a material, detailed 

information regarding the density of states of that element can be obtained. Once the 

energy range is chosen, fmer adjustments can be made to target specific sites of that 

element individually. These characteristics of the techniques make them powerful 

probes of local environment and chemical bonding in the material of interest. 

The advent of synchrotron sources has made soft X-ray spectroscopic techniques 

increasingly practical. As mentioned previously, core holes are more efficiently filled 

by nonradiative processes than by radiative processes, which in general gives low 

fluorescence yields. Until the development of the 3rd generation synchrotron sources 

with insertion devices, XES was not a practical technique because of the low count rate 

achieved with conventional X-ray tubes. Now, a large number of monochromatic 

photons can be concentrated on a small spot on the sample at facilities like beamline 

8.0.1 at the Advanced Light Source, which make XES a viable technique for probing 

the electronic structure of materials. 

4.3 Spectroscopic Selection Rules and Naming Schemes 

Radiative transitions are governed by the electric dipole selection rules. These rules 

describe the changes that are allowed in quantum numbers for the excitation and 

relaxation processes involved in the XAS and XES experimental techniques. These 

selection rules are the same as those for a one-electron atom. Table 4.1 lists the 

applicable selection rules for the principal (n), orbital angular momentum(!), spin (s), 

total angular momentum {j) and the magnetic (mj) quantum numbers. 

Table 4.1 Dipole selection rules for radiative transitions 

fl.n has no constraint 
fl.!=± 1 
&=0 

fl.}= 0 or±1 
fl.mj= 0 or± 1 

(nom;= 0 --t m; = 0 if 4i = 0) 
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In soft X-ray spectroscopy a particular naming scheme is used to designate which core 

hole is being refilled to create the spectra. In general, XAS uses an atomic notation to 

denote the identity of the core hole, while XES uses an X-ray notation with K, L, M, 

N, ... corresponding to a hole in then= 1, 2, 3, 4, ... shell. The subscript for the X-ray 

notation increments as the I and j quantum numbers increase. In other words, this 

subscript increases with decreasing binding energy of the level. The commonly used 

notation for XAS and XES are displayed below in Table 4.2. 

Table 4.2 Notation used for core levels in X-ray spectra 

X-ray Notation Atomic Notation Quantum Numbers 
nm nl; n I j 
K lsu2 1 0 (s) 112 
L1 2su2 2 0 (s) 112 
L2,3 2pu2,3/2 2 1 (p) 112, 3/2 
M1 3su2 3 0 (s) 112 
M2,3 3pu2,3/2 3 1 (p) 112, 3/2 
M..s 3d3/2 5/2 3 2 (d) 3/2, 512 

The notation for a transition between two core levels is made using a traditional 

method. Greek subscripts are used to describe the order of the transitions, where a 

higher increment of subscript would represent a transition from more loosely bound 

core states. For example, minding the selection rules, the Ka. and K~ lines are a result of 

the inner core transitions L2,3 --7 K and M2,3 --7 K, respectively. 

The following sections will provide a more detailed explanation of the experimental 

methods involved with X-ray absorption and emission spectroscopy. Furthermore, 

emission spectroscopy will be described in two sections, detailing both the normal 

fluorescence process and the resonant inelastic X-ray scattering (RIXS) technique. 

4.4 X-ray Absorption Spectroscopy (XAS) 

X-ray absorption spectroscopy was first used in the 1920's for investigating the 

structures ofmaterials19
• Generally, the XAS spectrum can be divided into two regions, 
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the near edge, containing excitations to the bound states, and the extended edge, located 

at higher energy, which contains structural information. The near edge spectrum is a 

probe of the unoccupied partial density of electronic states (PDOS) of the material and 

is often called NEXAFS for near edge X-ray absorption fme structure, or XANES, for 

X-ray absorption near edge structure. The higher energy region is referred to as the 

extended X-ray absorption fme structure, or EXAFS, and it contains structural 

information about the material, but this region of the absorption spectrum is not of 

interest in this study. This study is concerned with the near edge region of the 

absorption spectrum only and will refer to the technique simply as XAS. 

An X-ray absorption measurement is performed at the beamline by scanning the 

excitation energy across a core level absorption threshold. Initially, the energy will not 

be sufficient to produce an excitation, but once the threshold energy is reached during 

the scan, the core electron of interest will be promoted into the bound unoccupied 

states. Finally, as the energy continues to increase, it will be sufficient to eject the core 

electron out completely, in an ionization process. Therefore, the fmal absorption 

spectrum will contain features from both the photoexcitation and photoionization 

processes. 

The core hole can have a significant effect on absorption measurements, compared to 

emission measurements, because of the fmal-state rule20
. The fmal-state rule dictates 

that the electronic transition takes place in the potential defmed by the fmal 

configuration of electrons. The final-state for the absorption process is an excited 

electron in the unoccupied states and a hole created in the core. Therefore, the XAS 

measurement is a direct probe of the unoccupied states in the presence of a modified 

core potential. This effect of the core hole must be taken into account when evaluating 

X-ray absorption spectra. During the emission process there is an electron that decays 

from the occupied states into the core hole, therefore its final state in most cases is 

equivalent to the ground state. As a result, the core hole does not have a large impact 

on the emission spectrum. 
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The accurate way to measure the absorption of radiation in a material is to do a 

transmission experiment. This involves allowing the photon beam to pass through the 

sample, while measuring the intensity of the beam before and after the interaction. This 

technique gives a direct indication of how efficiently the sample absorbed the photons. 

Since this method requires very thin and uniform samples it is not generally very 

practical. Thus, several other methods of monitoring absorption have been developed. 

The next sections will outline the details involved in measuring X-ray absorption 

spectroscopy using total electron yield (TEY), total fluorescence yield (TFY) and 

partial fluorescence yield (PFY) techniques. 

4.4.1 Total Electron Yield (TEY) 

Total electron yield is an indirect method of determining the absorption of incoming 

photons, involving monitoring of the electrons ejected as a result of the absorption 

process. These electrons will be emitted from the sample and replaced by electrons 

from the electrically insulated sample holder, creating a current. This sample current is 

recorded, and together with the energy of the incoming photons, is the measure of the 

relative absorption of the sample. 

If the energy is sufficient a photoelectron will be created in a photo ionization process, 

otherwise the electrons will be created during Auger decay. The photoelectrons being 

emitted will have the following intensity, 

(4.1) 

where Io is the intensity of the incoming monochromatic X-rays, 11 is the absorption 

coefficient and L is the electron sampling depth. Both the Auger decay, the process 

that refers to an electron being emitted instead of a photon after the core relaxation, and 

photoionization processes will create photoelectrons. The nomadiative process of 

Auger decay is dominant in the soft X-ray region and in elements with low atomic 

numbers14
. As the photoelectrons attempt to leave the sample, they will scatter and 
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produce secondary electrons, which dominate the total electron yield intensity. The 

TEY cascade involves several scattering events and originates from an average depth 

known as L, the electron sampling depth19
• Electrons created deeper in the sample will 

not have sufficient energy to overcome the work function of the material and will not 

contribute to the intensity. The depth L is typically a few nanometers for most samples. 

Therefore, total electron yield is considered a surface sensitive detection technique for 

X-ray absorption measurements. 

Since the TEY method of measuring absorption of a sample involves measuring the 

sample current, difficulties can occur with strongly insulating samples. Although the 

photoelectrons are still being ejected from the sample, the insulating properties slow the 

refilling of the electrons in the sample by those in the sample plate, therefore altering 

the current and the measurement of the relative absorption. The effects from sample 

charging can be minimized by proper sample preparation, mounting techniques, and in 

some cases by providing free electrons to the sample. 

4.4.2 Total Fluorescence Yield (TFY) 

Total fluorescence yield (TFY) measures the number of fluorescence photons emitted 

from the sample during the absorption scan. While TEY monitors the electrons being 

produced from the excitations, TFY measures the photons being created during the 

relaxation process after the incident photon is absorbed. The TFY method of detection 

does not provide as precise an image of the total photoabsorption cross section as the 

TEY technique because of the self-absorption of the outgoing photons. 

TFY is considered a bulk probe compared to the more surface sensitive detection 

technique ofTEY. This is due to the photon mean free path being on the order of 100 

nm at 1000 eV, whereas the electron escape depth is no more than a few nanometers19
• 

A detector called a channeltron measures the outgoing photons, regardless of energy. 

The detector is placed near the sample in the main vacuum chamber. Once a photon 

strikes the detector, a free electron may be produced. The electron produced will be 

accelerated towards the back of the detector by a large bias voltage (3000 V +),exciting 
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other electrons along its path. This cascade of electrons is measured and as long as care 

is taken to not overload the detector, it provides a measure of the relative absorption of 

the incoming photons. 

4.4.3 Partial Fluorescence Yield (PFY) 

If it is desirable to monitor the photons emitted in a specific energy window, a partial 

fluorescence yield (PFY) measurement can be done. The soft X-ray emission 

spectrometer at beamline 8.0.1 is used to record the absorption spectrum in this case. 

Initially, the spectrometer must be adjusted so that the window monitors the desired 

energy range where the transition of interest will occur. The energy scan is 

accomplished in the same way as other absorption measurements, but as the energy is 

incremented, the spectrometer monitors the number of photons being ejected from the 

sample. This detection method requires that the photons being emitted pass through the 

50 J..Lm spectrometer slit before being detected. This generally limits the number of 

photons that will be accepted by the spectrometer; therefore, this method of detection 

requires longer count times to improve the statistics of the measurement 

4.5 X-ray Emission Spectroscopy (XES) 

While X-ray absorption spectroscopy probes the unoccupied electronic states, the 

complementary technique is X-ray emission spectroscopy, and it probes the occupied 

electronic states. The X-ray emission process is the radiative decay of an excited state 

and, even though it is a weaker, second order optical process, it can provide detailed 

information regarding a sample's electronic structure. The simplest approximation for 

the intensity of soft X-ray emission with energy hVout, is given by the expression, 

l(hvout) oc v~ut. Il(iiOIJ)I2 

• t5(hvout- E f + Ei) 
i 

(4.2) 

where the momentum matrix element with momentum operator 0 is between the initial 

(i) and final (j) states with corresponding energies Ei and Eh respectively. The 
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frequency is given as v, and h is Planck's constant. Considering an electron 

undergoing an electronic transition emits radiation as an electric dipole to a frrst 

approximation, the above expression can be converted from momentum to dipole 

matrix elements21
• This is assuming that the electronic states in the bands are indexed 

by reciprocal lattice vectors G and that matrix elements are approximately constant for 

transitions to a particular band. Implementing these changes, the above expression for 

the emitted intensity of emission becomes, 

l(hvout)"' V~, · Ll(iaiP · Alt)l
2 

• N a (hvout) 
G 

(4.3) 

where p · A is the interaction operator, p is momentum, A is the vector potential, and 

No is the density of states for the Gth band at energy hVout· Since the core levels have 

distinct binding energies and the X-ray emission process is governed by the dipole 

selection rules, XES is selective to both the chemical species and angular momentum. 

Nonresonant X-ray emission spectroscopy (also referred to as normal soft X-ray 

fluorescence) involves setting the excitation energy such that it is well above the 

ionization threshold for the element of interest. Therefore, the incoming energy is 

sufficient to efficiently excite core electrons into the continuum, rather than into bound 

unoccupied states. The emission measurement monitors the photons being emitted 

during the decay as an electron from the occupied states refills the core hole. The 

energy of the emitted photon is equal to the energy difference between the core level 

and the energy of the level from which the electron making the transition originated. 

X-ray emission spectroscopy is a technique that is free from sample charging because it 

is a photon-in and photon-out experiment. This ensures that XES is a useful 

experiment for both conductive and insulating samples. Since photons have a larger 

escape depth than that of emitted electrons, X-ray emission is not surface sensitive; 

rather it provides information about the bulk of the sample. 
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4.6 Resonant Inelastic X-ray Scattering (RIXS) 

In nonresonant soft X-ray emission the excitation and relaxation processes are treated 

as independent dipole transitions. A major result of research using soft X-ray 

fluorescence has been the discovery that for excitation near threshold, the excitation 

and emission processes are often strongly coupled and therefore must be described as a 

single inelastic scattering process21
. This process in the soft X-ray regime is analogous 

to the resonant Raman process familiar in the optical regime. This experimental 

technique is known as resonant inelastic X-ray scattering (RIXS). 

The inelastically and elastically scattered intensity is given by the Kramers-Heisenberg 

formula22
, 

(4.4) 

where li) is the initial state with energy E;, lm) and Em correspond to the intermediate 

state and lf) is the final state with energy Ef The energies of the incoming and outgoing 

photons are h V;n and h Vout, respectively, and r is the life-time broadening of the 

intermediate state. For the case of inelastic scattering, the energy loss is designated as 

the difference between the initial and the fmal state, often called the net transition. An 

important result signified by the delta function is that the energy loss involves only the 

difference between the initial and fmal states; therefore, it is independent of the 

intermediate state21
. The radiation damping term (ir/2) accounts for the resonant case 

when the rest of the denominator becomes zero (hV;n = Em - E;). For near-resonant 

excitation energies, the RIXS process is dominant although the scattering weakens 

rapidly as the excitation energy is moved farther from the resonant energy. For on

resonant excitation energy (exact energy needed to promote core electron to a specific 

bound unoccupied state), the resonant inelastic X-ray scattering occurs simultaneously 

with the fluorescence process21
. 
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The resonant inelastic X-ray scattering measurements are performed by first measuring 

an X-ray absorption scan to determine the energies where the resonant features are 

located. Then the excitation energy can be tuned to these energies to measure a RIXS 

spectrum at a particular resonance. This measurement is done in the same way as 

nonresonant emission, except the incoming energy will be efficiently exciting core 

electrons to bound unoccupied states, rather than to the continuum. 

Both the elastic and inelastic features of an emission spectrum are generally of interest 

but probe different properties. Normal emission is a direct probe of the partial density 

of occupied states, while the RIXS technique can reveal fundamental energy losses. In 

general, if a measured feature does not change its energetic position with changes in 

excitation energy, it appears due to the normal fluorescence process. However, if the 

feature tracks the photon energy it is either due to an inelastic scattering process or it 

could be that it is elastically scattered or reflected radiation. The latter is usually easily 

distinguished from inelastically scattered photons as it occurs at the same energy as the 

exciting radiation. Both nonresonant and resonant X-ray emission spectroscopy can 

provide valuable information about the energy bands in a crystal or the orbitals in a 

molecular system, and therefore present important information about a material's 

electronic structure. 
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THEORY AND CALCULATIONS 
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5 QUANTUM MECHANICS 

In 1900, Max Planck proposed that blackbody radiation emitted by microscopic 

particles was limited to certain discrete values, meaning it was quantized. This theory 

seemed necessary to reconcile differences between predictions from classical models 

and experiment. Progressing through the 20th century, it became clear that quantization 

was not only a characteristic of light; it was also fundamental in understanding the 

particles from which matter is constructed23
• The fundamental postulate in quantum 

mechanics is that a wave function 'I' exists for any system and those appropriate 

operators that act upon 'I' return the observable properties of the system. The 

relationship that returns the system energy is the Schrodinger equation. 

5.1 The Schrodinger Equation 

The Schrodinger equation is a deceivingly simple expression when written in the 

following way, 

(5.1) 

where the operator H acts on the wave function 'I' to return the eigenvalue E. In this 

relationship, H is the Hamiltonian operator, 'I' is the eigenfunction and E is the 

system's energy. This expression is exactly solvable for a very limited number of 

systems, and many methods have been developed to make approximations for more 

complicated cases. 

5.1.1 The Hamiltonian Operator 

A typical form of the Hamiltonian operator takes into account five contributions to the 

total energy of a system. These contributions include: kinetic energies of the electrons 
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and nuclei, the attraction of the electrons to the nuclei, and the interelectronic and 

internuclear repulsions. This expression has the following form, 

(5.2) 

where the indices i and j run over electrons, k and l run over nuclei, li is Planck's 

constant divided by 21t, me is the mass of the electron, mk is the mass of nucleus k, V
2 

is 

the Laplacian operator, e is the charge on the electron, Z is the atomic number and rab is 

the distance between particles a and b. The wave function 'P in the Schrodinger 

equation will now be a function of 3n coordinates where n is the total number of 

particles, including both electrons and nuclei. The frrst two terms of the Hamiltonian 

are kinetic energy terms, while the three latter terms are potential energy parts. 

5.1.2 The Born-Oppenheimer Approximation 

In reality, the wave function for the many-particle molecular system would be 

extremely difficult to express because of the correlated motions of particles. The 

Hamiltonian in Equation 5.2 contains pairwise terms for attraction and repulsion; all 

particles are correlated. The Born-Oppenheimer approximation can be invoked to help 

simplify the picture23
. The approximation considers that under typical physical 

conditions, the nuclei of the system are moving much slower than the electrons. It is 

suitable to decouple the motion of the two particles and compute the electronic energies 

for fixed nuclear positions. This allows the nuclear kinetic energy term to be made 

independent of the electrons; correlation in the attractive electron-nuclear potential 

energy term to be removed, and the repulsive nuclear-nuclear potential energy term 

becomes a constant for a given geometry. While this simplifies the Hamiltonian 

significantly, a direct computation is still not possible on even the largest computer for 

more than 10 particles, which is nowhere near enough to model most real atomic, 

molecular or solid state structures24
• The fundamental formulas are known to solve 

many questions in condensed matter physics but are increasingly difficult to manage 
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without many approximations. A few of the relevant ones will be described in the 

following sections. 
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6 HARTREE-FOCK THEORY 

Hartree-Fock (HF) theory is one of the simplest approximations to the many-body 

Hamiltonian. This theory is based on an approximation of the many-body wave 

function; primarily that the wave function is given as a single Slater determinant of N 

spin-orbitals, 

lf/1(1) 

\{' - _1_ lf/1 (2) 
SD - .JNi. 

lf/1 (N) 

(6.1) 

where N is the total number of electrons and lf/ is a spin-orbital, i.e. a product of a 

spatial orbital and an electron spin eigenfunction. This wave function remains 

antisymmetric with respect to an interchange of any two different electron positions; 

therefore, the Pauli- exclusion principle is satisfied. 

The variational principle is implemented in order to derive the Hartree-Fock equations. 

The frrst step is to take the expectation value of the Hamiltonian with the wave function 

given in Equation 6.1 and then require that its functional derivative with respect to each 

wave function vanish. The resulting Hartree-Fock equation is, 

(6.2) 
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where the frrst term on the right hand side of the equation represents the kinetic energy 

contributions and the second term describes the electron-ion potential. The third term 

on the right is the Hartree term, or the classic Coulomb repulsion between the electron 

clouds in orbitals i and j. This term will include an unphysical self-interaction case 

when i = j that is cancelled out by the fourth part of the equation, labeled the exchange 

term. The ultimate effect of the exchange term is for electrons of like spin to avoid 

each other. 

6.1 Numerical Implementation 

Solving the Hartree-Fock equations involves a complicated set of non-linear equations 

that can only be handled with numerical methods. A good initial approach to solving 

the system of equations for a molecule is to write each wave function as a linear 

combination of basis functions that represent informed guesses about the actual shape 

of the wave functions and that are fairly easy to integrate. The basis set is a set of N 

mathematical functions used to construct the wave function and this linear combination 

can be written as, 

N 

lf/; = L aik (/Jk 

(6.3) 

k=1 

A basis set can be chosen by considering three major factors23
. First, when solving the 

HF equations, the number of two-electron integrals increases according to N4
, where N 

is the number of basis functions. This means that choosing a minimum of basis 

functions is computationally attractive. Secondly, the basis set functional forms should 

be chosen so that the integrals can be computed efficiently. Finally, the basis functions 

should have a form that is appropriate in a chemical sense. For example, the function 

should have a large amplitude in regions where the wave function is large and vice 

versa, for regions where the wave function is small. Many different variations of basis 

sets exist, however; one functional form that has proven to be very useful is 

modifications of a Gaussian-type orbital. 
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By substituting the basis functions into the HF equations to represent the wave 

functions, a large nonlinear matrix equation for the basis set coefficients, aik, will be 

found. The 1 !lr- r'l in the HF equation must be written as a sum of products of the 

basis functions, resulting in the Coulomb and exchange integrals containing products of 

four basis functions to integrate over, known as 'four-index integrals'23
• The approach 

to solving the equations is known as the self-consistent field (SCF) method and starts 

off with a guess for the set ofN wave functions. Using this guess, all the Coulomb and 

exchange integrals are solved, resulting in an N x N matrix equation which ts 

diagonalized using standard numerical routines24
• After this linear algebra is 

completed, a new set ofN wave functions is found. Choosing the wave functions of 

lowest energy, the Coulomb and exchange integrals are computed again. This 

procedure is repeated until the calculation has converged. The convergence parameters 

are set from the onset and represent a balance between desired accuracy and 

computational time. 

6.2 Limitations 

From a calculation standpoint, HF theory can result in N4 total integrals to be evaluated, 

which limits the size of the molecular system that can be calculated using this method. 

Hartree-Fock theory neglects correlation effects between electrons, meaning the 

tendency of electrons to respond to each other's presence is not taken into account. The 

electrons in this theory are subject to an average non-local potential arising from the 

other electrons, which can lead to a poor representation of the electronic structure. 

However, many simple molecular systems can be effectively modeled using techniques 

based on the Hartree-Fock methodology. 

6.3 GSCF3 

The program GSCF325
, written by Nobuhiro Kosugi, was used for X-ray absorption 

calculations of small molecules. This program involves an ab initio self-consistent 

field (SCF) calculation of the core-excited and core-ionized states with explicit 

consideration of the core hole26
. The improved virtual orbital (IVO) method involving 
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the Hartree-Fock potential was used to obtain the core-excited states27
• With this IVO 

method, the use of the Hartree-Fock Hamiltonian, with the self Coulomb and exchange 

terms removed, leads to virtual orbitals which are variationally acceptable 

approximations to the excited state orbitals of the molecule27
. The results are useful for 

describing both Rydberg and valence excited states. The IVO method based on the 

relaxed HF potential is superior to methods using only the ground state orbitals because 

the relaxed HF potential is essential in accurately considering large electronic 

reorganization upon inner-shell hole creation28
• 

The method of completing a calculation using GSCF3 is a three-step process. The 

essential input for the frrst step is the x, y and z coordinates for each atom in the 

molecule and the basis sets. The x, y and z input coordinates for all molecules 

calculated in this study are given in Appendix A. The basis set for the atom on which 

the core hole is located should be different from those of the other atoms in order to 

obtain a localized core hole solution. The frrst step of the calculation fmds the energies 

for the ground state molecular orbitals and the total energy for the system. From the 

output of step one, the core molecular orbital that is to have a hole is identified. The 

number of the orbital to have the core hole is input for step two. Running step two will 

calculate the core-ionized states and re-determine the core hole molecular orbital (MO). 

This number may have changed and is needed for input into step three. Step three 

determines the core-excited states and requires the ground-state energy given by step 

one in order to calculate the oscillator strengths. 

The transitions to the unoccupied molecular orbitals were determined and correspond 

especially well to the transitions to then* orbitals in the experimental XAS spectra. A 

separate calculation was performed for each atom of interest with nonequivalent 

symmetry, and the results are summed into a final spectrum. 

Huzinaga-type basis sets29 were used for the calculations, which are Gaussian-type 

functions. The description of the basis set indicates how many s-, p- and d- type 

functions are included in the set, using the notation (s/p/d). The GSCF3 calculations in 
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this study involve the atoms C, N and 0. The simplest Huzinaga-type basis set for 

these atoms is (63/5), which includes 9 s-type functions and 5 p-type functions to 

describe the orbitals of the atom. These basis sets can be expanded to add greater 

flexibility to the calculation. Additionally, ad-type function can be included to better 

represent the effects of polarization. The contraction schemes used for the GSCF3 

calculations were (4111211311111*) for heavy atoms (C, N, or 0) with the core hole, 

( 621141) for heavy atoms without the core hole, and ( 41) for the hydrogen atoms. 

Gaussian line widths used in the production of the simulated spectra from the 

calculated oscillator strengths were 0. 7 e V (FWHM) up to the ionization potential and 

4.0 eV (FWHM) beyond. These line widths were chosen to correspond to the 

experimentally observed results. 

34 



7 DENSITY FUNCTIONAL THEORY 

Although many of the equations involved in density functional theory (DFT) are 

remarkably similar to those of Hartree-Fock theory, the basis of the theory is 

fundamentally different. The wave function depending on spin and three spatial 

coordinates for every electron (with the assumption of fixed nuclear positions) is not 

particularly intuitive for systems containing more than one electron. Perhaps a 

different approach could be taken, using something physically observable to help 

construct the Hamiltonian operator. This is the fundamental idea behind D FT. A 

useful physical observable is the electron density, p, and when integrated over all space 

it gives the total number of electrons, N, as shown in the following equation23
• 

N = jp(r)dr (7.1) 

Thus far this formalism is no simpler than that given in HF theory, it is simply a 

different approach. Given a known density, one could form the Hamiltonian operator 

and solve the Schrodinger equation in order to determine the wave functions and 

energy eigenvalues. However, using this formalism suggests that some simplifications 

may be made. 

7.1 Hohenberg-Kohn Theorems 

In 1964 Hohenberg and Kohn proved two theorems vital to establishing DFT as a 

reasonable quantum chemical methodology3
• These proofs were critical in 

establishing a foundation for density functional theory. A summary of these proofs will 

be presented below, owing much to the analysis by Christopher J. Cramer in his chapter 

describing D FT23
• 
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7.1.1 The Hohenberg-Kohn Existence Theorem 

In the DFT approach, electrons interact with an 'external potential' and with one 

another. It is shown below that the ground-state density determines the external 

potential. This proof is completed by presenting an assumption to the contrary 

generates an unattainable result. 

First assume that two different external potentials can each be consistent with the same 

non-degenerate ground state density, Po· These two potentials will be called Va and Vb 

and the Hamiltonian operators where they will appear will be called Ha and Hb. Each 

of these Hamiltonians will be related to a ground-state wave function '¥ o with 

associated energy eigenvalue E0• Since the variational theorem of MO theory states 

that the expectation value of Ha over the wave function b must be higher than the 

ground-state energy of a, or as shown below, 

Rewriting Equation 7.2 leads to the following expressions. 

Eo,a < ('~'o,biHa -Hb +Hbl'~'o,bJ 

< ('~'o,biH a- Hbl'~'o,b J + ('~'o,biHbl'~'o,b J 

< ('~'o,b lv a - vb l'~'o,b J + Eo,b 

(7.2) 

(7.3) 

The potentials v are one-electron operators and the integral in the last line of Equation 

7.3 can be written in terms of the ground-state density as follows, 

(7.4) 

No distinction has been made between a and b thus far, therefore the indices can be 

interchanged to arrive at the following result. 

36 



(7.5) 

Adding the inequalities given in Equations 7.4 and 7.5 and canceling terms it is found 

that, 

Eo,a +Eo,b < J[vb(r)-va(r)]p0 (r)dr+ J[va(r)-vb(r)]p0 (r)dr+E0 ,b +Eo,a (7.6) 

< f[vb (r)- va (r) + va(r)- vb(r)]p0 (r)dr + Eo,b + Eo,a 

< Eo,b +Eo,a 

The fmal result is that the sum of the two energies is less than itself, which is an 

impossible result and indicates that our initial assumption was not correct. Therefore, 

the non-degenerate ground-state density must determine the external potential, which 

would also affect the Hamiltonian and all resulting wave functions. 

7.1.2 The Hohenberg-Kohn Variational Theorem 

The first theorem is an existence theorem, and it is not helpful in predicting the density 

of a system. Therefore, Hohenberg and Kohn developed a second theorem dedicated to 

fmding a means of optimizing the fundamental quantity; they determined that the 

density obeys a variational principle. 

First assume there is a well-behaved candidate density, that when integrated provides 

the correct number of electrons, N. The frrst Hohenberg-Kohn theorem specifies that 

this density will determine a candidate wave function and Hamiltonian. These 

candidate functions are labeled by a subscript letter c. It is found that by the variational 

principle of MO theory, the expectation value of the energy must be greater than or 

equal to the ground-state energy value as shown in the following statement. 

(7.7) 
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In principle, different densities can be chosen and those that provide lower energies as 

given by Equation 7.7 are closer to correct. At this point there still was no method of 

choosing improved candidate densities and so further advances were needed before 

DFT could become a viable theoretical technique for calculating electronic structure. A 

breakthrough was made in 1965 with the development of the Kohn-Sham equations. 

7.2 Kohn-Sham Self-Consistent Field Methodology 

Kohn and Sham realized that major simplifications could be made if the Hamiltonian 

operator was for a non-interacting system of electrons, such that the Hamiltonian could 

be expressed as a sum of one-electron operators. The key feature of this approach is to 

have a fictitious starting point where the system of non-interacting electrons has an 

overall ground-state density that is the same density as some real system of interest 

where the electrons do interace3
• The energy functional can be broken down into parts, 

E[p(r)] = Tni[p(r)] + Vne[p(r)] + Vee[p(r)] + ~T[p(r)] + ~Vee[p(r)] (7.8) 

where the terms on the right side of the equation are as follows: kinetic energy of the 

non-interacting electrons, the nuclear-electron interaction, the classical electron

electron repulsion, the correction to the kinetic energy derived from the interacting 

nature of the electrons and all non-classical corrections to the electron-electron 

repulsion energy. 

For a non-interacting system of electrons the total kinetic energy is equal to the sum of 

the individual electronic kinetic energies. Expanding and rewriting Equation 7.8 it is 

found that, 
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(7.9) 

where the number of electrons is denoted by N and the density for the precise wave 

function for a non-interacting system is given by, 

N 

p= ICrilzi) 
(7.10) 

i=l 

The two correction terms from Equation 7. 8 have been grouped into one term in 

Equation 7.9, Exc, known as exchange-correlation energy. Using the usual 

methodology to find the orbitals z that minimize E in Equation 7.9, the corresponding 

single-electron Schrodinger equation can be written, h;KS Z; = E;Z; where, 

h~ = _ _!_ v~-nfi zk + f p(r') dr' + v Where, Vxc = t5E XC 
I 2 I k lr; -rkl lr; -r'l xc 8p 

(7.11) 

The parameter V xc is a so-called functional derivative and it is best described as the 

one-electron operator for which the expectation value of the Kohn-Sham (KS) Slater 

determinant is E xc 23
. 

The approach for solving the Kohn-Sham equations is very similar to that of the 

Hartree-Fock equation, with a few key differences. Firstly, the basis set needs to be 

determined and often with DFT calculations there are several different basis sets 

involved in the calculation. A basis set is needed to form the KS orbitals. In addition, 

the density itself can be expanded in an 'auxiliary' basis set23
. It is convenient to write 

the density as, 
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M 

p(r) = ,Lc;il;(r) 
(7.12) 

i=l 

where the basis functions n have units of probability density. The number of Coulomb 

integrals to be completed to calculate all the KS matrix elements becomes N2M, where 

N is the number of KS basis functions and M is the number of auxiliary basis functions. 

Therefore, the computational complexity of the DFT calculation scales as --N3 and 

includes electron correlation as compared to HF theory's N4 that excludes correlation. 

Following a choice of molecular geometry, the overlap integrals and the kinetic energy 

and nuclear-attraction integrals are calculated. The density is required for computation 

of the secular matrix elements but the density is found using the orbitals derived from 

the solution of the secular equation; therefore, the Kohn-Sham process must be 

completed using an iterative self-consistent field method. Once the SCF method has 

converged, the energy is computed by inserting the final density into Equation 7.8. 

While Hartree-Fock theory is based on several approximations, at this point DFT is an 

exact theory. The major requirement is knowing Exc as a function of p; Hohenberg and 

Kohn proved that it must exist but did not provide any guidance to what form it may 

take. Therefore, considerable effort has gone into fmding functions of the density that 

may reasonably approximate Exc. Even though in theory DFT is exact, the equations 

must be solved approximately because one of the key components of the theory is not 

exactly known. 

7.3 Exchange-Correlation Functionals 

The exchange-correlation functional, Exc, accounts for the difference between the 

classical and quantum mechanical electron-electron repulsion as well as the difference 

in the kinetic energy between the non-interacting system and the real system of interest. 

The exchange-correlation functional is often expressed as an interaction between the 

electron density and a parameter described as an 'energy density', £xc, as shown, 
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E xc[p(r)] = jp(r)£ xc[P(r)]dr (7.13) 

where the energy density is a sum of the individual exchange and correlation 

contributions23
. Two of the common approaches to estimating Exc are described in the 

next sections. 

7.3.1 Local Density Approximation 

In the local density approximation (LDA), Exc is approximated by the exchange

correlation energy of an electron in a homogeneous electron gas of the same density. 

For this case of the homogeneous electron gas, the exchange energy can be computed 

exactly; however, the correlation energy density is computed using Monte Carlo 

techniques to very high numerical accuraci3
• The LDA can work well in systems 

where the density varies slowly and is fairly homogenous; however, in molecular 

systems the electron density is generally far from spatially uniform and other 

approximations are needed. 

7 .3.2 Density Gradient Corrections 

One approach to improving the accuracy of the exchange-correlation functional is to 

make it depend on not only the local value of the density, but on the gradient of the 

density. This dependence incorporates the degree to which the density is locally 

varying. Commonly accepted terms for functionals that depend on both the density and 

the gradient of the density are 'gradient corrected' or the 'generalized gradient 

approximation' (GGA)23
• In general, the gradient corrected functional is constructed 

by the addition of a correction term to the LDA functional. Many variations of gradient 

corrected functionals have been developed and often several choices of these 

approximations are included in DFT programs. 
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7.4 DFT versus Hartree-Fock Theory 

It is clear that DFT is generally considered more computationally efficient than HF 

techniques since the complexity is on the order of N3 for DFT, while it is N4 for 

Hartree-Fock type molecular orbital calculations. Many of the equations involved in 

the two techniques look very similar and both use a SCF technique. However, the most 

fundamental difference between them is that DFT optimizes an electron density and HF 

theory optimizes a wave function in order to solve for the electronic structure. 

7.5 StoBe 

The DFT calculation program used in this study to calculate spectra is StoBe30
. This 

software is designed to analyze electronic structure of molecules with a focus on inner

shell spectroscopy. It uses a linear combination of Gaussian type orbitals approach to 

form self-consistent solutions of the Kohn-Sham DFT equations. All the calculations 

using StoBe in this study used the gradient corrected Becke (BE88)31 exchange 

functional and the Perdew (PD86)32 correlation functional. For convergence, both the 

difference between the energies of successive iterations and the difference between 

successive densities were examined. The threshold for convergence of both of these 

values was set to lxl0-6 Hartrees, and these criteria had to be met for three consecutive 

iterations. The x, y and z coordinates used in these calculations for molecular structures 

can be found in Appendix A. 

The orbital basis set used for the nitrogen, carbon, oxygen and fluorine atoms was a 

triple-~ valence plus polarization having the following form, (7111141111 *). The triple

~ valence plus polarization orbital basis set was also used for cobalt and nickel atoms 

and had the following form, (633211531 */311+). Hydrogen atoms were represented by 

the double-~ valence plus polarization scheme (31111 ). These basis sets are Huzinaga

type, and are the same kind as were used with the GSCF3 code, simply expanded in a 

slightly different way. The AS auxiliary basis set was used for the calculations and 

included a number of Gaussian type functions to represent the density and the exchange 

- correlation potentials. For better representation of relaxation effects in XAS 
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calculations, the atom with the core hole was described by the IGL0-111 basis see3
. 

Finally, a large augmentation basis set, which contains over 100 diffuse functions 

centred on the atom undergoing excitation was also included in the XAS calculation to 

assist in modeling the unoccupied orbitals. 

The StoBe program allows the calculation of both the core to valence and core to 

unoccupied transition energies and their corresponding dipole transition probabilities to 

be calculated34
. These can subsequently be used to generate theoretical X-ray spectra. 

Specifically, the X-ray absorption spectra were calculated using a combination of the 

transition potential method and a double basis set technique incorporated into density 

functional theor15
• This technique involves the creation of a half-occupied core state, 

as opposed to a completely unoccupied state36
• 

37
• This half-occupied core state is 

known as a transition state, and was originally proposed by Slater for use in his Xa 

method38
• Therefore, the initial state is given an occupation of0.5 and the final state is 

left unoccupied, resulting in the calculation of the unoccupied states being performed 

using a frozen orbital approximation and the potential due to the excited electron is not 

included in the Hamiltonian36
• This approximation is included for simplification and to 

reduce calculation times. To localize the core hole state on a particular atom, the non

core excited atoms of the same element were represented by effective core potentials37
• 

Following the iterative process of fmalizing the orbital energies for the transition states, 

the total oscillator strengths were computed from the components of the dipole 

transition moments. The x component of the dipole transition moment is given bf4
, 

(7.14) 

where (/JJ and (/)core are the fmal and core state orbitals, respectively. Finally, once the 

dipole transition moments have been calculated the total oscillator strengths can be 

found by, 
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(7.15) 

where EEx is the excitation energy in Hartrees and Dx, Dy, and Dz are the three 

components of the dipole transition moment. The oscillator strengths are used to 

simulate the XAS spectra. After the results are broadened for each atom, the results are 

summed to form a fmal spectrum. 

All nonresonant X-ray emission spectra were calculated using the StoBe code. The 

valence - core level transitions in these calculations are based on the calculated ground 

state Kohn-Sham orbitals36
. Core hole effects were not included in these calculations, 

which is reasonable according to the fmal state rule previously mentioned in the 

description of the techniques20
. Much like the XAS calculations, the oscillator 

strengths were determined from the calculation of the dipole transition moments. The 

broadened results from the individual atoms are summed into a final spectrum for each 

element. 

The StoBe program was used to calculate both absorption and emission spectra for the 

nucleobases. Including symmetry in these calculations allowed the main features of the 

absorption to be labeled with meaningful names for the specific transitions that are 

occurring. These theoretical absorption spectra for the nucleobases have been 

broadened in the same way as the GSCF3 results for comparison purposes. Gaussian 

line widths used in the production of the simulated spectra from the calculated 

oscillator strengths were 0.7 eV (FWHM) up to the ionization potential and 4.0 eV 

(FWHM) beyond. Symmetry was included in the XES calculations with StoBe, which 

allowed the main features of the emission spectra to be labeled. The theoretical 

discrete emission rates for each constituent were Gaussian broadened with a constant 

line width of 0.7 eV (FWHM) for the N and 0 edges and a line width of 1.0 eV 

(FWHM) for the C edge. 
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Absorption and emission spectra for 5-fluorouracil compounds were calculated using 

StoBe for this study. Since symmetry was not included in the calculations, the 

transitions up to the frrst five unoccupied orbitals in absorption are labeled with respect 

to the lowest unoccupied molecular orbital (LUMO) and the transitions in the emission 

process are labeled with respect to the highest occupied molecular orbital (HOMO). 

For the broadening of the absorption spectra, Gaussian line widths used for the 

simulated spectra were 0.7 eV (FWHM) up to the ionization potential and then linearly 

increased to 4.0 eV (FWHM) over the next 10 eV. The theoretical discrete emission 

rates for each constituent were Gaussian broadened with a constant line width of 1.0 eV 

(FWHM) for all edges. 

Nickel 2p absorption spectra ofNiO, (NiOHt, NiCh, and Ni containing metallic DNA 

nucleobase pairs and cobalt 2p absorption spectra of (CoOt, CoOH, (CoCht, and Co 

containing metallic DNA nucleobase pairs were calculated using StoBe. To assist with 

convergence in the 3d metal XAS calculations, the half core hole was spread evenly 

across the three 2p3;2 core orbitals. Gaussian line widths used for the simulated spectra 

were 1.0 eV (FWHM) up to the ionization potential and then linearly increasing to 4.0 

eV (FWHM) over the next 10 eV. These line widths were chosen to correspond to the 

experimentally observed results. 

For all cases the theoretical spectra have been shifted in energy to align with the 

experimental data (generally by a few eV). For the XAS data, the calculated spectra 

were shifted to line up with the first low energy 1t* feature. In the case of the XES, the 

theoretical data were moved to align with the high - energy edge. The minimum 

intensity value has been set to zero for all spectra. The labeling for the XAS and XES 

features correspond to the two separate absorption and emission calculations done with 

the StoBe program. In the absorption calculation, the core hole effects are included and 

therefore have a shifting effect on the orbitals (lower in energy by a few e V). This 

results in a slight overlap in the orbital naming scheme between the two techniques. For 

example, in the case of the carbon edge for guanine, the orbital 31a' shows up as an 

unoccupied state and occupied state depending on if you look at the labeling for the 
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XAS or XES. This is not considered a large concern since the symmetry of the orbitals 

is still accurate (a' or a"), the oscillator strengths are precise and comparisons can still 

be made successfully within the XAS or the XES results. 

7.6 WIEN2k 

Density functional theory calculations are not only useful for molecular systems, they 

have been adapted extensively for the calculation of electronic structure of crystals. 

The WIEN2k39 software was developed for these types of calculations; it utilizes the 

generalized gradient approximations (GGA)40 of the exchange and correlation energies 

within the Kohn - Sham framework to describe the system. The largest difference 

between the calculation of a molecular system and a crystal structure is with the 

implementation of the basis set. For WIEN2k, the full potential (linearized) augmented 

plane wave + local orbitals (L/ APW+lo) method41
• 

42 is used to develop a basis set 

especially adapted to the problem. The unit cell is split into regions described by non

overlapping atomic spheres centred on each atom as well as an interstitial region 

surrounding the spheres. Figure 7.1 displays this partitioning42
• 

Figure 7.1 Partitioning the unit cell for WIEN2k into the atomic spheres (I) and 
interstitial region (II). 

Inside the spheres, basis sets consist of a linear combination of radial functions 

multiplied by spherical harmonics, while a plane wave expansion is used in the 

interstitial region42
• The solutions to the Kohn-Sham equations are expanded in this 

combined basis set of LAPW' s according to the linear variation method and the 

corresponding coefficients are solved by the Rayleigh-Ritz variational principle42
• In 
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order to increase the flexibility of the basis set additional basis functions can be added 

and are called 'local orbitals'. The crystal structures used in the WIEN2k calculations 

of the DOS are included in Appendix A. 

7.7 Orthogonal Linear Combination of Atomic Orbitals (OLCAO) Method 

Calculations of DNA were contributed to this study through collaboration with Dr. 

Wai-Yim Ching's research group located at the University of Missouri- Kansas City. 

Calculations of the electronic structure for series of periodic DNA stacking models 

consisting of 10 adenine (A) - thymine (T) nucleobase pairs were completed to 

complement experimental results. Six parameters were used to describe the structure of 

DNA: x-y plane shifts perpendicular to helix axis, stacking height, twist angle and 

tilt/roll angles. The stacking height, helix radius and tilt/roll angles are influenced by 

the solvent environment through weak electrostatic interactions and these variations 

influence the electron overlap between adjacent nucleobases. The theoretical study 

utilized structural models of periodic DNA with stacking heights ranging from 3.38A, 

3.28A, 2.98A, 2.78A, 2.58A, 2.38A and 2.18A that were relaxed using the Amber 

program43 . To simplify the calculations and to isolate the effect on the electronic 

structure due to structural changes of the nucleobases, the P04 groups were removed 

from the models and the resulting broken bonds were terminated with hydrogen atoms. 

The dimensions of the unit cell were 20 A x 20 A x (10 times stacking height) to 

minimize the interaction between neighboring DNA chains. The unit cell was made up 

of a total of 580 atoms (CwNsOH13 • CwN203H14)w. 

To accomplish these calculations, the orthogonal linear combination of atomic orbitals 

(OLCAO) method44' 45 within the local approximation of the density functional theory. 

This method employs Bloch sums of atomic orbitals represented by atom-centred 

Gaussian functions as the basis functions. This method is particularly efficient for 

materials with complex structures and low symmetry and has been successfully applied 

to vitamin B12 molecules4649. In these calculations of DNA, a basis set consisting of 

atomic orbitals of C, N, and 0 (1s,2s,2p,3s,3p), and H (ls,2s,2p) were utilized. The 

solution of the secular equation provides the energy eigenvalues for the model from 
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which the density of states (DOS) can be obtained. The OLCAO method allows the 

DOS to be resolved into atom-specific partial DOS (PDOS) to assist with the analysis 

of experimental data. 
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RESULTS AND ANALYSIS 
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8 LITERATURE REVIEW 

The field of electronics is fast paced and ever-changing. The next logical step from the 

field of microelectronics may be the upcoming field of molecular electronics. In order 

for this change to occur and electronics to be built on the nanoscale, reliable, readily 

prepared, and well-understood materials are needed. Deoxyribonucleic acid (DNA) is 

an attractive choice because of its molecular recognition abilities, and capacity to self

assemble into a wide array of structures. Using the self-assembly capability would 

allow devices to be constructed with all information needed encoded in the different 

components11
. External species can bind to the DNA complex to change the electronic 

behaviour drastically. DNA may have the ability to bring life into electronics by 

sensing changes in its surroundings and responding accordingly11
• DNA is a well

understood structure that is widely available and readily manipulated. However, one of 

the controversial problems lies with whether or not DNA is an electrical conductor. 

The number of atoms and complexity of the molecule and its surrounding environment 

makes designing experimental set-ups and theoretical models difficult in the quest to 

understand the electronic structure. Subsequently, many contradictory results have 

been found. In order to make specific devices, the electrical, electronic, and structural 

properties of the sample must be well understood. Therefore, a great interest in 

studying the electronic structure of DNA is developing. 

Although the debate about the conductivity ofDNA remains, methods of modifying the 

DNA molecule with metal ions to enhance the conductivity have been developed for 

possible use in the electronics industry. Some of these methods include the loading of 

silver ions onto the DNA backbone2
, using metal-mediated base pairing for artificially 

designed nucleobase pairs50
, and the incorporation of metal ions directly into every 

nucleobase pair in the helical stack51
• Like native DNA, it is imperative that the 
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physical and electronic properties are well understood for these novel materials before 

they are of use in industrial applications. 

8.1 DNA 

8.1.1 Structure 

Double helix DNA has a unique structure that is easily manipulated, making it an ideal 

candidate for a useful biomaterial in the field of nanotechnology. DNA consists of a 

sugar (deoxyribose) -phosphate backbone supporting a helical stack of complementary 

pairs of nitrogen containing nucleobases, as shown in Figure 8.1. These pairs of 

nucleobases can consist of either adenine (A) - thymine (T) (2 hydrogen bonds) or 

cytosine (C) - guanine (G) (3 hydrogen bonds). The parallel planes containing the 

nucleobase pairs sit one on top of the other in an aromatic ring stack. It has been 

suggested that DNA may be conductive since this unique alignment of the nitrogen 

containing nucleobases creates an overlap of their 1t orbitals11
• This may allow the 

DNA to operate as a 'n-way', which allows for the transfer of electrons through the 

overlapping 1t orbitals52
. This mechanism of electron transfer is not yet completely 

understood, although altering the 1t stacked array definitely has an effect on the electron 

transfer properties 53
' 

54
• 

51 



Figure 8.1 Structure of a DNA molecule (10 nucleobase pairs). The ribbons follow 
the phosphate backbone demonstrating the helical shape and the stack of 
nucleobase pairs occur in the centre of the helix. 

8.1.2 Electrical Conductivity 

There is great controversy in the measured results concerning the electronic properties 

ofDNA. Various results have been reported which indicate that DNA is an insulato?-5, 

semiconductor6-8' 55' 56, highly conducting9, and even a superconductor10• These 

disagreements are intriguing and push the community to develop clear-cut experimental 

set ups and theoretical models to help explain the recorded behaviour. Difficulties arise 

in comparing much of the data, as variations occur within the sample preparation, 

experimental set-ups, and theoretical models. Various lengths of DNA, altered 

surrounding environment, different types of contacts to measure the conductivity, and 

varying DNA sequences were some of these differences, which likely led to the 

deviations in the measured conductivity. 
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Insulating behaviour has been recorded for strands of DNA self-assembled between 

two gold electrodes 12-16 J..Lm apart2
• As a part of the control experiment for work 

being done using DNA as a template for the construction of a silver nanowire, two

terminal electrical measurements were taken for the random sequence DNA bridge. 

The relationship between the resultant current and applied voltage (I-V measurement) 

was monitored, and resulted in no current being observed for the applied voltage, which 

determines the insulating behaviour. Insulating results were also found when the 

conductivity of DNA was evaluated from the measured loss of the quality factor, Q, 

after the sample is inserted into the highly sensitive resonant cavities operating at 12 

and 100 GHz5
. Q is defmed as the resonance frequency of the cavity divided by the 

resonance width, and the change in Q is inversely proportional to the conductivity of 

the sample inserted into the cavity. The key feature is that this study involved a 

conductivity measurement without the use of contacts. Results indicate that de 

conductivity for random sequence DNA in a vacuum would appear insulating, although 

the inclusion of a buffer environment leads to slightly higher conductivity. Current -

voltage measurements have also been obtained on random sequence DNA by using a 

scanning force microscope tip as one electrode and gold as the other3
. In agreement 

with the results stated thus far, these tests resulted in DNA behaving as an insulator. 

Further studies were done that included varying length between contacts, mounting 

substrate, electrode material, and base sequence4
• The conclusion drawn from this 

extensive study was that there is no evidence of any electrical conductivity for DNA 

molecules longer than 40 nm of any sequence, including homogenous sequences. This 

result is contradictory to other published works, which indicate DNA does have 

conductive abilities. The details of the experiments resulting in insulating behaviour 

are condensed into Table 8.1 shown below. 
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Table 8.1 Experiments Indicating Insulating Behaviour for DNA 

Ref. Sequence Sequence Electrode Mounting Other Details 
Type Len~th Types Substrate 

2 Random l61J-m 2Au Glass 

Random l.81J-m 1 Au, 1 silicon Mica 
nitride 

3 cantilever 
metallized with 
Ti and Au. 

Random l.51J-m 2 Au or 2 Pt Si02 or Also varied 
4 and Mica electrode gap 

G-C width - insulating 
stacks behaviour 
Random l71J-m None None Temperature 

dependence of 
5 conductivity 

measured at high 
frequencies 

Large band gap semiconducting behaviour has been found for 10.4 nm long 

homogeneous sequence DNA (only G-C pairs) 6
• I-V measurements were performed 

for a DNA molecule trapped between platinum electrodes mounted on a surface 

comprised of layers of silicon compounds, which indicated semiconducting results. An 

additional 1-V measurement was completed following the addition of a DNA cutting 

enzyme to the experimental set-up, and this resulted in the current dropping to zero. 

The absence of current after the cutting enzyme was added is a result that confrrms that 

DNA was the path for current between the electrodes. More specifically, homogeneous 

G-C sequences seem to behave as p-type semiconductors and A-T sequences behave as 

n-type semiconductors7
• It has also been reported that G-C sequences conduct more 

readily than A-T sequences to the extent that the G-C sequence can function as 

semiconducting nanowires and A-T sequences cannot56
. These results for 

homogeneous sequences are completely contradictory to the study done by Storm and 

associates. Highly conducting behaviour was found for a 600 nm long rope (several 

molecules together) of random sequence DNA where a linear current versus voltage 

relationship was found after using a modified low-energy electron point source 
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(LEEPS) microscope to manipulate the sample9
. This study resulted in highly 

conducting behaviour for many trials. At first these conductive results seemed very 

promising but de Pablo et al. have since given a plausible explanation why this result is 

so different from others. After using their experiment to determine insulating 

behaviour results for DNA, a low energy electron beam was used to irradiate the DNA 

strands that were connecting two gold electrodes to model the effect of using a LEEPS 

microscope to manipulate the sample prior to measuring the current - voltage 

relationship3
• It was found that the sample developed metallic-like conduction resulting 

in a linear 1-V relationship after the DNA was damaged with the low energy electrons. 

Finally, below the superconducting transition temperature of the contacts (1 K) it was 

found that the DNA strands spanning two electrodes exhibit proximity-induced 

superconducting behaviour10
. It is still not clear if DNA acts like an insulator or can 

exhibit conductive behaviour, or possibly both depending on the conditions. Table 8.2 

summarizes the parameters resulting in non-insulating behaviour of DNA. 
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Table 8.2 Experiments Indicating Non-Insulating Behaviour for DNA 

Ref. Sequence Sequence Electrode Mounting Other Details 
Type Length Types Substrate 

Random 4.1 run Comb-type Aligned DNA Semiconducting 
metallic cast film behaviour only 

55 electrodes when film is 
aligned with 
electrodes 

G-C stack 10.4 run 2 Pt SiN layered on Semiconducting 
6 Si02layered 

on Si 
A-T stack G-C: 2 Au I Ti Si02 Semiconducting 
G-C stack 1.7 -2.9 A-T is n-type 

7 Jlm G-C is p-type 
A-T: 
0.5 -1.5 
Jlm 

A-T stack G-C: 1 Au, 1 Mica Semiconducting 
G-C stack 1.7 -2.9 conducting 

56 Jlm probe of G-C stack more 
A-T: Atomic Force conductive than 
0.5 -1.5 Microscope A-T stack 

Jlm 
8 Random 15 Jlm 2Au Insulating Semiconducting 

substrate 
Random 6 Jlmand 2Au None, spans a Highly 

9 
9 Jlm gap in sample conductive 

holder results 
10 Random 16 Jlm 2 rhenium/ Mica Superconducting 

carbon (Re/C) results 

The consensus made between the publications that agree DNA can transfer electrons is 

that the mechanism that allows this conduction is unclear. A traditional view of 

conduction through the helix would occur with electron transfer via a one-step 

tunneling process through overlapping 1t orbitals6
. This transfer mechanism has largely 

been ruled out because currents have been observed for samples too long for simple 

tunneling to be possible. Additionally, simple tunneling would result in a temperature 

56 



independent electron transfer process, which is not the case5
' 

7
• Low temperature 

conductivity may be explained by ionic conduction due to counterions and carrier 

excitations across single particle gaps, and high temperature conductivity may result 

from a temperature driven hopping process7
• Alternately, the small polaron hopping 

model can possibly explain the transfer process for all temperatures where conduction 

is the result of interactions with phonons7
• Another possibility for an explanation is 

that the electronic interactions between the nucleobases in the stack lead to the 

formation of a molecular band where the electronic states become delocalized6
• This 

method is feasible when the Fermi level of the electrodes are aligned with the 

molecular band edge by applying the required voltage. Moderate sequence variations 

can lead to electron localization and stop the formation of the molecular band3
, which 

limits conduction to a charge hopping process52
. The exact process for electron transfer 

in DNA has not been determined, but it is clear that the 1t orbital stack does have an 

influence on the conductivity3
• 

54
, and may have properties which allow the DNA 

sample to range from insulating to wire-like behaviour57
. 

8.1.3 Theoretical Calculations 

The complexity of the DNA molecule has also proven to be a challenge in theoretical 

calculations of the electronic structure. Several different models have been used to 

calculate properties of DNA. Some studies indicate that the backbone must be included 

into density of states calculations for accurate results58
, while others believe the results 

can be superimposed at a later time, and are not essential for the initial calculation59
• 

The result from the study excluding the backbone was that the electronic structure of an 

aperiodic DNA stack is somewhat sequence independent59
• The study that included the 

backbone in the calculations found that the stacking interaction and geometry of the 

sugars and phosphates have a large effect on the structure and electronic properties of 

the DNA molecule58
• Calculations involving a model consisting of G-C nucleobase 

pairs found that a feature in the density of states located slightly lower in energy than 

the highest occupied molecular orbital (HOMO) is caused not only by the guanine but 
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also the oxygen from the phosphate. The HOMO directly results from guanine and the 

lowest unoccupied molecular orbital (LUMO) results from the cytosine nucleobases. 

This study will focus on the HOMO-LUMO energy gap as a means to investigate 

characteristics of the electronic structure. 

The electronic structure has also been calculated for closely related systems such as a 

stretched version ofDNA60
, and a type of DNA with the helix turning in the opposite 

direction of regular DNA called Z-DNA61
• The study involving Z-DNA determined 

the molecule must be calculated including the effects from surrounding ions and 

solvent waters to get the most accurate results. 

Calculations have also been attempted to explain the electron transport properties of 

DNA. A stack of G-C nucleobase pairs between two metallic contacts was modeled to 

obtain a theoretical 1-V relationship and resulted in large band gap semiconducting 

behaviour for short segments62
• These findings agreed with the results of Porath and 

associates6
. When a model of DNA was altered from a G-C stack to a more random 

sequence, the disorder caused electronic localization in parts of the valence and 

conduction band that readily occurs with an ordered G-C stack3
• While this does not 

rule out hopping as a charge transfer mechanism, this theoretical result agrees with 

experimentally determined insulating behaviour. Clearly, theoretical calculations are 

challenging, as they need to take into account many parameters. Many of the 

theoretical results do not agree with experimental fmdings causing controversy 

concerning the conductivity of DNA. 

8.1.4 X-ray Spectroscopy 

X-ray absorption spectroscopy (XAS) has been used to probe the unoccupied states for 

the DNA molecule and its four nucleobases63
• 

64
• Features for the excitations from the 

ls state into both the 1t* and the cr* unoccupied states are found for the nitrogen and 

oxygen edges. Polarization dependent XAS has also been measured for mono layers of 

DNA on gold-coated glass and gold-coated silicon65
• For the nitrogen Kedge, the 1t* 
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resonances are strongest at grazing incidence and weakest for normal incidence of the 

incoming radiation. The results are opposite for the a* excitations. X-ray 

photoelectron spectroscopy (XPS) involves excitation of core electrons into the 

continuum and has been used to provide insight into DNA monolayers66
. The 

experimental process provides information on both film coverage and the chemical 

structure within the film. 

X-ray emission spectroscopy (XES) results have not previously been used to examine 

DNA or any of its components. One of the motivations for this work has been that by 

combining the complementary techniques of XES and XAS it is possible to describe 

both the occupied (XES) and the unoccupied (XAS) states in the electronic structure of 

a molecule. Displaying XAS and XES on a common energy axis allows for an 

experimental measurement of the HOMO-LUMO gap. The energy gap measurements 

allow for the comparison of the electronic structures of several DNA samples. 

Section 12 will present experimental and theoretical evidence that varying the local 

environment and physical structure of dried DNA has a direct impact on its electronic 

structure. By preparing samples of DNA in various buffer solutions it was possible to 

alter the type of ions present during the production of the DNA samples. These 

variations resulted in differences in the local chemical environment of the dried DNA 

molecules. X-ray absorption and emission spectroscopy were used to measure the 

energy gap, and therefore probe the variations in the electronic structure of DNA 

samples. The effects of these differences in the local environment on the electronic 

structure are discussed and are rellated to the conductivity of DNA. 

8.1.5 Radiation Damage 

The effect of radiation damage on DNA is an important topic as it can be related to 

damage a living cell may receive when exposed to a radiation source. An XAS 

measurement done at the oxygen Kedge on the sugar in DNA (deoxyribose) after being 

irradiated for a given amount of time with synchrotron radiation showed an increase in 
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n* peak height and a broadening of the cr* features67
• 

68
. This is an indication that a 

chemical restructuring is occurring that involves the formation of new carbon- oxygen 

double bonds and a decrease in the number of the carbon- oxygen single bonds. These 

kinds of structural changes can result in strand breaks. A study using electron 

paramagnetic resonance (EPR) involved measuring the spectra of DNA bases irradiated 

with soft X-rays around the Kedge of oxygen to determine the role radicals play in 

causing damage to DNA69
• During irradiation short-lived transient radical species are 

induced which disappear after irradiation, leaving chemically stable long - lived 

radicals in the sample. Theoretical calculations concerning radiation damage in DNA 

indicate that the frrst damage to occur during irradiation may be in the bonds 

connecting the nucleobases to the backbone, which may result in nucleobase release70
• 

The removal of an atom or the creation of a radical in the backbone requires the 

greatest input energy and is less likely to occur. This is clearly an important topic when 

exposing biomaterials to X-rays and therefore steps were taken to minimize excessive 

radiation exposure for the samples in this study. 

8.2 The Addition of Metal to DNA 

The structure of DNA is easily manipulated, which encourages attempts to improve the 

conducting ability of the sample. Concepts for changing the conductivity of DNA 

involve modifications to the backbone2
, the construction of DNA using novel bases 

designed to bind metal ions50
, and the inclusion of metal ions directly into the 

nucleobase pairs51
• To create a 12 J..Lm long, 100 nm wide silver wire, random sequence 

DNA was attached between two gold electrodes, then used as a template for attachment 

of silver ions2
• The negatively charged phosphate groups in the DNA backbone attract 

the positively charged silver ions, and allow for the successful loading of silver ions 

onto the backbone. The frrst step in this process is to replace the naturally occurring 

sodium counterions with silver ions to form small silver aggregates, which will act as 

seeds for further cluster growth, and allow for the formation of a continuous silver 

wire2
. This process may be useful in nanoelectronics as DNA has the ability to self-
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assemble into a circuit pattern and subsequently can be loaded with silver ions to 

ultimately form a nanoscale conductive circuit. A disadvantage to depositing metal on 

the surface of the molecule is the loss of self-assembly and molecular recognition 

abilities. 

In general, ions that bind to the outside of the DNA duplex will stabilize the 

conformation, while ions binding to the nucleobases will tend to denature the helix. An 

attempt to incorporate metal directly into the nucleobases involved the synthesis of 

alternative nucleobase pairs specifically designed to bind with copper ions 5°. The 

resulting structure of the hydroxypyridone nucleobases has a chain of copper ions in the 

centre of the helix. There is a possibility that this formation could form molecular 

magnets and wires, but the samples investigated were only up to five nucleobase pair 

stacks. It remains unclear if this formation is viable at longer lengths. Alternatively, it 

has been found that Zn2
+, Ni2+ and Co2

+ will bind to the natural nucleobase pairs at pH 

greater than 8 to form a new structure which has been labeled metallic DNA (M

DNA)51. Dr. Jeremy Lee's research group in the Department of Biochemistry at the 

University of Saskatchewan synthesizes M-DNA. Solutions of ZnCh, NiCh, or CoCh 

can be used as sources of the metal ions to make three types of M-DNA71 . The 

formation ofM-DNA is independent ofnucleobase sequence. This new configuration 

has altered electronic properties compared to traditional DNA and is found to exhibit 

metallic-like conduction8
• M-DNA may be a suitable candidate for a molecular wire or 

a biosensor. 

Several experiments were done to elucidate the M-DNA structure and its properties. 

Ethidium bromide readily binds to the DNA structure and causes fluorescence at 600 

nm. Ethidium bromide does not bind to the M-DNA structure, therefore, no 

fluorescence is observed51 . This property allows for a quick check of whether or not 

the new structure has been formed and allows for the formation to be monitored. The 

addition of ethylene-diamine-tetraacetic acid (EDTA) readily converts M-DNA back 

into DNA and restores the fluorescence51 . This is evidence that the loss of fluorescence 

was not due to the denaturation of the DNA, indicating that M-DNA remains in double 

61 



helix formation. NMR measurements forM-DNA show that the signal for the imino 

proton (hydrogen) has been eliminated, leaving one metal ion in its place per 

nucleobase pair51
• The inclusion of divalent metal ions reduces the total charge on the 

DNA helix, which causes the structure to condense and results in less nucleobase pairs 

per helical tum. There are no published results from X-ray crystallographic studies of 

M-DNA. The exact structure is still being determined. 

The formation of M-DNA from DNA has been found to be strongly temperature 

dependent72
• An increase in temperature causes the formation of M-DNA to increase 

for a fixed metal ion concentration, or likewise, the increase in temperature will reduce 

the concentration of metal ions required to make the conformational change for fixed 

DNA concentration. The formation ofM-DNA will occur in defmed conditions71
• If 

the pH is too low M-DNA cannot form, and if the pH is too high the DNA can become 

denatured or the metal ions will precipitate from the solution. Incorporating modified 

nucleobases into the natural nucleobases in the DNA structure prior to the formation of 

M-DNA has allowed for greater flexibility in sample preparation conditions71
• 

Hypoxanthine in the place of guanine or 5-fluorouracil substituted for thymine slightly 

alters the structure and allows for more stable forms ofM-DNA to be formed at lower 

pH. Hypoxanthine and 5-fluorouracil have structures which are very similar to the 

natural nucleobases of DNA, and are both readily integrated into the native DNA, 

making it possible to create M-DNA under a greater variety of conditions. M-DNA has 

many characteristics that make it different from DNA, indicating that it also would 

have unique electronic properties. 

8.2.1 Conductance of M-DNA 

The initial study on the conductivity of M-DNA involved duplexes of 20 nucleobase 

pairs in solution designed with a donor fluorophore (fluorescein) binding at one end 

and an acceptor fluorophore (rhodamine) bound to the opposite end of the double helix 

strand12
• 

73
. In these conditions the fluorescein on the DNA molecule will fluoresce. 

The formation ofM-DNA, however, causes the fluorescence to be quenched as long as 

the donor and acceptor fluorophores are on the same molecule. This observed 
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quenching may be due to electron transfer through the M-DNA helix from donor to 

acceptor73
• Further investigations have been made into electron transfer by obtaining 

additional steady-state fluorometric measurements with several other donor and 

acceptor pairs 73
• The same quenching behaviour was found resulting from the 

formation of theM-DNA structure for the other pairs. Electron transfer has been found 

to be the source of the quenching and may occur through a hopping process between 

the metal centres. Significant quenching observed in duplexes up to 500 base pairs 

long ( 150 nm) supports the hopping process since it is too far for tunneling 73
• 

An additional study of the conduction ofM-DNA involved direct measurements of both 

random sequence DNA and M-DNA of about 15 J..Lm in lengths. The DNA samples 

were placed between two gold electrodes separated by a deep physical gap to avoid 

contributions from buffer material. A semiconductor-like plateau in the I-V curve is 

observed for the DNA sample, but is not apparent for theM-DNA sample. A linear I-V 

relationship is direct evidence for the metallic-like conduction of M-DNA 13
. The 

plateau occurs for DNA because of differences between the Fermi level of the gold 

electrode and the molecular band of DNA is too large to allow for a tunneling process 

to occurs. This problem is solved by applying voltage to overcome the energy 

difference, which allows for an electron to be injected from the electrode into the 

molecule, allowing current to flow. The metal ions in M-DNA have ad-band that is 

aligned with the Fermi level of the electrode, resulting in the absence of the plateau and 

allowing electrons to be readily transferreds. 

Stable self- assembled monolayers (SAMs) of DNA and M-DNA on polycrystalline 

gold electrodes were also used to study the conductive nature of the samples74
• The 

DNA monolayer can be converted toM-DNA and back to the original form directly on 

the gold surface with the addition of metal ions or the addition of EDTA, respectively. 

Using an electrochemical technique known as cyclic voltammetry, the electrical 

conductivity was monitored for the samples. DNA monolayers were efficient at 

blocking electron transfer while the conversion to M-DNA resulted in 80% of the 

signal intensity of bare gold74
• Three different methods of detection have shown M-
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DNA to be a good conductor compared to DNA 13
. Recent studies indicate that changes 

in the surface charge of DNA mono layers on the electrode as a result of the formation 

ofM-DNA may play a large role in enhancing the conductivity of the M-DNA75
• The 

ability of M-DNA to efficiently transfer electrons makes it a good candidate for both 

nanotechnology and biosensing. 

One thing that is certain in the study of the conductivity of DNA is that there is great 

controversy in the published works. More experimental and theoretical work is needed 

to help explain the discrepancies in results. Either way, modifying DNA with metal 

ions to make the sample highly conducting is a good approach to creating a material 

that will be advantageous in nanotechnology. M-DNA has both the desirable self

assembly and self-recognition characteristics of DNA, but is a better conductor13
• No 

calculations have been done so far for this novel material. A fundamental experimental 

study using soft X-ray spectroscopy, which probes both the occupied and unoccupied 

states in the electronic structure, would be very useful in the investigation of DNA and 

M-DNA. A greater knowledge of the electronic structure of a sample is crucial in 

understanding the material's macroscopic properties. This characterization is important 

in determining possible uses for M-DNA, and helping to explain the controversy 

surrounding the conductivity of DNA. 

Section 13 will show resonant inelastic X-ray scattering (RIXS) measurements of dried 

metallic DNA with metal ions incorporated inside the helix ((X)·M-DNA, X=Co, Ni), 

dried DNA with metal ions attached to the outside of the helix ((X)·B-DNA, X= Co, 

Ni), and dried double-strand DNA (B-DNA). The metal L edge RIXS spectra reveal 

that (X)"B-DNA has fewer mobile charge carriers than (X)·M-DNA. X-ray absorption 

measurements at the L edge of the 3d metals are compared to density functional 

calculations to confirm that spectral features are not simply results of residual metal 

impurities. Nitrogen RIXS measurements reveal that the occupied electronic states are 

more localized in B-DNA than in (X)·M-DNA systems. Additionally, soft X-ray 

spectroscopy was used to investigate solution and powder samples of (Ni)·M-DNA. 

The nickel 2p absorption spectra demonstrate that both solution and solid samples of 
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(Ni)'M-DNA contain a high spin Ni(II) configuration. X-ray emission spectra reveal 

that differences in the electronic structure likely result from solid-state effects, an 

inelastic energy loss process, and variations in hydrogen bonding. It is found that the 

drying process significantly alters the electronic structure of the metallic DNA sample. 

8.3 The Nucleobases 

Since DNA is an extremely complex molecule, a systematic approach to understanding 

its electronic structure would be to initially study its simpler components. This is the 

approach taken in this study. The DNA structure consists of a helical stack of 

nucleobase pairs supported by a deoxyribose sugar and phosphate backbone. The 

nucleobase pairs will consist of either an adenine (A)- thymine (T) pair or a guanine 

(G) - cytosine (C) pair. The nucleobase molecules consist of carbon, nitrogen and 

oxygen atoms, with the only exception being the absence of oxygen atoms in adenine. 

Figure 8.2 shows the two double-ring purines, a) adenine and b) guanine and the two 

single-ring pyrimidines, c) cytosine and d) thymine. 

Figure 8.2 

a) Adenine b) Guanine 

c) Cytosine 

Molecular structures of the four DNA bases: (a) adenine, (b) guanine, 
(c) cytosine and (d) thymine. 
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The atoms in Figure 8.2 have been numbered to correspond to experimental and 

theoretical results found in section 10 and Appendix B. Understanding the electronic 

structure of the nucleobases with a full experimental and theoretical picture is the frrst 

step at gaining understanding about the complex electronic structure of DNA. 

Section 10 includes a comparison between experimental and calculated soft X-ray 

spectra of DNA's nucleobases using soft X-ray absorption and emission spectroscopy. 

Spectra of the Is thresholds of carbon, nitrogen and oxygen probe the occupied and 

unoccupied partial density of states of the nucleobases. A combination of both Hartree 

- F ock and density functional theory type calculations are used in the comparison to 

experimental results. Most experimental results agree well with theoretical calculations 

for the XAS and XES of all bases. All spectral features are assigned. A comparison of 

experimental HOMO - LUMO energy gaps is made to the diverse values predicted in 

the literature. 

8.4 5-Fluorouracil 

The biological activity of fluorine substituted pyrimidine molecules, such as 5-

fluorouracil (5FU), allow them to be effectively used as active chemotherapeutic 

agents 76
. It has been found that these agents have the ability to bind to metal ions and 

can combine with tissues through the interaction with metals 77
. This ability has led to a 

great deal of interest in the study of the physical structure and binding sites of 5FU 

complexes combined with transition metal ions, with the goal of understanding their 

role in biochemical reactions and their function as anti-cancer drugs77
' 

78
• The 5FU 

structure is shown in Figure 8.3 and consists of a heterocyclic aromatic organic 

compound, similar to that of the pyrimidine molecules for DNA and RNA, which 

include cytosine, thymine, and uracil. 
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Figure 8.3 Molecular structure of5-fluorouracil 

The electronic structure of complicated biomaterials such as DNA and metallic DNA 

systems can be examined using a building block approach. Analogous to using soft X

ray spectroscopy in combination with theoretical simulations to study the electronic 

structure of the nucleobases of DNA, a systematic approach to understanding the 

complicated electronic structure of metallic DNA systems is to initially examine the 

electronic structures of smaller components in the presence of transition metal ions. 

Focusing on the nucleobases and the 5-fluorouracil complexes is an important initial 

step to understanding DNA and metallic DNA systems. 

Section 11 will present a comparison between experimental and theoretical X-ray 

absorption and emission spectroscopy (XES) of 5-fluorouracil compounds, with an 

emphasis on the effects of the inclusion of nickel in the structure. By focusing on the Is 

thresholds of carbon, nitrogen, oxygen, and fluorine it was possible to probe the 

occupied and unoccupied partial density of states ofthe 5-fluorouracil systems. Spectra 

calculated using density functional theory are compared to experimental results. Most 

experimental results agree well with theoretical calculations for the XAS and XES of 

the compounds. All spectral features are assigned. The results reveal that the nickel in 

the compound is coordinated with the nitrogen sites of the 5-fluorouracilligands. 

8.5 Boron Nitride 

The original interest in boron nitride (BN) for this study was to provide an accurate 

energy calibration for the spectroscopic measurements of the biomaterials in this study 
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at the nitrogen edge. The initial focus was to improve available published boron nitride 

calibration data. However, the unique samples obtained for this study caused the focus 

to shift to an in-depth investigation of the electronic structure of high quality single 

crystals and nanocrystalline thin films of boron nitride. 

Boron nitride has been the subject of numerous theoretical and experimental studies. 

The most common crystal structures of BN are cubic and hexagonal, although several 

others can be formed. The hexagonal phase (h-BN) is a layered, sp2-bonded material, 

isostructural to graphite. In contrast to graphite, which exhibits semi-metallic 

behaviour, h-BN is a wide gap semiconductor. Hexagonal boron nitride crystals 

demonstrate both high chemical and thermal stabilities, which indicates that they have 

applications as optical devices or sensors that can operate under high pressure and/or 

high temperature79
• The electronic properties of h-BN suggest that it may also be 

useful in the production of a compact ultraviolet laser device that could be used in 

optical storage, photocatalysis, sterilization, ophthalmic surgery, and nanosurgery 

applications80
• 

The cubic phase (c-BN) has a zinc-blende lattice structure with sp3 -hybridized B-N 

bonds. Boron nitride in this form has a variety of interesting properties, including 

being ultra-hard, as well as having a high melting point and high thermal 

conductivity81
• Cubic BN has a similar structure to diamond, although, unlike 

diamond, c-BN is not reactive with ferrous materials up to high temperatures, and it has 

the ability to form both n-type and p-type semiconductors when doped appropriately82
. 

For industrial tools used in cutting and shaping iron- or nickel-containing materials, c

BN is superior to diamond, as the c-BN blades do not deteriorate as a result of reactions 

with this sort of material83
. Cubic boron nitride thin films are also of interest, as they 

are ideal for use as a protective coating on steel. Such films may also be used in the 

construction of field emitting devices, because c-BN can be n-doped with silicon and 

the c-BN surface can have a negative electron affinity84
• 
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These samples have had previous theoretical investigations of their electronic 

structure85
-
89 and have been examined with soft X-ray absorption spectroscopy (XAS), 

X-ray emission spectroscopy (XES) and resonant inelastic X-ray scattering (RIXS)90
-

102. More specifically, X-ray absorption spectroscopy has been used to examine the 

differences in bonding configurations between c-BN, h-BN and BN thin films93
• 

96
• 

98
• 

99
• 

Several studies have specifically targeted boron Ka X-ray emission of polycrystalline 

and powdered h-BN, investigating and identifying the features of the emission spectra 

when exciting nonresonantly, resonantly, and just below the K edge91
• 

95
• 

97
• 

101
• 

103
• The 

nitrogen edge of powdered h-BN has been studied102
, and both N and B edges have 

been investigated for a c-BN crystal100
• Furthermore, the characteristics of the substrate 

have been shown to be an important factor that influences the c-BN films being 

deposited104
• Specifically, a study involving c-BN films deposited by an arc-like 

plasma enhanced ion plating technique demonstrated that a rougher silicon substrate 

will result in the decrease of the volume ratio of c-BN in the film as compared to a film 

deposited on mirror silicon105
• 

Despite the extensive studies of these materials, the sizes and characteristics of their 

band-gaps are subjects of controversy79
• 

80
• 

85
• 

86
• 

90
• 

100
• 

106
-
108

• Measured values of the 

size of the energy gap range from 3.6 to 7.1 eV for h-BN108
. There is less disagreement 

regarding the energy gap value of c-BN; it is agreed that it is approximately 6.2 eV79
' 

90
' 

100 Theoretically predicted values of the energy gap of c-BN, however, are 

significantly larger86
• 

106
• One theory that attempts to explain the observed 

discrepancies claims that the poor crystalline quality of the samples that were measured 

led to variations in the gathered data, and so a technique for synthesizing pure 

crystalline samples of both c-BN and h-BN has been developed79
• 

80
• 

109
. 

Boron nitride was initially measured for nitrogen edge calibration of the biomaterials in 

this study. Publications by Fomichev et al.90 and Miyata et al. 102
, include calibration 

for both XAS and XES for h-BN. The Fomichev calibration results in an approximate 

band gap of 4.5 eV, while the Miyata calibration results in 4.1 eV. Both fall in the 

range of measured experimental values given above. It was found that it was not 
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necessary to improve upon existing calibration values, and the Fomichev calibration 

was chosen. Calibrating the energy in a consistent way is important to ensure 

comparable experimental data. 

Section 14 will show that soft X-ray spectroscopic techniques have proven to be 

effective for the detection of unique spectral characteristics and variations in electronic 

structure in both single crystals and nanocrystalline thin films. Using these techniques 

to examine highly purified single crystals of h-BN and c-BN, as well as c-BN thin films 

deposited on silicon surfaces of varying roughness probes the occupied and unoccupied 

partial density of states for these materials. The films are shown to be a mixture of sp3 

bonded nanocrystalline c-BN phase and sp2 bonded h-BN phase. As the roughness of 

the deposition surface increases, a decrease in the amount of sp3 phase in the resulting 

film is observed. There are clear differences between the electronic structures of the 

nanocrystalline films and the single crystal samples. No differences between the 

spectra of the single crystals and previously reported measurements of BN powder 

samples were observed. 
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9 EXPERIMENTAL DETAILS 

9.1 Energy Calibration 

Energy calibration is important in X-ray spectroscopy so that measurements taken at 

different times can be compared on an absolute energy scale. Some components of the 

beamline and endstation are mechanical and variations in position occur over time due 

to backlash when the components are moved. This leads to slight differences in the 

measured photon energies. This challenge can be overcome by always measuring a 

reference sample with established values of excitation energy (XAS) and emission 

energy (XES) for each set of measurements that are done. The reference sample 

spectrum is shifted to its correct place on the energy scale and then the energy scales of 

the samples' spectra are shifted by the same amount. In general, the shifting of the 

reference sample is completed using published values for a prominent feature in the 

spectrum, most often the lowest energy feature in the XAS spectrum and the highest 

energy feature in the XES spectrum. Table 9.1 displays the reference samples used in 

this study for specific edges and the energies of the prominent feature used to align the 

spectra. 
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Table 9.1 Calibration samples used for soft X-ray spectroscopic measurements 

Sample Edge XES energy ( e V) XAS energy ( e V) 
HOPG (Highly Oriented 

C 1s 276.0110 285.5 110 
Pyrolytic Graphite) 

h-BN (hexagonal BN) N 1s 394.790 402.1 90 

h-BN (hexagonal BN) B 1s 181.590 191.890 

BGO (BitGe3012) 0 1s 526.4111,112 532. i 11, 112 

CaF2 F 1s 677113 684113 

Nickel 868.8 (L2)114 
853.2115 Ni2p 

851.5 (L3)114 

Cobalt 791.4 (L2)114 
779.3 116 Co2p 

776.2 (L3)114 

9.2 Sample Preparation 

Developing a consistent method of sample preparation is important for measuring 

meaningful data with X-ray spectroscopic techniques. Important factors to consider 

when choosing a sample mounting procedure is to minimize both sample charging if 

the sample is not highly conductive and sample contamination if multiple samples are 

arranged on the same sample plate. Many different methods of preparing the samples 

were attempted in this study and an optimized method of sample mounting was 

determined. 

The biomaterials in this study were mounted onto a plate by spreading a thin layer of 

powdered sample on carbon tape. Multiple samples were placed on a plate, and care 

was taken to prevent contamination. When a measurement was at the carbon edge, the 

samples were pressed into indium foil, rather than spread on carbon tape to ensure the 

signal was from the sample and not the tape. Single crystals and thin films of boron 

nitride were also fastened to a sample plate using carbon tape. 
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10 THE NUCLEOBASES 

A systematic approach to understanding the complicated electronic structure of DNA is 

to initially examine the electronic structures of its main components. Several recent 

theoretical attempts have been made to study electronic properties of isolated 

nucleobases and homonucleotide base stacks117
-
123

, but do not include predictions of 

spectroscopic results and experimental verification. While the majority of these studies 

utilize DFT methodology, Hartree- Pock and AMl techniques were also investigated. 

The calculated HOMO (Highest Occupied Molecular Orbital) - LUMO (Lowest 

Unoccupied Molecular Orbital) gaps for these types of systems are found to vary. 

In this study the experimental soft X-ray absorption spectra (XAS) and X-ray emission 

spectra (XES) for all C, N and 0 are compared to calculated spectra for the four 

nucleobases of DNA. Some previous experimental work has been done primarily with 

energy loss spectroscopy124 and X-ray absorption of the nucleobases63
' 

64
' 

125
• This is 

the frrst comprehensive study including detailed experiment and theory for both 

absorption and emission spectroscopy for all three edges (C, N and 0). Main 

transitions in the XAS and XES spectra are identified. Experimental values of the 

HOMO - LUMO energy gaps are related to this study's calculated values, as well as 

compared to the very different values given in literature. 

10.1 Experimental Details 

The X-ray absorption spectra were measured in total fluorescence yield (TFY) mode 

for the nucleobases. The resolving power E/Llli for the absorption spectra is about 5000 

for the carbon, nitrogen and oxygen edges. Total experimental resolution in the Ka X

ray emission region is 0.4 eV FWHM for carbon, 0.75 eV FWHM for nitrogen and 1.2 

e V FWHM for oxygen. Samples of the four nucleobases were purchased from Sigma 

(98% purity) and measured in powder form. 
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10.2 Carbon Edge Absorption and Emission Results 

Figure 10.1 shows the carbon 1s XAS spectra for two double-ring purines, a) adenine 

and b) guanine and the two single-ring pyrimidines, c) cytosine and d) thymine. These 

experimental results agree with previously published electron energy loss spectra for 

adenine and thymine124
• Calculations were completed using both GSCF3 and StoBe 

programs. The agreement between theoretical and experimental data is good in the 

region of the lower energy features that result from the excitation of the carbon 1s core 

electron to the n* unoccupied orbitals {approximately 285~290 eV). The broader 

feature, located at higher energy, is a result of several excitations to a* unoccupied 

states {approximately >290 eV). By calculating each carbon site individually using the 

GSCF3 program, theoretical results indicate that for the relatively simple pyrimidine 

molecules in c) and d) that each sharp peak is the result of a 1t* feature that corresponds 

to a specific nonequivalent carbon site. These features in the GSCF3 spectra are 

numbered C1 through C4 to correspond to the carbon sites labeled in the molecular 

structure diagram given in section 8. The nonequivalent sites are not as obvious in the 

spectra of the purines in Figure 10.1 a) and b) because of peak overlap. The results 

from the StoBe calculations allow greater detail in labeling the features corresponding 

to bound transitions in the spectra. The numbered features in the StoBe spectra are 

described in detail in Appendix B. Each arrow is labeled with the transitions that are 

occurring in the region ±0.3 eV from the arrows energy location. In more common 

terms, the a' orbital has 1t - like symmetry and the a" orbital has a - like symmetry. 

Although the spacing of the features in the GSCF3 calculations seem to correspond 

better to experiment than the StoBe results, the details for the transitions that are 

occurring agree in both theoretical methods. The results in Appendix B for cytosine 

and thymine confirm the prediction from the GSCF3 results that the main transitions 

occurring in each of the main four pre-peaks corresponds to a specific nonequivalent 

carbon site. The sites that these features are resulting from are in agreement for the 

Hartree-Fock approach (GSCF3) and the DFT approach (StoBe). 
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Figure 10.1 Experimental and theoretical carbon 1s soft X-ray absorption (XAS) 
spectra for (a) adenine, (b) guanine, (c) cytosine, and (d) thymine. 
Experimental spectra are displayed with black lines and calculated 
spectra are shown with grey lines. 

Nonresonant carbon Ka X-ray emission spectra of the bases are displayed in Figure 

1 0.2. The excitation energy used for measuring these spectra was well above the 1s 

carbon absorption edge at 320 eV. The calculations were completed with the StoBe 

program. Small differences exist in the spectra, resulting from differences in the 

occupied density of states for the four molecules. Experimental and theoretical 

agreement is quite good. The carbon emission is one large feature resulting from a 

multitude of transitions occurring from occupied states with p symmetry to the open K 

shells in the various carbon atoms. The main transitions and oscillator strengths 
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associated with the numbered features in Figure 10.2 are identified in Appendix B for 

the carbon edge. 
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Figure 10.2 Experimental and theoretical nonresonant carbon Ka emission spectra 
for (a) adenine, (b) guanine, (c) cytosine and (d) thymine. Experimental 
spectra are displayed with black lines and calculated spectra are shown 
with grey lines. 

Resonant carbon Ka X-ray emission spectroscopy of thymine and cytosine are 

displayed in parts (a) and (b), respectively, of Figure 10.3. The excitation energies are 

shown on the left side of each spectrum. The sharp feature at the high-energy side is the 

elastic peak. The spectra show different fine structure at the various excitation energies 

because of high selectivity to nonequivalent sites occupied by the same species. 

Referring to the molecular diagram given for the nucleobases in section 8, at the lowest 
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energy only the carbon atom labeled '1' is being excited, producing a distinct, 

relatively detailed peak in the emission spectrum. As the excitation energy is increased, 

additional nonequivalent carbon sites are excited with every step, causing the emission 

feature to broaden and become less energetically defmed. Combining the results from 

the calculations and the XAS data makes it possible to resonantly probe specific atoms 

in simple molecules to produce fluorescence. This type of analysis would not be 

possible with the DNA molecule because of the large number of carbon atoms it 

contains. 
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Figure 10.3 Resonant carbon Ka emission spectra for (a) thymine and (b) cytosine. 

77 



10.3 Nitrogen Edge Absorption and Emission Results 

Figure 10.4 displays the nitrogen 1s X-ray absorption spectra for the four nucleobases. 

For the nitrogen edge, both StoBe and GSCF3 were used to calculate the spectra. 

Although many of the main features are represented in the theory, some variations in 

peak intensity and location occur between experimental and calculated results in both 

theoretical sets of spectra. A possible source of deviation is that the calculations were 

performed for gas phase molecules and measurements are for powdered samples. The 

two spectra with the largest variation seem to be guanine and cytosine, and likely are 

results of the solid-state structures. The crystal structure of guanine monohydrate (a 

comparable structure to guanine) forms a layered graphite type structure hydrogen 

bonded together with N-H•••N type bonds126
• In the case of cytosine the structure is 

held together with N-H•••O and N-H•••N bonds127
• In both cases the nitrogen atoms 

are heavily involved in the hydrogen bond network in the crystal structure and could 

cause intermolecular effects on the measured spectra. The experimental results agree 

with previously published results for nitrogen edge XAS of the nucleobases63
' 

64
• The 

multiple pre-peak features result mainly from transitions to then* unoccupied levels in 

the different nitrogen sites (approximately 399~405 eV). The transitions to the 

multiple cr* states dominate the broader feature at higher energy (approximately >405 

eV). The main transitions corresponding to the regions (±0.3 eV) under the numbered 

arrows in Figure 10.4 are labeled along with their oscillator strengths given from the 

StoBe program and can be found in Appendix B. 
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Figure 10.4 Experimental and theoretical nitrogen 1s XAS spectra for (a) adenine, 
(b) guanine, (c) cytosine, and (d) thymine. Experimental spectra are 
displayed with black lines and calculated spectra are shown with grey 
lines. 

Figure 10.5 shows the nonresonant N Ka X-ray emission spectra for adenine, guanine, 

cytosine and thymine with the corresponding theoretical spectra calculated using 

StoBe. The excitation energy used for this emission data was 420 eV. All features in 

the experimental data are reasonably seen in the theoretical predictions. Like the 

carbon emission, the nitrogen XES involves many different transitions from occupied 

levels occurring in the multiple nitrogen atoms in the molecules. The most prominent 

transitions, along with oscillator strengths corresponding to the numbered peaks m 

Figure 10.5 are shown in Appendix B. 
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Figure 10.5 Experimental and theoretical nonresonant nitrogen Ka emission spectra 
for (a) adenine, (b) guanine, (c) cytosine and (d) thymine. Experimental 
spectra are displayed with black lines and calculated spectra are shown 
with grey lines. 

Figure 10.6 displays the results from resonant X-ray emission scans for the nucleobases 

at the nitrogen edge. The excitation energies were chosen to correspond to features in 

the X-ray absorption spectra and the energies chosen are labeled on the left side ofthe 

spectra in the Figure. The numbered arrows labeling the nonresonant cases are the 

same as in Figure 10.5, displayed so that the transitions determined by the StoBe 

calculations could be applied to this diagram as well. The nitrogen emission results 

from a multitude of transitions occurring from occupied states with p symmetry to the 

open K shells in the various nitrogen atoms. Since emission features in the RIXS 

spectra do not track the excitation energy it is assumed that the peaks are not the result 
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of inelastic loss features, rather they are the consequence of normal emission processes. 

The emission spectra for all four nucleobases demonstrate a shift in intensity from peak 

B to A as the excitation energy is decreased due to transitions to different intermediate 

states. At resonant excitation energies close to the onset of absorption, the transitions 

corresponding to peak A are more prominent than at higher excitation energies. 

Feature Cis the result of the elastically scattered radiation, and therefore corresponds to 

the energy of the incoming photons. 
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Figure 10.6 Resonant nitrogen Ka emission spectra for a) adenine, b) guanine, c) 
cytosine, and d) thymine. 
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10.4 Oxygen Edge Absorption and Emission Results 

The oxygen 1s X-ray absorption data are displayed in Figure 10.7. This study involves 

the three bases that contain oxygen: guanine, cytosine and thymine. Experimental 

XAS data are compared to theoretical calculations performed with StoBe and GSCF3. 

The sharper peaks (lower energy, approximately 532---t535 eV) are mainly from the 

transitions to the 1t* states, while the broader features (higher energy, approximately 

>535 eV) are the result of transitions to a* states. These experimental results are in 

agreement with previously published experimental results for the nucleobases64
• 

Guanine and cytosine have one main 1t* feature due to the single oxygen atom in their 

respective structures, while thymine has a double peak 1t* feature resulting from the 

excitation of the two oxygen sites in its molecular structure. The main transitions 

corresponding to the regions (±0.3 eV) under the numbered arrows in Figure 10.7 are 

labeled along with their oscillator strengths given from the StoBe program and can be 

found in Appendix B. For the oxygen edge StoBe seems to provide better results, 

particularly in the case of thymine. When the two sites were calculated in GSCF3 they 

had significant over lap in the frrst peak and the defined two peak structure occurring in 

the experimental results was not properly modeled. 
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Figure 10.7 Experimental and theoretical oxygen ls XAS spectra for (a) guanine, (b) 
cytosine, and (c) thymine. Experimental spectra are displayed with 
black lines and calculated spectra are shown with grey lines. 

Figure 10.8 includes the results from nonresonant 0 Ka X-ray emission measurements 

for guanine, cytosine and thymine. These emission spectra were measured with the 

excitation energy set at 560 eV. This emission is more discrete than the carbon and 

nitrogen edges because there are less sites contributing to the emission process. 

Appendix B displays the labels for the most prominent transitions occurring in the 

oxygen emission process, corresponding to the numbered peaks in Figure 10.8. 

Comparing the number of main transitions in a molecule with one oxygen atom 

(cytosine and guanine) to a molecule with two oxygen atoms (thymine), the number of 

transitions involved in the emission process has roughly doubled. 
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Figure 10.8 Experimental and theoretical nonresonant oxygen Ka emission spectra 
for (a) guanine, (b) cytosine and (c) thymine. Experimental spectra are 
displayed with black lines and calculated spectra are shown with grey 
lines. 

10.5 The HOMO- LUMO Energy Gap 

By combining XES and XAS experimental data onto a common energy axis it is 

possible to determine an energy gap measurement128"130• This procedure of determining 

the HOMO- LUMO gap is displayed in Figure 10.9 for the adenine molecule, using the 

nitrogen data carefully calibrated with known spectral peak locations of h-BN90 • By 
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extending a line along the spectral slope and fmding the intersection with the slope and 

the noise floor the barriers of the gap were determined. The linear extrapolation 

method was used to remove the 'tail' caused by experimental (Gaussian) and lifetime 

(Lorentzian) broadening. The down-slope of the emission spectrum was used to 

determine the first intersection (HOMO) and the onset slope of the 1t* feature in the 

absorption spectrum was used for the second intersection (LUMO). The energy 

difference between the two intersections gives the gap value. This is a relatively simple 

procedure and is easily reproduced; therefore, the error in completing this method is no 

more than 0.1 eV for each of the boundaries, or ±0.2 eV for the total experimental gap 

value. 
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Figure 10.9 Nitrogen edge XES and XAS spectra for adenine used for demonstration 
of experimental HOMO- LUMO gap measurement. 

The results for all four nucleobases using this method are displayed in Table 10.1, 

where they are compared to results from StoBe calculations and other various 

theoretical results for isolated bases and homonucleotide base stacks. The experimental 

gap measurements differ between the nucleobases as a result of their unique electronic 

structures. The experimental values for the gap do not correspond directly to any of the 
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theoretical predictions. However, the theoretical predictions do not seem to be in 

agreement either and differ substantially depending on the method of calculation 

applied. While it provides an estimate for comparison, this experimental method is not 

always straightforward to determine an absolute value for the gap since core hole 

interactions and calibrating the energy to a reference sample have effects on the fmal 

results. Core hole effects can cause the onset of the absorption spectrum to shift to 

lower energy due to the influence of the core hole on the final state in the absorption 

process. The presence of the core hole tends to shift the emission spectrum to lower 

energy as well, but has minimal impact. The calculations reveal that the inclusion of 

the nitrogen core hole reduces the HOMO- LUMO gap by a maximum of0.3 eV in the 

case of thymine. The linear extrapolation will also have error associated with it but it is 

important that each gap was measured in the same way for each sample, making 

comparisons possible. Calibrating the energy shifts both emission and absorption data 

according to measurements done on a reference sample. This is an essential step to 

correct the experimental energy scale but is only as accurate as the known values for 

the peaks in the reference spectra. Although determining the error in the calibration is 

difficult, it is possible to give a rough estimate since two nitrogen calibrations with both 

XAS and XES are available in the literature90
' 

102
. The absolute calibration from these 

two references differs by 0.4 eV. 

To summanze, both core hole effects and calibration procedures can have direct 

influence on the experimental gap measurement and are likely to add a larger error to 

the ±0.2 e V of the method. If comparisons were made only between the experimental 

gap values, only the systematic error of the method would need to be taken into 

account. However, since comparisons are made to calculations it is useful to include a 

rough approximation of the error in the absolute gap value. An approximate total error 

for the experimental gap values can be found by adding possible estimated errors from 

the effects of the core hole on the spectra (approximately ±0.3) and from calibration 

procedures (approximately ±0.4). This results in an error for the absolute gap value of 

approximately ±1 eV. Taking into account this error and examining Table 10.1, it is 

clear that the experimental gap values correspond fairly well to the predictions from the 
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StoBe code. Additionally, the calculated gap values for isolated bases available in 

literature seem to be too large. 

Table 10.1 Nucleobase HOMO - LUMO gap comparison 

bases ~Eexp ~Ecalc ~Ecalc ~Ecalc 
(eV) (eV) (eV) (eV) 

(StoBe) (isolated (base 
bases) stacks) 

adenine 12.1119 3.73117 
4.7 3.71 8.6122 7.22123 

thymine 12.7119 3.12117 
5.2 3.85 9.3122 6.91 123 

guanine 3.19ll7 

12.2119 6.44123 

2.6 3.66 8.4122 2.97118 
4.8ll8 2.5121 

3.5120 

cytosine 12.5119 3.34117 
3.6 4.02 9.3122 6.60123 

10.6 Modeling DNA by Summing the Spectra of the Nucleobases 

DNA contains a helical stack of nucleobase pairs. Figure 10.10 shows an attempt to 

model the experimental absorption spectra for the DNA molecule using a weighted sum 

of the spectra from the individual nucleobases. Figure 10.10 (a) shows the results for 

the nitrogen edge and Figure 10.10 (b) displays the spectra for the carbon edge. For the 

summation of the four experimental spectra, the relative weights of the nucleobases 

were 42% G - C pairs and 58% A - T pairs. This reflects the ratio of nucleobases 

present in the calf thymus DNA sample. The nitrogen XAS summed spectrum in part 

(a) contains all the features of the DNA spectrum, slightly shifted in energy. The 

carbon XAS summed spectrum in part (b) is quite different from the DNA spectrum. 
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The differences in the spectra result from the stacking interactions, the additional sugar 

and phosphate backbone, and the environment of the entire DNA molecule. It is clear 

that simply adding up the spectra from the nucleobases does not take into account the 

complexity of the structure and the surroundings of DNA. 
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Figure 10.10 Experimental spectra for DNA along with experimental sum of 
nucleobases spectra for (a) nitrogen 1s XAS and (b) carbon 1s XAS. 
DNA spectra are displayed with the solid lines and the sum spectra are 
the dotted lines. 
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10.7 Summary 

X-ray absorption spectroscopy and X-ray emission spectroscopy are used to study the 

electronic structures of the four DNA nucleobases: adenine, guanine, cytosine and 

thymine and are compared to theory. All spectral features are assigned in the XAS and 

XES spectra according to the Cs symmetry used in the calculations. The experimental 

and theoretical results for the four nucleobases show each has a unique partial density 

of states for the carbon, nitrogen and oxygen sites. For the XAS results, comparisons 

are made to both GSCF3 and StoBe calculations. Although producing quite similar 

results, GSCF3 seems better suited to calculating the carbon spectra, while StoBe 

provides improved results for the oxygen edge. Both types of calculations have similar 

difficulties modeling some features in the nitrogen edge spectra. While there is good 

agreement between many of the experimental and theoretical spectra, a challenge 

remains with determining absolute values of the HOMO-LUMO gaps. The origin of 

the gap challenge is two-fold; discrepancies in the values of the gap exist among 

theoretical results, and obtaining experimental values is complicated due to influences 

of energy calibration procedures and the presence of core hole effects. A rough 

estimation of the total error for the absolute gap value is approximately ±1 eV, and 

taking this into account the experimental gaps correspond better to the predictions from 

the StoBe calculations than other results found in literature. These experimental 

techniques have proven useful at probing the electronic density of states, and in 

combination with the theoretical results have helped provide a description of the 

electronic structures of the nucleobases. 
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11 5-FLUOROURACIL 

A building block approach can be used to study the electronic structure of complicated 

biomaterials such as DNA and metallic DNA systems. The previous section described 

using soft X-ray spectroscopy in combination with Hartree-Fock and density functional 

theory simulations to study the electronic structure of the nucleobases of DNA. A 

systematic approach to understanding the complicated electronic structure of metallic 

DNA systems is to initially examine the electronic structures of smaller components in 

the presence of transition metal ions. 

This section will present the frrst comprehensive study of the electronic structure of 

5FU compounds. This study includes experimental soft X-ray absorption and emission 

spectra for the C, N, 0, and F edges compared to spectra simulated using density 

functional theory (DFT). The main transitions in the experimental XAS and XES 

spectra are identified using the results of calculations. The physical structure of the 

5FU compound in the presence of nickel ions is discussed. 

11.1 Sample Preparation 

Dr. Jeremy Lee's research group from the Department of Biochemistry at the 

University of Saskatchewan prepared samples of biomaterials for this study. Samples 

of deoxyribose-5-fluorouracil (d5FU) and (Ni)·deoxyribose-5-fluorouracil ((Ni)·d5FU) 

were prepared in solution, then dried using lyophilization, and measured in powder 

form. A 100 mM solution of d5FU was prepared and divided. The (Ni)·d5FU sample 

was prepared by the addition of 100 mM NaOH to the d5FU solution to remove the 

imino proton (pH 8.5), and then combining with 50 mM NiCh. The intention was to 

prepare these samples under conditions similar to those used in the preparation of 

metallic DNA, where the metal ions are predicted to interact with the nitrogen atoms in 
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the nucleobases12
. The nucleoside was purchased from Sigma (>98% purity) and the 

metal chloride salt was obtained from Aldrich. 

11.2 Experimental Details 

The X-ray absorption spectra were measured in total electron yield (TEY) mode for the 

carbon, nitrogen and fluorine edges, and total fluorescence yield (TFY) for the oxygen 

edge. The resolving power E/~ for the absorption spectra is about 5000 for the carbon, 

nitrogen, oxygen, and fluorine edges. Total experimental resolution in the Ka X-ray 

emission region is 0.4 eV for carbon, 0.75 eV for nitrogen, 1.2 eV for oxygen, and 1.7 

e V for fluorine (all FWHM). 

11.3 Calculation Details 

Structural models for the calculations were created using the Spartan '04 program131
, 

and optimized using StoBe. Both 5-fluorouracil (5FU) and deoxyribose-5-fluorouracil 

(d5FU) were included to represent the molecule without the presence of transition 

metal ions. It has been suggested that the addition of Ni ions to 5FU structures will 

form a novel complex consisting of one metal ion for every two ligands, and this 

arrangement will be formed through the 4-keto group 77
• Therefore, a model that 

includes two 5FU ligands bonded via nickel-oxygen bonds ((Ni-0)"5FU) has been 

included in this study. However, the samples that were measured were specifically 

prepared at higher-than-usual pH in order to deprotonate the nitrogen sites, and to 

consequently increase the likelihood of binding to that site. A model featuring two 

5FU ligands joined through Ni-N bonds has also been included in this study ((Ni

N)· 5FU) to reflect the desired structure. The deoxyribose sugar has not been included 

in the metal-5FU complexes for simplicity, however a building block approach was 

utilized to add in the spectral contribution from the sugar afterward. This approach was 

justified by supplementary calculations that proved the spectrum of d5FU could be 

adequately modeled in this way. The molecular structures of the 5FU models are 

displayed in Figure 11.1. The numbering scheme of the atoms corresponds to the 
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identifiers that will be used in the discussion of the simulated spectra in this section and 

in Appendix B. 

a) 5FU 
b) d5FU 

c) (Ni-N) 5FU 

d) (Ni-0) 5FU 

Figure 11.1 Molecular structures ofthe four 5FU systems: (a) 5-fluorouracil (5FU), 
(b) deoxyribose-5-fluorouracil (d5FU), (c) model of 5-fluorouracil with 
nickel bonded to nitrogen ((Ni-N)·5FU) and (d) model of 5-fluorouracil 
with nickel bonded to oxygen ((Ni-0)·5FU). 

11.4 Carbon Edge Absorption and Emission Results 

Figure 11.2 shows the carbon Is XAS spectra for a) d5FU measurements compared to 

calculated results for 5FU and d5FU and b) (Ni)·d5FU measurements compared to 
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theoretical results for (Ni-N)·SFU and (Ni-0)·5FU. Although symmetry was not 

included in the calculations it is assumed that the transitions that occur in these systems 

during the absorption process will be similar to those seen in the nucleobases of DNA. 

It is therefore assumed that transitions directly above the onset of absorption are ton* 

type orbitals (approximately 284~290 eV for carbon) and then shifting to transitions to 

a* type orbitals as the excitation energy increases (approximately >290 eV for carbon). 

The calculated molecular orbitals were visualized to determine whether the orbital has 

1t - or a - like symmetry. This information has been included along with the calculated 

transitions in Appendix B. 

The agreement between theoretical and experimental data is excellent in the region of 

the lower energy features that result from the excitation of the carbon 1 s core electron 

to the n* unoccupied orbitals. The results of the StoBe calculations allow the origins of 

the prominent spectral features to be examined in detail. The origins of the numbered 

features in the StoBe spectra are outlined in Appendix B. The contributing transitions 

for each labeled feature are described; the origin of each major transition occurring 

within ±0.5 eV of the location of the number is included. The presence of the 

deoxyribose sugar in the structures increases the number of carbon atoms probed and 

provides a greater overlap of transitions occurring from the many carbon atoms as 

shown in transition tables in Appendix B. Therefore, the site selectivity established in 

the carbon ls XAS spectra of the nucleobase pyrimidines in the last section is not 

feasible in these systems. The symmetry in the structures of the (Ni-N)·SFU and (Ni-

0)·5FU models leads to similar transitions and oscillator strengths for analogous sites. 

These symmetrical transitions are found for the C, N, 0, and F absorption and emission 

processes. 

Although the four main carbon ls absorption peaks found in the experimental spectra in 

Figure 11.2 are represented in the calculated results of 5FU, d5FU, (Ni-N)·SFU, and 

(Ni-0)-SFU, it is found that the inclusion of the deoxyribose sugar is important for the 

best agreement between experiment and theory. As seen in Figure 11.2 part a), when 

the d5FU calculation is split into contributions from the carbon atoms in the 
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deoxyribose sugar and the carbon atoms in the ring structure, the spectral contributions 

are quite different. The onset of absorption for the sugar is 2.6 eV higher in energy 

than the onset for the ring. The intensities of the peaks in the d5FU theory correspond 

better to experiment than the simple 5FU structure. By adding the deoxyribose spectral 

component from the calculation of d5FU to the calculated spectra of (Ni-N)·SFU and 

(Ni-0)·5FU the (Ni-N)·d5FU and (Ni-0)-dSFU spectra shown in part b) of Figure 11.2 

were obtained. This results in improvement in the agreement between experiment and 

theory, particularly with the intensity of the fourth absorption feature. 

Comparing the experimental data for d5FU and (Ni)·d5FU in Figure 11.2 parts a) and 

b), respectively, it is found that the inclusion of the Ni does not have a significant 

impact on the carbon spectra. This can also be said about the calculated C 1 s XAS 

spectra, indicating that the Ni does not strongly interact with carbon in the structure of 

(Ni)·d5FU. This is in agreement with what would be expected in either the (Ni-N)·SFU 

or the (Ni-0)·5FU model that was used in the calculations. 
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Figure 11.2 Carbon 1s soft X-ray absorption (XAS) spectra including (a) d5FU 
experiment compared to theoretical spectra for 5FU, d5FU, and the 
deoxyribose and ring components of d5FU, and (b) (Ni)-d5FU 
experiment compared to theoretical spectra for (Ni-N)-5FU, (Ni-N)·5FU 
+ deoxyribose ((Ni-N)·d5FU), (Ni-0)·5FU, and (Ni-N)·5FU + 
deoxyribose ((Ni-O)·d5FU). Experimental spectra are displayed with 
black lines and calculated spectra are shown with grey lines. An offset 
for the y - scale has been included for clarity. 
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Nonresonant carbon Ka X-ray emission spectra of the 5FU compounds are displayed in 

Figure 11.3. Figure 11.3 part a) displays the experimental d5FU spectrum compared to 

calculations of 5FU and d5FU, while part b) compares the theoretical predictions for 

the metal5FU models to the (Ni)-d5FU experimental spectrum. The excitation energy 

used for measuring these spectra was above the carbon 1s absorption edge, at 300 eV. 

Slight variations exist in the experimental spectra, reflecting differences in the occupied 

density of states of the molecules. Agreement between the experimental data and the 

StoBe simulations is quite good. The carbon emission consists of a large broad feature 

that is the result of many transitions between the occupied states with p symmetry and 

the open K shells in the different carbon atoms. The calculation of the 5FU spectrum is 

more discrete and has sharper peaks due to significantly less carbon atoms involved in 

the calculation as compared to the other theoretical spectra. The addition of the 

spectral contribution of the sugar has less impact on the agreement between experiment 

and theory than with the absorption spectra, because the calculated XES for 

deoxyribose and the ring are found to be quite similar. Therefore, the main effect of the 

inclusion of the sugar is to broaden the key emission features by including transitions 

from the occupied orbitals to a greater number of carbon core levels. The main 

transitions, with oscillator strengths greater than 0.18, associated with the numbered 

features in Figure 11.3 are identified in Appendix B. 
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Figure 11.3 Nonresonant carbon Ka emission (XES) spectra including (a) d5FU 
experiment compared to theoretical spectra for 5FU, d5FU, and the 
deoxyribose and ring components of d5FU, and (b) (Ni)·d5FU 
experiment compared to theoretical spectra for (Ni-N)·5FU, (Ni-N)·5FU 
+ deoxyribose ((Ni-N)·d5FU), (Ni-0)·5FU, and (Ni-N)"5FU + 
deoxyribose ((Ni-O)·d5FU). Experimental spectra are displayed with 
black lines and calculated spectra are shown with grey lines. An offset 
for the y - scale has been included for clarity. 
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11.5 Nitrogen Edge Absorption and Emission Results 

Figure 11.4 displays the nitrogen Is X-ray absorption spectra of the 5FU compounds. 

Although many of the main features are represented in the theory, some variations in 

peak intensity and location occur between the experimental and theoretical spectra. A 

possible source of deviation is that the calculations were performed for gas phase 

molecules that may not reflect the conformation of the powdered samples that were 

measured. These variations in the nitrogen spectra were also found for the nucleobases 

in the last section and were attributed to intermolecular effects resulting from the 

involvement of the nitrogen atoms in the intermolecular hydrogen bond network. 

Transitions into the various n* levels of the different nitrogen sites produce the 

multiple pre-edge peaks seen in the spectra (approximately 399~405 eV). The 

excitations to the multiple cr* orbitals dominate the broader features seen at higher 

energies (approximately >405 e V). The main transitions corresponding to the regions 

(±0.5 eV) under the numbers in Figure 11.4 are included, along with their oscillator 

strengths, in Appendix B. 

The inclusion of the Ni has a significant effect on the spectra of the nitrogen edge. A 

main difference between the experimental spectra of d5FU and (Ni)·d5FU in Figure 

11.4 is the increase in the intensity of the lowest-energy n* feature. Comparing the 

experimental (Ni)·d5FU spectrum to the simulated spectra of the (Ni-N)·5FU and (Ni-

0)" 5FU models is particularly important at the N and 0 edges, as it should provide 

insight into which structure is represented in the measured samples. For the nitrogen 

edge, the calculation of (Ni-N)·5FU corresponds better to the experimental spectrum 

with both the location and intensity of the spectral features than the calculation of (Ni-

0)·5FU. In particular, the prominent feature seen near 404 eV in the simulated (Ni-

0)·5FU spectrum is absent from the measured spectrum. The spectra in Figure 11.4 

signify that the nickel is coordinated with the nitrogen atoms, rather than with the 

oxygen in the structure of (Ni)·d5FU. This suggests that the synthesis procedure was 

successful in producing the desired (Ni-N)·5FU structure. 
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Figure 11.4 Nitrogen ls soft X-ray absorption (XAS) spectra including experimental 
results for d5FU and (Ni)-d5FU compared to theoretical spectra for 5FU, 
d5FU, (Ni-N)·5FU, and (Ni-0)·5FU. Experimental spectra are 
displayed with black lines and calculated spectra are shown with grey 
lines. An offset for the y - scale has been included for clarity. 

Figure 11.5 shows the nonresonant N Ka X-ray emission spectra for the 5FU 

compounds with the corresponding theoretical spectra calculated using StoBe. The 

excitation energy used for this emission data was 417.7 eV. The nitrogen XES involves 

many different transitions from occupied levels occurring in the multiple nitrogen 

atoms in the molecules, as seen with the carbon emission. The difference in the shape 

of the low energy onset of the experimental emission spectra for d5FU and (Ni)-d5FU 

reveals that the inclusion of Ni has a significant effect on the nitrogen occupied states. 

All features in the experimental data are reasonably well predicted by the spectral 
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simulations. The transitions that provide a major contribution (oscillator strengths 

greater than 0.35) to the labeled peaks in Figure 11.5 are shown in Appendix B. 
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Figure 11.5 Nomesonant nitrogen Ka emission (XES) spectra including 
experimental results for d5FU and (Ni)·d5FU compared to theoretical 
spectra for 5FU, d5FU, (Ni-N)·5FU, and (Ni-0)-5FU. Experimental 
spectra are displayed with black lines and calculated spectra are shown 
with grey lines. An offset for the y - scale has been included for clarity. 

11.6 Oxygen Edge Absorption and Emission Results 

The oxygen 1s X-ray absorption spectra for a) d5FU experiment compared to 

calculated results for 5FU and d5FU and b) (Ni)·d5FU experiment compared to 
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theoretical results for (Ni-N)·5FU and (Ni-0)·5FU are displayed in Figure 11.6. The 

sharper peaks located at lower energy are mainly from transitions to the 1t* states 

(approximately 530~536 eV), while the broader features at higher energy are the result 

of transitions to a* states (approximately >536 eV). Differences between the 

experimental results for d5FU and (Ni)·d5FU indicate that there is a minor change in 

the electronic structure of the oxygen when the Ni is added. The origins of the main 

transitions, corresponding to the regions (±0.5 eV) under the numbers in Figure 11.6, 

can be found along with their calculated oscillator strengths in Appendix B. 

As was the case with the carbon spectra, it is found that including the contribution of 

the deoxyribose sugar is important for the greatest agreement between experiment and 

theory. Part a) in Figure 11.6 displays the calculation of d5FU broken down into the 

contributions from the deoxyribose oxygen and the oxygen atoms associated with the 

ring. The spectra of the sugar and the ring are significantly different and the absorption 

onset for the sugar is 3. 8 e V higher in energy than for the ring. The intensities of the 

peaks in the d5FU calculation correspond better to experiment than those in 5FU 

simulation. Adding the deoxyribose spectral component from the d5FU calculation to 

the calculated spectra of (Ni-N)-5FU and (Ni-0)·5FU results in the (Ni-N)·d5FU and 

(Ni-O)·d5FU spectra shown in part b) of Figure 11.6. The addition of the spectra 

improves the agreement between experiment and theory in the broader a* type 

features. 

Comparing the experimental (Ni)·d5FU spectrum to the theoretical results it is found 

that the calculation of (N i-N)· 5FU corresponds better to the experimental spectrum than 

the calculation of (Ni-0)·5FU. The (Ni-N)·5FU calculation predicts a double peak 

structure at the onset of absorption, while the (Ni-0)·5FU calculation predicts a single 

peak for the frrst main 1t* absorption feature. The experimental spectrum displays a 

broad onset peak, which corresponds more closely to the double peak onset structure 

predicted by the (Ni-N)·5FU calculation. This is further evidence that the Ni is bonded 

to nitrogen atoms rather than to the oxygen atoms in the structure of(Ni)·d5FU. 
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Figure 11.6 Oxygen 1s soft X-ray absorption (XAS) spectra including (a) d5FU 
experiment compared to theoretical spectra for 5FU, d5FU, and the 
deoxyribose and ring components of d5FU, and (b) (Ni)-d5FU 
experiment compared to theoretical spectra for (Ni-N)-5FU, (Ni-N)·5FU 
+ deoxyribose ((Ni-N)·d5FU), (Ni-0)·5FU, and (Ni-N)-5FU + 
deoxyribose ((Ni-O)·d5FU). Experimental spectra are displayed with 
black lines and calculated spectra are shown with grey lines. An offset 
for the y - scale has been included for clarity. 

Figure 11.7 includes the results from nonresonant 0 Ka X-ray emission measurements 

for the 5FU compounds. These emission spectra were measured with the excitation 

energy set at 552.9 eV. The oxygen emission results from transitions occurring from 

102 



occupied states with p symmetry to the open K shells in the oxygen atoms. The 

inclusion of Ni into the d5FU structure does not have a major effect on the 

experimental spectra. Experimental and theoretical agreement is quite good. The 

addition of the spectral contribution of the sugar improves the agreement between 

experiment and theory minimally since the calculations for the oxygen emission of the 

deoxyribose sugar and the ring are not significantly different. The spectra from both 

the (Ni-N)·d5FU and (Ni-O)·d5FU models are very similar in this case. A table in 

Appendix B displays the labels for the most prominent transitions occurring in the 

oxygen emission process with oscillator strengths greater than 0.6, corresponding to the 

numbered peaks in Figure 11.7. 

103 



1 

1 

~1 
Q 
;:::s 
0 
u 

515 520 525 530 535 

1 b) 
(Ni)·d5FU Exp. 

00 
;....> 

§ 
0 
u 

"" 0 

515 520 525 530 535 
Emission Energy [ e V] 

Figure 11.7 Nonresonant oxygen Ka emission (XES) spectra including (a) d5FU 
experiment compared to theoretical spectra for 5FU, d5FU, and the 
deoxyribose and ring components of d5FU, and (b) (Ni)'d5FU 
experiment compared to theoretical spectra for (Ni-N)·5FU, (Ni-N)·5FU 
+ deoxyribose ((Ni-N)·d5FU), (Ni-0)·5FU, and (Ni-N)·5FU + 
deoxyribose ((Ni-O)·d5FU). Experimental spectra are displayed with 
black lines and calculated spectra are shown with grey lines. An offset 
for the y - scale has been included for clarity. 

104 



11.7 Fluorine Edge Absorption and Emission Results 

The fluorine 1s X-ray absorption data for the 5FU compounds are displayed in Figure 

11.8. The calculated fluorine spectra are the most discrete and contain the sharpest 

features compared to the other edges included in this study due to fewer sites. All 

calculated spectra are quite similar and represent the main features found in the 

experimental data. The main transitions corresponding to the regions (±0.5 eV) under 

the numbers in Figure 11.8 are labeled along with their oscillator strengths given from 

the StoBe program and can be found in Appendix B. The calculations reveal that the 

1t* like features occur fron1 approximately 682 e V to 688 e V where the features result 

mainly from cr* like transitions. The experimental data for d5FU and (Ni)·d5FU are 

very similar, with the exception of a 1t* type feature emerging around 680 eV after the 

inclusion of the Ni into the structure. This peak may reflect a delocalization of the 

bonding in the 5FU brought about by the presence of the metal, leading to a partial 

overlap of the single-bonded fluorine orbitals with an adjacent 1t* orbital. 
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Figure 11.8 Fluorine 1s soft X-ray absorption (XAS) spectra including experimental 
results for d5FU and (Ni)·d5FU compared to theoretical spectra for 5FU, 
d5FU, (Ni-N)·5FU, and (Ni-0)-5FU. Experimental spectra are 
displayed with black lines and calculated spectra are shown with grey 
lines. An offset for the y - scale has been included for clarity. 

Figure 11.9 shows the results from nonresonant F Ka X-ray emission measurements for 

the 5FU compounds. These emission spectra were measured with the excitation energy 

set at 732.5 eV. The measured emission features are more discrete than the carbon, 

nitrogen, and oxygen edges because there are fewer sites contributing to the emission 

process. The effects of the inclusion of Ni can be seen in the experimental data for 

d5FU and (Ni)·d5FU. The main emission feature has two peaks for d5FU, while this 

structure is not distinct for (Ni)-d5FU. As with the oxygen emission, the spectra from 

both the (Ni-N)·d5FU and (Ni-O)·d5FU models are quite similar. The labels for the 

most prominent transitions with oscillator strengths greater than 0.4 occurring in the 
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fluorine emission process, corresponding to the numbered peaks in Figure 11 .9 are 

given in Appendix B. 
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Figure 11.9 Nonresonant fluorine Ka erruss10n spectra including experimental 
results for d5FU and (Ni)·d5FU compared to theoretical spectra for 5FU, 
d5FU, (Ni-N)·5FU, and (Ni-0)·5FU. Experimental spectra are 
displayed with black lines and calculated spectra are shown with grey 
lines. An offset for the y - scale has been included for clarity. 
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11.8 Summary 

Soft X-ray absorption and emission spectroscopy are used to study the electronic 

structures of d5FU and (Ni)·d5FU. The experimental results are compared to 

calculated spectra of 5FU, d5FU, as well as to the (Ni-N)·d5FU and (Ni-O)·d5FU 

models. The spectral contribution of the deoxyribose sugar is found to be important at 

the C and 0 edges for improved agreement between experiment and theory. Spectral 

features are assigned in the XAS and XES spectra according to the calculations. The 

experimental and theoretical results for the 5FU compounds demonstrate each has a 

unique partial density of states for the carbon, nitrogen, oxygen, and fluorine sites. 

This investigation was particularly focused on the effect of the addition of the Ni ion on 

the electronic structure and chemical bonding of the 5-fluorouracil compounds. In 

some cases the effect of the Ni addition is very weak (C edge), while in others it is 

prominent (N, 0 and F edges). Better agreement between the experimental results for 

(Ni)·d5FU and the calculations of the (Ni-N)·5FU model indicate the nickel ions are 

coordinated with nitrogen in the structure of (Ni)·d5FU. By probing the electronic 

density of states using the experimental techniques and combining with theoretical 

results, a full description of the electronic structure of the 5FU compounds has been 

developed. 
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12 DNA 

The possibility of using DNA as a molecular nanowire has encouraged extensive 

research into the conductive properties of the molecule. What is the conductivity of 

DNA? Can it be determined whether it is conducting, insulating, or in the 

semiconducting regime? It seems that these questions are similar to inquiring about the 

conductive nature of doped silicon. Like those materials, numerous variations of DNA 

exist, and the conductivity is specific to the individual system with the impurities 

playing the key role. In the case of semiconductors, the importance of impurities is 

well known, while questions concerning similar effects in DNA are only now 

emerging. It seems that there is little relevance in trying to determine the exact value of 

the conductivity of DNA in general; if this property is to be examined, it must be 

analyzed on a case-by-case basis. 

Considerable discussion regarding the conductivity of DNA exists in the literature, and 

conflicting results have reported insulating2
-
5

, semiconducting6
-
8

, highly conductive9
, or 

superconducting10 behaviour for the DNA molecule. Many of the attempts to analyze 

the conductivity have been microscopic, involving the stretching of a DNA strand 

between two electrodes2
-4, 

6
-
10

, and the measuring of current - voltage (1-V) 

characteristics. Such set-ups are inherently difficult and tend to alter the system under 

investigation. While these techniques mostly provide information for only that specific 

arrangement, a more general understanding of the macroscopic behaviour would be 

beneficial. Unlike previous studies involving a microscopic set-up for measuring I-V 

curves, a macroscopic and spectroscopic approach is used in this study. Examining the 

electronic structure with soft X-ray absorption (XAS) and emission (XES) spectroscopy 

using synchrotron radiation provides valuable information about the occupied and 

unoccupied partial densities of states without the requirement of a microscopic set-up. 

109 



DNA is a right-handed helical stack of complementary pairs of nitrogen containing 

nucleobases supported by a backbone consisting of a deoxyribose (sugar)- phosphate 

sequence. A negative charge is associated with the phosphate groups in the backbone 

of the helical structure. This negatively charged backbone attracts cations. It is 

understood that the structure of DNA in solution is sensitive to hydration and ions. It is 

found that the dominant effects on conformational stability of the molecule come from 

a balance of competing factors involved in the electrostatic free energy, including the 

phosphate repulsions internal to the DNA, the electrostatic component of hydration, 

and the electrostatic effects resulting from the cations132
• Results from a recent 

theoretical molecular dynamics study modeling the behaviour of Na + and K+ have 

shown that the choice of monovalent ion determines the location ofbinding sites on the 

DNA helix and can result in slight differences in the DNA structure133
. 

The cations that surround the helix to counterbalance the net negative charge on the 

phosphate backbone will influence many properties of DNA in the solid state134
• 

During the transition of DNA from a solution into the solid state, cations and water 

molecules remain incorporated in the local environment of the DNA structure. Several 

known phases of DNA exist, including two right-handed helix formations. These 

include B-DNA, which is the most common well known structural form and is 

stabilized under conditions of high water content, and A-DNA which is favored under 

lower water content conditions132
. Either A-DNA or a combination of A- and B-DNA 

may be favorable in dry DNA, because of the lower water content constraint. There are 

specific differences between the structures of the different forms of DNA: in B-DNA 

the base pairs have an average separation of 3.4 A and a relative twist angle of 36°, 

while A-DNA has a base pair separation and twist angle of 2.5 A and 32.7°, 

respectively1
• The concentration and size of cations are important in instigating phase 

transitions in DNA134
. By varying the type of cation in the structure of DNA, the 

energy values for both the highest occupied molecular orbital (HOMO) and the lowest 

unoccupied molecular orbital (LUMO) are altered135
• Specifically, the type of cation 

and its distribution in the structure can influence macroscopic properties such as 

conductivity1
' 

5
' 

135
-
137

• 
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X-ray absorption spectra and X-ray emission spectra have been measured and 

subsequently used to determine changes in the experimental HOMO- LUMO energy 

gap. These values have been used to demonstrate differences in the electronic structure 

of DNA samples prepared with various buffer solutions. Recent calculations based on 

density functional theory (DFT) reveal that the HOMO and LUMO are 1t and 1t * 

orbitals, respectively, that are associated with the nucleobases in the DNA structure3
• 

Therefore, the nitrogen partial density of electronic states has been examined 

experimentally and theoretically in order to probe the effects of a varying local 

environment on the HOMO - LUMO energy gap. This is appropriate because the 

nitrogen atoms in the DNA structure are located exclusively in the nucleobases. DFT 

calculations further indicate that slight structural changes, achievable by altering the 

local environment of the DNA molecule can influence on both the electronic structure 

and conductivity of DNA. 

12.1 Sample Synthesis 

Dr. Jeremy Lee's research group from the Department of Biochemistry at the 

University of Saskatchewan prepared samples of biomaterials for this study. Calf 

thymus DNA ( 42% G-C, 58% A-T, 99% purity with trace of RNA) was purchased 

from Sigma. The DNA samples were prepared by lyophilization of 25 mL of a 100 

J..Lg/mL calf thymus DNA prepared in the appropriate buffer solution. The solutions 

used for the preparation were: tris(hydroxymethyl)aminomethane (TRIS) buffer (pH 

7.5), potassium phosphate buffer (pH 7.5), boric acid buffer (pH 8.6), and a sodium 

chloride solution (pH 6.8). All buffer/salt concentrations were 10 mM. All samples of 

DNA were prepared in solution, then dried and measured in powder form. Three full 

sets of samples were synthesized using the same procedure and used in this study 

(sample sets #1, #2, and #3). 

The DNA samples were prepared in various buffers, ensuring a unique ionic (both 

cation and anion) environment during the preparation and subsequent drying of the 

samples. The method used for sample preparation in this study had two main 
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objectives. The frrst was to vary the identity of ions present during the drying of the 

samples by changing the buffer solution. For the TRIS buffer, main cations consisted 

ofH+ and NH(CH20H)3t, while the anion was cr resulting from pH adjustments using 

HCl. Boric acid contributed H+, Na+, H2B03-, and OH- (from pH adjustments using 

NaOH). The cation from potassium phosphate was K+ and the anions were a mixture 

of both KH2P04- and K2HPO/-, and NaCl contributed Na+ and cr. Electrostatic 

concepts determine that the negative charge of the DNA backbone will attract the 

cations to its structure, in addition to water molecules that remain in the structure after 

the drying process. This process produces a compound of [(DNAt- · nA+ · mH20], 

where n is the number of negative phosphate groups, A is the cation and m is the 

number of water molecules. The second main objective was to repeat the same sample 

preparation to show that even when the synthesis conditions are the same, the DNA 

powders produced will not be identical to those previously synthesized. Although 

conditions can be controlled while in solution form and the method of drying the 

samples can be repeated, the samples will always contain variations. 

Modifications to the fmal dried DNA sample can occur during the drying process as a 

result of four main categories of factors: (1) cation distribution around the helix, (2) 

water molecule distribution around the helix, (3) structural changes in the DNA 

molecule, and ( 4) solid state variations due to formations of bundles or other solid state 

type structures. These four categories are interrelated; for example, differences in the 

water molecule distribution around the helix can change the structure ofDNA1
• During 

the drying process, the DNA structure will attempt to minimize its total energy; it is 

clear, however, that many energy minima will exist. This ensures a wide assortment of 

variations in the four categories, and understanding how these deviations affect the 

properties of the dried DNA molecule is essential. 

12.2 Experimental Details 

The X-ray absorption spectra presented in this study were measured in total electron 

yield (TEY) mode. The resolving power E/8£ for the absorption spectra is about 5000 
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at the nitrogen edge. Total experimental resolution in theN Ka X-ray emission region 

is 0.75 eV FWHM. 

Soft X-ray spectroscopic techniques were used to study the three different batches of 

DNA samples, synthesized using the same procedure, but at different times (sample 

sets 1, 2 and 3). Over the time period of one week, spectra were measured from five 

different sample plates prepared from DNA powders taken from sample set #1 (trials 1 

to 5). Spectra were measured on one occasion from sample set #2 (trial 6) and once 

from sample set #3 (trial 7). These measurement routines were followed in order to 

verify reproducibility of the measurements, monitor aging effects, and to determine the 

reproducibility of the sample synthesis procedure. 

12.3 Nitrogen Edge Absorption Results 

Figure 12.1 a) shows the nitrogen 1s X-ray absorption spectra of the DNA samples 

prepared with tris(hydroxymethyl)aminomethane (TRIS) buffer (pH 7.5), potassium 

phosphate buffer (pH 7.5), boric acid buffer (pH 8.6) and a sodium chloride solution 

(pH 6.8). These spectra were obtained in trial 7, measured from DNA samples from 

sample set #3. X-ray absorption spectra probe the partial unoccupied local electronic 

density of states, and these spectra clearly demonstrate differences between the various 

DNA powders prepared with different buffers. The lower energy features following the 

absorption onset are the result of excitations to 1t* type orbitals, while the broader 

features located at higher energy are produced from exciting the nitrogen 1s electron to 

cr * orbitals. Previous spectral results have shown this sensitivity to chemical 

environment125
, and the exact transitions have been determined for the nitrogen XAS 

spectra of the nucleobases138
. One of the clear differences in the spectra is the 

enhancement of the lowest energy 1t* feature (399.1 eV) in the DNA spectra prepared 

with TRIS buffer. Since the TRIS buffer contains nitrogen atoms, DNA and the buffer 

influence this spectrum, and it is not possible to distinguish contributions from buffer 

and DNA where the buffer contains nitrogen atoms. 
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From each spectrum in Figure 12.1 a) the NaCl spectrum has been subtracted and the 

difference spectra are shown in Figure 12.1 b). The spectrum of DNA produced in a 

salt solution was subtracted because it is considered to be the buffer containing the 

most simple ion arrangement. This plot illustrates that the main differences in the 

spectra occur near the onset region, in the excitations to the 1t • orbitals (LUMO). In 

this pre-edge region, the DNA prepared with NaCl has a greater intensity in the 1t• 

transition at 400 e V compared to the other spectra; therefore, causing the difference 

spectra to be negative for part of this region. It is shown that the XAS spectra are 

sensitive to slight modifications of the electronic structure that result from the unique 

cation environments instigated by sample preparation using different buffer solutions. 

400 405 410 415 420 

NaCl- NaCl 

395 400 405 410 415 420 

Excitation energy ( e V) 

Figure 12.1 a) Experimental nitrogen ls XAS for DNA prepared with TRIS buffer, 
potassium phosphate buffer, boric acid buffer and a NaCl solution. b) 
Difference spectra found by subtracting the spectrum of DNA (NaCl) 
from each of the spectra in a). An offset for they-axis has been added 
for clarity. 
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12.4 The HOMO- LUMO Energy Gap 

Figure 12.2 displays the combination of XES and XAS spectra for the samples 

measured in trial 7 probing the partial density of states at the nitrogen edge of the four 

DNA samples. The electronic structure in the regions of the HOMO and LUMO 

affects a material's conductivity. Several charge transfer mechanisms have been 

proposed for microscopic samples of DNA, including superexchange, incoherent 

hopping, or band-like transport as described in a recent review of DNA's conductivity1 

or a more specific review of charge-transfer studies of biomolecules139
• Regardless of 

which electron transfer mechanism is applicable; all of the methods have dependence 

on the arrangement of electrons in the molecule. Using the spectroscopic techniques as 

a probe of electronic structure, a comparison between four samples is made in Figure 

12.2. The same XAS spectra from Figure 12.1 are displayed with the corresponding 

XES spectra. Although the most obvious variations between spectra occur in the pre

edge features of the XAS spectra, slight differences are seen in the high energy slope of 

the XES spectra and the lower energy region around 390 eV. An increase in the 

HOMO- LUMO gap is found from the top to the bottom sets of XES and XAS spectra. 
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Figure 12.2 Nitrogen edge XES and XAS spectra for DNA prepared in various 
buffers. An offset for the y-axis has been added for clarity. The inset 
displays the N Is XAS and XES spectra of potassium phosphate buffer 
used for demonstration of experimental HOMO - LUMO gap 
measurement. 

By combining XES and XAS experimental data onto a single energy axis it is possible 

to estimate a HOMO- LUMO energy gap measurement128
-
130

' 
138

. Experimental results 

are made comparable by carefully calibrating the energy axes of spectra from the 

various trials with known spectral peak locations of hexagonal boron nitride (h-BN)90
• 

The standard sample of h-BN pressed powder was measured during every trial to 

guarantee that consistent calibration could be achieved and to ensure that any 

differences in the DNA energy gaps were the result of variations in the samples, not 

due to changes in monochromator photon energies. It is important to note that the 
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absolute gap values are only as certain as the calibration values taken from the study of 

hexagonal boron nitride by F omichev and Rumsh90
. 

The procedure for determining the energy gap is displayed in the inset in Figure 12.2 

for a DNA sample prepared with a potassium phosphate buffer solution. The same 

procedure is implemented for the DNA samples as was used for the nucleobases in 

Section 10. The experimental energy gap measurements for all of the trials can be 

found in Appendix C. Lines are extended along the spectral slope and the intersections 

with the noise floor are located. The linear extrapolation method was applied to 

remove the 'tail' in the spectra caused by instrumental (Gaussian) and lifetime 

(Lorentzian) broadening. The down slope of the emission spectrum was used to 

determine the first intersection (HOMO), and the onset slope of the first 1t* feature in 

the absorption spectrum was used for the second intersection (LUMO). The HOMO

LUMO gap value is given by the energy difference between the two intersections. This 

is a relatively uncomplicated procedure and is easily reproduced, ensuring that the error 

in method is no more than 0.1 e V for each of the boundaries, or ±0.2 e V for the total 

experimental gap value. It is found that more refmed methods for determining the 

HOMO and LUMO gap boundaries, for example using the 2nd derivative to determine 

the inflection points in the onsets of the spectra, do not significantly improve this 

systematic error. 

It is important to note that while this experimental method provides a means for reliably 

and accurately comparing HOMO - LUMO gaps, it is not simple to determine an 

absolute value of the gap for a number of reasons. Both the presence of the core hole 

and the energy calibration to a reference sample have effects on the fmal results. Core 

hole effects can cause the onset of the absorption spectrum to shift to lower energy. 

The creation of the core hole tends to shift the emission spectrum to lower energy as 

well, but this effect is minimal due to the fmal state rule. Results from calculations of 

the nucleobases indicate that the inclusion of the nitrogen core hole reduces the HOMO 

- LUMO gap by a maximum of0.3 eV in the case of thymine. It is assumed that this 

shift would be comparable in the case for the DNA molecule. Calibrating the energy 
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axes shifts both emission and absorption data according to measurements performed on 

a reference sample. In order to account for unavoidable variations in the optical 

alignment of the monochromator and spectrometer gratings, this step is necessary to 

correct the experimental energy scale and to make all measurements comparable, but is 

only as precise as the known values for the peaks in the reference spectra. These both 

can have direct influence on the experimental gap measurement and are expected to add 

a larger error to the ±0.2 eV that was outlined previously. This additional error will 

affect the absolute value of each gap in the same way, but it does not influence the 

trends when comparing the spectra. 

Results from several sets of measurements have been used to determine experimental 

HOMO - LUMO energy gaps to compare the electronic structure of the DNA samples 

with different cations incorporated into the local environment. DNA samples taken 

from sample set #1 were measured five times over the period of one week to investigate 

inconsistencies in the local environments from one particular sample set, as well as 

possible aging effects. Sample sets #2 and #3 were measured one time each to compare 

results from newly synthesized sets of samples. In all instances the gap is found to vary 

and the trends are displayed in Figure 12.3. The error bars reflect the systematic error 

of ±0.2 eV of our method. Note that the differences in the gap measurements are 

important in this assessment, not the absolute values, as the experimental gap values 

depend strongly on factors such as the absolute energy calibration, as was described 

previously. These experimental measurements can be used in the comparison of the 

electronic structure between the samples because all data were treated in exactly the 

same way. For comparison purposes the values determined from the experimental 

HOMO- LUMO gap measurements have been given in Table 12.1. A negative value 

simply means that there was overlap between the XES and XAS spectra, as a result of 

the effects described above. The overall gap difference from smallest value to the 

largest value during each trial is found to vary from 0.6 to 1.6 eV and hence is a much 

larger energy difference than the systematic error. It is clear that the energy gaps of the 

DNA samples measured in each of the trials fluctuate, resulting from changes in 

electronic structure created from variation in the four main categories, previously 
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described as: cation distribution, water distribution, structural changes in the DNA 

molecule, and possible solid state variations resulting from interactions between the 

DNA molecules in powder form. 

Table 12.1 Experimental HOMO- LUMO Gap Values from DNA Samples 

Experimental Gap Value ( e V) 

Sample Set 1 Sample Sample 
Set 2 Set 3 

Triall Trial2 Trial3 Trial4 TrialS Trial6 Trial7 

TRIS 0 -0.1 -0.4 -0.8 -0.8 0.1 -0.7 

NaCl 0.8 0.4 0.2 0.1 -0.1 0.4 0.1 

H3B03 0.9 1.5 0.5 0.4 0.5 0.7 0.3 

K3P04 0.3 0.9 0.1 0.4 0.4 0.7 0.4 

Difference a 0.9 1.6 0.9 1.2 1.3 0.6 1.1 

aDtfference between largest and smallest gap value for the given trial 
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Figure 12.3 Experimental HOMO - LUMO gap values for DNA prepared with 
different buffer environments for 7 different trials. The error bars reflect 
the systematic error resulting from our method of determining the gap 
using the calibrated measurements. 

Figure 12.3 displays that diverse gap values have been found for the four DNA 

samples in each of the seven trials, resulting from the different cations and anions 

present during sample preparation. Variations between the values obtained in trials 1 to 

5 are possibly the result of inconsistencies in the local environment of the five samples 

obtained from sample set #1, but more likely it is an aging effect. Since each of the 

five sample plates was prepared from the same batch (sample set #1) it is possible that 

the differences are a result of the DNA samples changing over the week since the 

energy gap value for each of the four DNA samples follows a similar trend for the first 

five trials, as shown in Figure 12.3. This trend is further evidence of the sensitivity of 

DNA to its environment. The gap values change again for the measurements of sample 

sets #2 and #3 in trials 6 and 7, respectively, and this results from differences in the 

local chemical environment between the three sample sets and therefore points to 
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difficulties with reproducibility in the sample synthesis procedure. Although many 

factors such as pH, temperature and drying time are controlled during sample 

preparation, it is nearly impossible to control the drying process completely. This 

causes variations in the cation distribution in the dried structure of DNA and 

differences in the local chemical environment of the samples in the different sample 

sets. The gap changes because of fundamental dissimilarities in the samples that result 

from variations in the water and cation environment, and possibly from differences in 

the structure of the DNA samples, such as slight changes in the stacking height as a 

result of the changes in the chemical environment. 

12.5 DFT Calculations 

Calculations of DNA were contributed to this study through collaboration with Dr. 

Wai-Yim Ching's research group located at the University of Missouri- Kansas City. 

Calculations for the DNA molecule are challenging due to the large unit cell required to 

accurately represent the molecule. Models need to be simplified from the actual DNA 

molecule to make the calculation possible. For our density functional calculations a 

simplified model of DNA that includes a stack of 10 adenine - thymine (A-T) 

nucleobase pairs was chosen. This model has been used in calculations to demonstrate 

the effect of structural variations on the electronic structure, and the results are 

displayed in Figure 12.4. The figure shows the results from repeating the density of 

states calculations for various values of the stacking height. The stacking height is the 

projected distance between neighboring base pairs along the helical axis and is varied 

to simulate slight structural variations. The smaller range of stacking heights 

corresponds to an A-DNA type structure (base pair separation of 2.5 A), and 

subsequently the value is increased to nearly the value forB-DNA (base pair separation 

of 3.4 A). As the stacking height increases, the energy gap for the nitrogen states also 

mcreases. The theoretical energy gap increases in a predictable way according to a 

power law, as shown in the inset. The values of the calculated gaps vary from 1.03 to 

3.26 e V for the selected range of stacking heights. A similar trend was found for the 

value of the energy gap in other DFT calculations, which found an energy gap value of 
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1.249 eV for A-T sequence A-DNA and 2.743 eV for A-T sequence B-DNA140
• The 

calculations clearly show that slight modifications in the physical structure, which can 

be the direct result of a varying environment of cations and water molecules will 

modify the HOMO - LUMO energy gap. This result supports the experimental 

fmdings. In the future, it would be desirable to include the actual solvent molecules in 

the calculation, which would act as cations in the local chemical environment of a 

larger and more realistic DNA model. 
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Figure 12.4 The calculated partial DOS ofN atoms for a stack of 10 A-T nucleobase 

pairs for various values of stacking height using the OLCAO method. 
An offset for they-axis has been added for clarity. The inset shows the 
relationship between the energy gap and the stacking height obeys a 
power law, y = A(x-xc)P, where A = 3.06472, Xc = 2.10274 and P = 
0.42839. The broadening used for the partial DOS was 0.05 eV 
(FWHM). 
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12.6 Summary 

X-ray spectroscopy has proven to be extremely sensitive to changes in the environment 

of the DNA samples, resulting from altering the buffer solution involved with sample 

preparation. The X-ray absorption and X-ray emission measurements show that the 

local chemical environment plays an important role in determining the electronic 

structure of DNA. Experimental values of the energy gap provide a means to compare 

and track changes in the electronic structure of a variety of samples. These 

modifications in environment and structure can relate to the conductivity. DNA is a 

complex molecule, subject to extensive variations in hydration and cation distribution, 

as determined by differences in the electronic structure of the samples used in this 

study. 

Many different results on the conductive nature of DNA have been reported in the 

literature; however, they all had unique and microscopic experimental set-ups. The 

experiment was arranged and 1-V curves were measured, determining a property of the 

DNA molecule for that one particular set-up, in that one particular lab, at that particular 

time. The conductivity of DNA is highly variable and the question, ''what is the 

conductivity of DNA?" is relatively meaningless in a general sense since it depends 

strongly on the individual set-up. It seems appropriate to think of DNA ass a class of 

materials as opposed to one exactly defmed sample. Previous studies used a 

microscopic approach to measure I-V curves, while this study has presented a 

macroscopic study using spectroscopy. By monitoring the HOMO - LUMO gap 

directly it is shown how sensitive the electronic structure of DNA is to variations in 

chemical environment during sample preparation. This gives a plausible explanation 

for the many different results that have been measured for the conductivity of DNA; 

each experiment had different sample preparation, resulting in unique DNA molecules 

being studied. The challenge will now be to understand how to exert greater control 

over the interactions of DNA with its surrounding environment in the dried form, such 

that a DNA molecule with specific conductive properties could be produced in a 

reproducible way. Knowing how DNA interacts with its local chemical environment is 

crucial in understanding and tailoring its conductive properties. 
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13 METALLIC DNA 

Generally it is supposed that DNA is a wide band gap semiconductor8
• Significant 

research has been done to employ metal ions to increase the conductivity of DNA, as 

described in a recent review article11
• For example, the conductivity of DNA can be 

improved by the deposition of silver atoms along the helical structure, but this process 

is essentially irreversible2
. Another possibility is to convert B-DNA to (X)·M-DNA at 

pH values above 8.5 by the addition of divalent metal ions (Zn2+, Co2+, and Ne+)12
. 

Previous experiments involving (X)·M-DNA have measured the current versus voltage 

(I-V) relationship using a microscopic set-up, while this current study incorporates a 

spectroscopic approach. Investigating the electronic structure with soft X-ray 

absorption (XAS) and emission (XES) spectroscopy using synchrotron radiation 

provides valuable information about the occupied and unoccupied partial densities of 

states without the difficulties of a microscopic set-up. The main focus for this study is 

to use spectroscopy to probe the interaction of the metal ions with the DNA molecules 

and determine what influence the metal has on the electronic structure of DNA. 

13.1 Sample Preparation 

In general (X)-M-DNA can be produced from all duplex sequences at pH values 

between 8 and 9 with Zn2+, Ni2+ and Co2+, but not with Mg or Mn ions51
• The 

conditions under which (X)·M-DNA can form are fairly restricted. If the pH is too low 

(X)·M-DNA will not form and if the pH is too high, the metal salts will precipitate. 

(X)·M-DNA can be readily converted to B-DNA upon lowering the pH value, which 

suggests that the double helical structure remains intact51
• If metal ions are added to a 

B-DNA solution and the pH is not sufficiently high to form (X)·M-DNA, the result will 

be a B-DNA complex with metal ions attached only to the outside of the helix, rather 

than directly inside the nucleobases 12
• This structure is referred to as (X)-B-DNA for 
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this study. It is likely that both the (X)·B-DNA and (X)·M-DNA samples will have 

excess metal ions that are not bonded directly to the DNA strand. 

13.1.1 Powder B-DNA and (X)·M-DNA Samples 

Dr. Jeremy Lee's research group from the Department of Biochemistry at the 

University of Saskatchewan prepared samples of biomaterials for this study. All 

powder samples of DNA were prepared in a buffer solution (required to stabilize the 

pH), and then dried using lyophilization. Calf thymus DNA (42% G-C, 58% A-T, 99% 

purity with trace of RNA) and tris(hydroxymethyl)aminomethane (TRIS) buffer were 

purchased from Sigma. Metal chloride salts were obtained from Aldrich. A 

concentrated DNA stock solution (----1.5 mg/mL) was prepared and diluted to a fmal 

concentration of 100 J..Lg/mL. The DNA was sheared by 5 passages of the stock 

solution through a syringe needle141
• The B-DNA sample was prepared by 

lyophilization of 25 mL of 100 J..Lg/mL calf thymus DNA prepared in 10 mM TRIS 

buffer (pH 7.5). (X)'B-DNA samples were prepared by the addition ofNiCh or CoCh 

(0.1 mM) to the pH 7.5 B-DNA. The (X)·M-DNA samples were prepared using TRIS 

buffer (pH adjusted with HCl) and 0.1 mM NiCh or CoCh at pH 8.5 according to the 

technique previously described 12
• 

51
. 

13.1.2 (Ni)·M-DNA Solution Sample 

The (Ni)·M-DNA solution was prepared as described above and split into two parts; 

one portion was used for the solution sample, while the other was used to create the 

powder sample using a lyophilization process. 

13.2 Experimental Details 

For the comparison of the powdered samples, the experimental resolution for the nickel 

L2,3 X-ray emission spectra is 2.2 eV FWHM, resolution for the cobalt L 2,3 X-ray 

emission spectra is 1.8 eV FWHM, and the resolution for the nitrogen Ka X-ray 

emission region is 0.75 eV FWHM. The X-ray absorption spectra (XAS) presented in 

this study were measured in total electron yield (TEY) mode. For comparison purposes 
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results from previous studies of CoO are included to compare with the measurements of 

cobalt metal, nickel metal, NiO, and the DNA samples. Included in this study is 

resonant X-ray emission for CoO measured by Magnuson et al. 116. Nonresonant X-ray 

emission data of CoO measured with a lab source is also presented for comparison. 

For the comparison of the powder and solution samples of metallic DNA, the X-ray 

absorption spectra were measured in partial fluorescence yield (PFY) mode, with the 

spectrometer window set to monitor the Ni L2,3 emission (from 783 to 933 eV). The 

resolution was about 0.25 eV for the Ni 2p XAS, and 2.2 eV FWHM for the Ni L2,3 

XES measurements. The (Ni)·M-DNA solution was placed into the UHV sample 

chamber mounted in a liquid cell behind a 1 mm x 1 mm x 100 nm thick ShN4 

window142. NickelL edge XAS and XES were chosen to analyze the metal-DNA 

interaction because photon energies do not coincide with Si or N absorption edges of 

the window. All samples were mounted on the same sample holder to allow 

measurements to be made consecutively, with the same experimental geometry. 

13.3 Calculation Details 

Several compounds were selected to represent a sampling of possible residual metal 

structures that could form from the metal ions not directly bonded to the DNA 

molecules. Metal chlorides were included since CoCh and NiCh were added to the 

solution to provide metal ions during sample preparation. The metal oxides CoO, 

CoOH, NiO, and NiOH represent other possible structures that may form through 

various interactions with the buffer solution. These selections are not intended to 

represent all of the possible structures that will exist in the sample, just some of the 

common ones. Models of the NiO, (NiOHt, NiCh, (CoOt, CoOH and (CoCht 

molecules were first created using Spartan 04131 and then optimized using StoBe. 

The complexity of DNA results in challenges when developing analytical and 

theoretical approaches to understanding the biomolecules. This often results in 

applying models of simpler systems to the more complicated picture. To help 

determine spectral contributions from the metal ions interacting directly with the B-
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DNA molecule, it was desirable to create a model of the nucleobases of (X)·M-DNA. 

One of the proposed structures of (X)·M-DNA shows a metal ion replacing the 

hydrogen atom at the N3 position of thymine and the N1 position of guanine of every 

base pair, which is supported by NMR measurements51 , but not yet confirmed by 

crystallographic data. This model is shown in Figure 13.1. Previous studies involving 

the interaction of DNA base pairs with Group Ila and Group lib metal cations have 

presented models with the cations interacting with the N7 of adenine and the N7 and 

06 atoms of guanine143-145. In general, the N7 sites of guanine and adenine are 

preferable metal binding sites146· 147, however a modified adenine - thymine base pair 

with the proton at the N3 location of thymine replaced with a Pt(II) ion has been found 

for the mixed 1-methylthymine, 9-methyladenine complex of trans

[Pt(II)(NH2Me)2]146. Metal-ion interactions with the N3 site are possible but less 

prevalent than bonding with the N7 site, however, if an increase in pH effectively 

deprotonates the N3 site, it may increase the likelihood of a metal ion binding at that 

site147. It has been one of the goals of this study to investigate which bonding location 

the Ni ion will be in. 

Previously, DFT calculations of a Zn(II) guanine - cytosine M-DNA nucleobase pair 

were attempted, but it was found to be difficult to fmd a planar equilibrium structure148. 

This may indicate problems with the model, or that the inclusion of stacking 

interactions is important when optimizing the structure. For this study it was desirable 

to calculate the effects of the metal - nucleobase interaction on X-ray absorption 

spectra and the originally proposed model was chosen for simplicity. The hydrogen 

atoms at the N3 position of thymine and the N1 position of guanine were replaced with 

a metal ion (Ni) or metal atom (Co) and the Watson-Crick nucleobases were allowed to 

rotate by 20° around an axis perpendicular to the plane of the bases, in order to allow 

the bond length between the metal and the nitrogen to increase to 2 A12. XAS spectra 

were calculated for the nickel adenine- thymine (Ni-AT), nickel guanine- cytosine 

(Ni-GC) nucleobase pairs and the equivalent structures with cobalt (Co-AT and Co

GC) using StoBe. 
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a) 

Thymine 

b) 

Figure 13.1 Molecular structures of the (Ni)·M-DNA nucleobase pairs used for 
density functional theory calculations. Ni-AT is shown in a) and Ni-GC 
is displayed in b). The hydrogen atoms have not been labeled and the 
thin striped lines represent hydrogen bonds. 

13.4 Study of(Ni, Co)·M-DNA Powder Samples 

Recently it was shown that resonant inelastic X-ray scattering (RIXS) measurements 

near the L absorption edge of a 3d metal can be used for probing carriers in Co-doped 

Ti02 and other diluted magnetic serniconductors149• The L edge spectra of 3d elements 

are sensitive to the metallicity of the system. RIXS measurements have been used to 

study carriers in the (X)·M-DNA and (X)"B-DNA (X=Co, Ni) systems. Cobalt and 

nickel L edge X-ray absorption measurements are compared to density functional 

calculations of several model compounds to determine the origin of spectral 

contributions. Nitrogen K edge RIXS measurements are presented to compare the 

degree oflocalization of the electronic nitrogen states in B-DNA and (X)·M-DNA. 
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13.4.1 Cobalt and Nickel2p XAS 

Figure 13.2 and Figure 13.3 show the cobalt and nickel 2p X-ray absorption spectra, 

respectively. Although the experimental techniques probe all metal ions in the sample, 

it is important for this study that the spectra are not dominated by contributions from 

residual metal structures. By comparing the spectra of (X)-B-DNA and (X)·M-DNA 

with simulations of various model compounds intended to represent excess metal 

structures (CoO, CoOH, CoCh, NiO, NiOH, and NiCh), it is found that the spectra of 

the model compounds do not seem to be very similar to the spectra of the DNA 

samples. By comparing the theoretical spectra of the compounds CoO, CoCh, and 

NiCh to the experimental spectra, it is seen that these structures have minimal impact 

on the experimental results. The calculations of CoOH, NiO, and NiOH display 

features that are seen in the measurements of the DNA, including the first shoulder 

after the main L 3 peak, usually associated with oxidation. However, the calculations do 

not characterize all of the experimental features. This indicates that the spectra are not 

dominated by residual metal structures; rather they include influence from both the 

metal-DNA interaction and the excess metal. 
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Figure 13.2 Experimental cobalt 2p XAS spectra of (Co)·B-DNA and (Co)"M-DNA 
(black lines) compared to theoretical spectra of CoO, CoOH, CoCh, Co
AT, and Co-GC (grey lines). The vertical dotted line has been added to 
assist with comparing spectral features and an offset to the y-axis has 
been added for clarity. 
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Figure 13.3 Experimental nickel 2p XAS spectra of (Ni)·B-DNA and (Ni)·M-DNA 
(black lines) compared with theoretical spectra of NiO, NiOH, NiCh, 
Ni-AT, and Ni-GC (grey lines). A vertical dotted line has been added to 
assist with comparing spectral features and an offset to the y-axis has 
been added for clarity. 

The calculations of the cobalt and nickel M-DNA nucleobase pairs have been included 

to model the interaction of the metal ion with the DNA strand. The XAS spectra for 

both the (X)·B-DNA and (X)·M-DNA samples are very similar, and both have features 

that seem to correspond to the calculations used to model the metal-DNA interaction. 

These features are indicated in Figure 13.2 and Figure 13.3 by the dotted lines. While 

the XAS results do not prove that the models are the correct structures for the metallic 

nucleobase pairs, they do reveal that the spectra are influenced by the metal ions 

interacting with the DNA strands. 
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13.4.2 Cobalt and Nickel L2,3 RIXS 

The L2 and L3 X-ray emission from 3d elements corresponds to X-ray transitions from 

the occupied 3d4s valence states to the 2p112 and 2p312 core levels when neglecting 

higher multipole transitions, correlation effects and the influence of the core hole 

relaxation. For free atoms with a fully occupied d shell, the integral intensity ratio of 

the L2 and L 3 XES lines, I(L2)/I(L3), is determined by the statistical population of the 

2p112 and 2p312 levels. Therefore, the intensity ratio should be equal to Y2 when not 

taking into account nonradiative transitions. Condensing the free 3d atoms to a solid

state can cause this ratio to change from the predicted value of Y2 due to the 

electrostatic interaction between 2p core holes and electrons in the unfilled 3d shell. 

This allows the integral intensity ratio I(L2)/I(L3) to provide information concerning the 

2p-3d interaction. 

Aside from the 2p-3d electrostatic interaction, nonradiative L2L 3M4,5 Coster-Kronig (C

K) transitions can also influence the intensity ratio I(L2)/I(L3) in 3d metal solids. 

Generally, C-K transitions partially depopulate the L 3 state when radiationless 

transitions from the L 3 to the L2 level occur before the emission process can take place. 

The transition energy can be released via emission of 3d Auger electrons. The 

probability for this process to occur in free atoms is minimal, but it is strongly 

enhanced in condensed matter systems. This enhancement is due to the screening of 

intra-atomic electron interactions in solids and it leads to a decrease in the energy 

difference between initial and fmal states of the nonradiative C-K process. This effect is 

particularly prominent in metals150
' 

151
. In metals, the optical potential reaches its 

maximum value at plasma vibrations of about 10 to 15 eV, which coincides with the 

magnitude of the L2,3 level spin-orbit splitting, at which point it will only depend on the 

concentration of the conducting electrons152
. When an L3 electron relaxes to the L2 

level the relaxation energy is transferred to the electron cloud, giving rise to plasma 

vibrations. 
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Taking into account these factors, the following expression for the I(L2)/I(L3) ratio was 

used153
: 

I(L2 ) _ 1 - 12,3 (13.1) 

I(L3) l2 3 + 113 I l12 
' 

where h,3 is the probability for the C-K process to occur and j13/ j12 is the ratio of the 

absorption coefficients for the excitation energies at the L3 and the L2 thresholds. When 

the excitation energy is set well above the L2 threshold (nonresonant regime), J1YJ12 has 

a constant value of2 for all elements. Therefore, the ratio I(L2)/I(L3) is determined only 

by the parameterh,3, which increases for a given element (Co and Ni in this case) with 

the number of mobile d carriers available151
• For the resonant excitation, the parameter 

J13l J12 changes with the excitation energy and becomes minimal when exciting at the L2 

threshold 153
• This results in a strongly increased excitation at the L2 threshold. 

The influence of nonradiative C-K transitions for the nonresonant L2,3 NXES excited 

well above the L2 edge and the resonant L2,3 RXES excited at the L2 edge can be seen in 

Figure 13.4 and Figure 13.5, respectively. For both resonant and nonresonant spectra 

the I(L2)/I(L3) intensity ratio for (X)-M-DNA and (X)·B-DNA differs and the spectra 

occupy the intermediate positions between the metal oxide and the pure metal spectra. 

It is typical that the I(L2)/I(L3) intensity ratio increases upon going from pure 3d metals 

to their oxides, because the nonradiative L2L3M4,5 C-K transition probability is expected 

to be lower for 3d metal oxides than for metals due to the reduced number of electrons. 
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Figure 13.4 The L2,3 NXES spectra of(X)·B-DNA and (X)"M-DNA. 
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Figure 13.5 The L2,3 RXES spectra of(X)·B-DNA and (X)·M-DNA. 
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The intermediate position of the I(L2)/I(L3) intensity ratio of (X)·M-DNA between the 

metal oxide and the pure metal indicates that the number of carriers in (X)·M-DNA 

systems is higher than in the insulating metal oxide and less than in the case of the pure 

metal. The higher sensitivity of resonant spectra with respect to nonresonant spectra 

allowed differences in the I(L2)/I(L3) intensity ratio between (X)·B-DNA and (X)·M

DNA to be found in Figure 13.5. For both the cobalt and nickel systems, it is concluded 

that the number of carriers is higher for (X)·M-DNA than for (X)·B-DNA systems, but 

is still less than in the case of a pure metal. Previous results have shown that B-DNA is 

less conducting than (X)·M-DNA13 and these results are in agreement. 

13.4.3 Nitrogen Ka RIXS 

Nitrogen RIXS spectra have been used to investigate the electronic structure of the 

DNA samples. In the DNA structure the nitrogen atoms are located exclusively in 

nucleobases, not in the backbone, allowing the electronic orbital features of the 

nucleobases to be probed directly. Figure 13.6 shows the RIXS spectra of B-DNA, 

(Co)-M-DNA and (Ni)·M-DNA excited near theN Is threshold. Since the TRIS buffer 

contains nitrogen atoms, it is important to note that the nitrogen in DNA and in the 

buffer both influence these spectra, and it is not possible to distinguish between the two 

contributions. However, all three samples were prepared with the same TRIS buffer, 

ensuring that the measurements are comparable. 

Figure 13.6 shows that unique results are found in the nitrogen RIXS data for each of 

the DNA samples. The RIXS technique is a direct probe of the occupied electronic 

states of the systems. The nitrogen emission results from a multitude of transitions 

occurring from occupied states with p symmetry to the open K shells in the various 

nitrogen atoms. Since emission features in the RIXS spectra do not track the excitation 

energy it is assumed that features are not the result of inelastic loss processes, rather 

they are the consequence of normal emission. The intensity changes of the emission 

peaks in the spectra measured at the various excitation energies are caused by 

transitions to different intermediate states. The sharp high-energy features in the 

resonant spectra are elastic peaks. 

135 



6 

5 

4 
rn ...... 
§ 
0 
U3 

0 

2 

(a) B-DNA 

A ,, 
I\ 

' \ 

380 390 400 
Emission Energy [ e V] 

5 

4 

3 

(b) (Co)"M-DNA 

380 390 400 
Emission Energy [ e V] 

5 

4 

3 

2 

(c) (Ni)·M-DNA 

~ 
\ 
' .. 

380 390 400 
Emission Energy [ e V] 

Figure 13.6 Nitrogen RIXS spectra of(a) B-DNA, (b) (Co)'M-DNA, and (b) (Ni)·M
DNA. The excitation energy is labelled on the left side of each 
spectrum. An offset to they-axis has been added for clarity. 

Differences observed in nitrogen spectra are further proof that the experiment is 

probing structural differences in the DNA samples with the metal RIXS spectra, not 

just excess transition metal ions. Comparing the B-DNA data to the (X)'M-DNA 

spectra it is found that the B-DNA has sharper features at all excitation energies. This 

is especially true for the resonant energies, where features are much less defmed for the 

(X)·M-DNA systems. At an incoming energy of 400.2 eV, the B-DNA spectrum has a 

well-defined two peak structure centred at 393.4 eV, while in the metallic DNA 

samples for the same excitation energy the peak splitting is not as pronounced. The 

broadening of these peaks in the RIXS spectra of (Co)'M-DNA and (Ni)·M-DNA 

directly indicates that the valence states are more delocalized for the (X)·M-DNA 

systems than in the B-DNA sample. 
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13.4.4 Summary 

In this study the electronic structure of the (X)·M-DNA and (X)·B-DNA systems is 

characterized using RIXS spectra near the transition metal L and nitrogen Kedges. The 

I(L2)/I(L3) intensity ratios in the metal L edge spectra are found to be reduced for the 

(X)·M-DNA compared to the (X)"B-DNA system, which is attributed to a higher 

number of charge carriers in the first system. It is found that metal2p XAS spectra are 

influenced by the interaction of the metal ions with the DNA molecules. While this 

agreement does not prove that the models are correct for the (X)"M-DNA structure, it 

does show that the interaction of metal ions with the DNA samples is being probed, not 

simply excessive metal impurities found in the local chemical environment. Further 

evidence that this study is investigating the metal-DNA interaction with the 

experimental techniques is seen in the differences found in the nitrogen spectra. The 

well-defined, sharp peaks of the nitrogen RIXS spectra indicate more localization of the 

occupied electronic states in B-DNA. The broadening of these features directly 

suggests delocalization of the occupied electronic states in the (X)·M-DNA systems. 

Further understanding of the conductive mechanisms in DNA systems is a necessary 

precursor to the ability to manipulate biomolecules for applications in fields such as 

nanoelectronics. 

13.5 Study of (Ni)·M-DNA Solution and Powder Samples 

Altering the distribution of water and ions in the local chemical environment of the 

DNA helix has been shown to influence both the physical and electronic structure of 

DNA 134
• 

136
• 

137
• Often biomaterials of interest to the field of nanoelectronics are 

prepared in solution and then dried to a solid-state form. Modifications that occur in 

the physical and electronic structure during the transition from a solution to a solid 

form are important, and understanding these changes is crucial in determining how to 

manipulate the biomaterials in a reproducible way. Specific knowledge is limited due 

to difficulties designing experiments to analyze the electronic structure of both solution 

and solid samples without considerable changes in experimental set-up, which may 

ultimately affect the outcome. Experimental difficulties have limited the research in 
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this field; this study represents the first example of a comparison of the electronic 

structure of a biomaterial in both powder and solution form. 

The local chemical environment will be different for molecules in solution compared to 

the solid form. Even in the simple case of water, there are significant differences in the 

electronic structure between the liquid and solid phases154
• When DNA is lyophilized 

the local ions and water molecules are no longer dynamic, and more rigid bonds in the 

solid form replace the constant reorganization of bonding that is possible in solution 

form. B-DNA (base pair separation of 3.4 A and twist angle of 36°) is the most well 

known structural form of DNA under conditions of high water content, while the A

DNA structure (base pair separation of2.5 A and twist angle of32.7°) is favored under 

lower humidity132
• Either A-DNA or a combination of A- and B-DNA may be 

favorable in dry DNA, because of lower water content. It is found that the 

concentration and size of cations in the local chemical environment are important in 

initiating structural phase transitions in DNA134
. 

A spectroscopic study of the electronic structure and the interaction of metal ions with 

DNA in both solution and powder samples of (Ni)·M-DNA with minimal change in the 

experimental set-up is presented. X -ray absorption spectra are compared to density 

functional calculations of several model compounds to determine the origin of spectral 

contributions. Nickel L edge resonant inelastic soft X-ray scattering (RIXS) 

measurements are presented to compare the influence of the solid state versus the 

solution state on the occupied states of the system. 

13.5.1 Nickel2p XAS 

Nickel 2p edge absorption spectroscopy has been proven useful for examining the 

electronic structure of biological systems, in particular determining the oxidation states 

and spin states ofNi containing enzymes155
• 

156
. The Ni 2p spin orbit interaction splits 

the spectrum into two sections, which consist of the 2p312 (L3) and the 2p112 (L2) features. 

The multiplet structure in the nickel spectra is the result of the Coulomb and exchange 

interactions between the 3d shell and the core hole. This fme structure can reveal 
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information about the Ni oxidation state and, more specifically for the Ni(II) state, 

distinguish between the 3cf' high and low spin configurations157
• It is found that Ni(l) 

spectra exhibit no multiplet structure due to a full d shell in the fmal state, high spin 

Ni(II) spectra have multiplet structure on the high energy slope of the L3 peak and a 

broad or split L 2 edge, low spin Ni(II) spectra have minimal multiplet features on the L3 

peak and a sharper L2 edge, ionic Ni(III) multiplet features are found on the low energy 

side of the L3 peak and covalently bonded Ni(III) has broad features lacking multiplet 

structure155
. TheM-DNA experimental spectra in Figure 13.7 clearly show multiplet 

structure on the high energy side of the L3 peak, indicating a high spin Ni(II) 

configuration for both the solution and powder (Ni)·M-DNA samples. This 

configuration may lead to geometry with octahedral, tetrahedral, or most likely, square 

planar symmetry. 

The spectra of the solution and powder samples of (Ni)·M-DNA exhibit more detailed 

structure compared to spectra ofNi metal in Figure 13.7. This is because the 2p -7 3d 

multiplet structure reflects the behaviour of the 3d orbitals in the presence ofligands157
, 

which applies to both molecular environments, but not to the metal. Feature A in the 

experimental spectra is the main peak associated with the 2p3;2 absorption edge and is 

well represented in all theoretical spectra. While the interaction of Ni with 0 likely 

influences both feature B and C in the spectra when comparing the theoretical spectra 

of NiO and NiOH to experiment, the influence of the excess NiCh is minimal. The 

comparison of calculations of these simple compounds is used to determine that the 

spectra are not dominated by contributions from residual Ni compounds, rather they 

represent a combination of the excess nickel structures and the metal-DNA interaction. 

Feature C corresponds to peaks in the calculated spectra of Ni-GC and Ni-AT, 

indicating that the experimental spectra are influenced by the metal-DNA interaction. 

This feature is significant in the (Ni)"M-DNA powder spectrum, but not in the spectrum 

for the solution sample. This is possibly due to dilution effects in the solution or 

differences in the ligands associated with the Ni ions. 
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Figure 13.7 Experimental nickel 2p XAS spectra of the (Ni)·M-DNA solution, 
(Ni)-M-DNA powder, and Ni metal (black lines) are compared with 
theoretical spectra of NiO, NiOH, NiCh, Ni-AT, and Ni-GC (grey 
lines). The experimental spectra were measured in partial fluorescence 
yield (PFY) mode. Vertical dotted lines have been added to assist with 
comparing spectral features and an offset to the y-axis has been added 
for clarity. 

13.5.2 Nickel L2,3 RIXS 

Nonresonant and resonant soft X-ray emission spectra are displayed for the solution 

and powder (Ni)·M-DNA samples and Ni metal in Figure 13.8. Both (Ni)·M-DNA 

samples are shifted higher in emission energy from the Ni metal spectrum. This 

chemical shift ranges from 0.6 eV in the nonresonant case, to 1.4 eV when excited on 
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the L2 threshold, to 1.6 eV when excited on the L3 threshold. The metal spectra remain 

at constant emission energy. 
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Figure 13.8 L2,3 RIXS spectra of the (Ni)·M-DNA solution (solid dots), (Ni)·M-DNA 
powder (hollow dots), and Ni metal (solid line). Part a) displays 
resonant emission spectra when excited on the L3 threshold, b) shows 
resonant emission spectra when excited on the L2 threshold, and c) 
displays the nonresonant emission spectra excited above the absorption 
edges. 

The integral intensity ratio I(L2)/I(L3) provides information concerning the population 

of the valence states of 3d and 4s symmetry. Neglecting the effects of nonradiative 

transitions, the intensity ratio should be equal to Y2 for free atoms. The electrostatic 

interaction between 2p core holes and electrons in the unfilled 3d shell can cause this 

ratio to change from the value of Y2 when free 3d atoms are condensed into a solid. 
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Furthermore, nonradiative L2L 3M4,5 Coster-Kronig (C-K) transitions also influence the 

I(L2)/I(L3) ratio in 3d metal solids153. Generally, C-K transitions partially depopulate 

the L3 state when radiationless transitions from the L3 to the L2 level occur before the 

emission process. 

The higher sensitivity of resonant compared to nonresonant spectra allowed changes in 

the I(L2)/I(L3) intensity ratio between solution and powder (Ni)·M-DNA and the Ni 

metal sample to be established in Figure 13.8 b). It is found that the integral intensity 

ratio I(L2)/I(L3) increases from the Ni metal to the powder (Ni)·M-DNA sample to the 

solution of(Ni)·M-DNA. Both the 2p-3d electrostatic interaction and nonradiative C-K 

transitions can reduce the ratio for the (Ni)·M-DNA powder sample, although not as 

much as the Ni metal. 

A key difference between the solution and powder sample is the arrangement of the 

hydrogen bonding between the DNA strands and water. It has been found that X-ray 

spectroscopy is sensitive to the hydrogen bonding in water154· 158 and ice154, and the 

variation in the hydrogen bonding arrangements between the liquid and solid samples 

result in clear differences in the electronic structure. The ratio change between the two 

(Ni)"M-DNA samples is likely due to a combination of solid-state effects such as the 

2p-3d electrostatic interaction and nonradiative C-K transitions in the powder sample, 

and influences resulting from diversity in the hydrogen-bonding networks present in the 

solution and powder samples. This ratio difference indicates that the powder sample 

has greater metallicity than the solution sample. Feature a in Figure 13.8 is located 8.2 

eV below the excitation energy and is distinct for the solution sample in part c), and 

somewhat less pronounced in part b). Both d-d transitions and charge transfer 

processes resulting from the interaction of nickel with ligands have contributed to 

energy loss features in RIXS spectra for Ni0159. RIXS calculations are necessary to 

determine potential processes resulting in the loss feature in the solution (Ni)·M-DNA 

spectrum. This feature may be absent for the powder sample because of solid-state 

effects including electronic distortions and the Coulomb interaction. The change in the 

integral intensity ratios and the presence of an energy loss feature for the solution 
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sample demonstrates a difference between the electronic structure of the solution and 

powder (Ni)·M-DNA samples. 

13.5.3 Summary 

The electronic structure of solution and powder (Ni)·M-DNA has been described using 

nickel L edge X-ray absorption and emission spectroscopy, with minimal change in 

experimental set-up. Comparing Ni 2p XAS spectra to calculations it is found that the 

DNA measurements are influenced by the interaction of the metal ions with DNA, and 

are not dominated by excessive metal impurities. Using XAS spectra as fmgerprints of 

Ni coordination, it is found that both solution and powder (Ni)·M-DNA are high spin 

Ni(II) compounds. The emission spectra for theM-DNA samples experience a shift in 

energy compared to the spectra for the nickel metal. The I(L2)1I(L3) intensity ratio in 

the RIXS spectra is reduced for the powder (Ni)·M-DNA compared to the liquid 

(Ni)·M-DNA system, which is attributed to solid-state effects in the powder sample, 

and variations in the hydrogen bonding networks. The presence of an additional 

energy-loss feature in the solution RIXS spectra is attributed to energy loss possibly 

from d-d excitations or charge transfer processes. Drying the metallic DNA sample 

from solution has a significant effect on the electronic structure. 
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14 BORON NITRIDE 

Although measurements of boron nitride were initially for nitrogen energy calibration, 

once it was determined that an improved calibration from those available in literature 

was not necessary, the focus changed to an investigation of unique boron nitride 

samples. In the following sections, the BN sample synthesis procedures will be 

described, and soft X-ray spectroscopic measurements at the boron and nitrogen K 

edges of unique very high quality single crystals of h-BN and c-BN will be presented 

and compared to the results of density of states calculations. The goal is to obtain a 

picture of the electronic states of different BN structures and to compare them to those 

of thin BN films. In addition, a spectroscopic examination of the effects of surface 

roughness on the electronic structure of the thin films of c-BN will be presented. 

14.1 BN Sample Synthesis 

Single crystals of both hexagonal and cubic boron nitride are obtained using a carefully 

purified Ba-B-N solvent system for the temperature gradient method using a modified 

belt-type apparatus with a bore diameter of60 mm, under both high-pressure and high

temperature (HP-HT)160
• The source used for BN was a h-BN rod (Shin-etsu Kagaku 

Co Ltd, type KD-3S) and powder (Shin-etsu Kagaku Co Ltd, type KBN-(h)10). During 

sample synthesis, the growth cell containing a mixture of the barium - BN system and 

h-BN powder tends to become contaminated with oxygen. To reduce these effects, the 

growth cell was carefully prepared in a box with a nitrogen atmosphere, keeping the 

levels of 02 and H20 below 1 ppm. The powder h-BN was deoxidized by heating to 

2100 oc for 2 hours under vacuum (10-3 Pa). After the heat treatment, the oxygen 

content of the h-BN source was measured to be about 0.06 wt% by an oxygen analyzer 

(Horiba Co Ltd, EMGA-650). The solvent used for this procedure was barium boron 

nitride (Ba3B2N4), synthesized by the reaction of barium nitride and BN at 1000 °C 
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under dry nitrogen atmosphere. A molybdenum (Mo) sample chamber was used for 

the growth experiments. The assembled growth cell was compressed under 4.5 - 5.5 

GPa and was subsequently heated to 1500-17 50 °C, facilitating the growth of nucleated 

c-BN crystals and re-crystallized h-BN crystals. The holding time for the growth was 

varied from 20 to 80 hours. Although there was a temperature gradient in the sample 

chamber, the growth temperature denoted in this study corresponds to the temperature 

of the central portion in the furnace near the region of the BN source. After these HP

HT experiments, the recovered Mo sample chamber was dissolved and the grown 

crystals were obtained. The crystals that were produced were colourless, transparent 

and 1-6 mm2 in size. The detailed experimental procedure has been described 

elsewhere79
• 

160
• 

161
• The minimal amount of defects in these samples will ensure an 

accurate experimental study of the electronic structure. 

Many methods for producing thin films of c-BN have been developed. Plasma assisted 

chemical vapor deposition (CVD), laser ablation, ion-beam deposition, and 

sputtering162
-
165 are all common techniques used for this purpose. All of these 

techniques involve the growth of c-BN films using bombardment with energetic ions. 

The films that are the result of many of these processes are nanocrystalline and contain 

a mixture of h-BN (sp2 bonding) and c-BN (sp3 bonding) phases. The crystal size and 

the ratio of c-BN to h-BN are influenced by the deposition technique and the 

parameters used during production. The mass-selected ion beam deposition (MSIBD) 

technique was used by Hofsass eta!. to deposit c-BN films162
. This technique has well 

defined conditions, and only the selected ions e 1B+ and 14N+) are allowed to participate 

in the nucleation and growth process, ensuring that no contaminating species play a role 

in the deposition. Using this procedure, thin films with high c-BN content can be 

obtained162
• In addition to being influenced by the synthesis technique and deposition 

parameters, the characteristics and composition of the deposited films are also affected 

by the roughness of the substrate on which they are deposited166
• The films measured 

in this study were grown using the MSIBD technique on mirror silicon wafers, as well 

as on single-crystal silicon wafers that had been scratched with diamond particles 
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(particle sizes of 0.25, 1 and 3 J..Lm) prior to deposition. The films were ....... go nm thick 

and contained nanocrystals ranging in size from 5 to 10 nm. 

T. Taniguchi's research group synthesized the samples of purified single crystals of h

BN and c-BN used in this study. The c-BN films were produced by S. T. Lee's and H. 

Hofsass's group and were provided by T.K. Sham's research group. 

14.2 Experimental Details 

The X-ray absorption spectra of all samples were measured in total electron yield 

(TEY) mode. The energy resolution for the absorption spectra is around 40 meV and 80 

meV for the nitrogen and boron edges, respectively. Total experimental resolution in 

the Ka X-ray emission region is 0.3 eV FWHM for boron and 0.75 eV FWHM for 

nitrogen. 

14.3 Soft X-ray Spectroscopy of BN Single Crystals 

14.3.1 Comparison of DOS Calculations to XAS and XES Results 

Figure 14.1 displays the calculated density of states and the soft X-ray spectroscopic 

results for hexagonal boron nitride. The total DOS calculated by the WIEN2k program 

is displayed in part (a), while the partial DOS of the boron and nitrogen edges are 

shown in parts (b) and (c), respectively, together with the measurements. Both the 2s 

and 2p contributions are shown for all edges. The results of the calculations are quite 

similar to those presented in previous studies of this material87
. The comparison of the 

DOS with the measured spectra is based on the knowledge that the occupied and 

unoccupied densities of states of a material are probed by XES and XAS, respectively. 

In order to facilitate this comparison, the energy axes of the experimental data were 

shifted such that their prominent features align with those in the calculated DOS. 

Figure 14.1 shows that the occupied DOS is represented quite well by the measured 

emission spectra, which are dominated by 2p contributions. The dominance of these 

contributions is expected, because the spectroscopic measurements are governed by 
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standard dipole selection rules, and involve radiative transitions between a ls core level 

and a higher-lying energy state. It is clear from the calculations that the upper valence 

band is dominated by contributions from both B and N 2p states, and the lower valence 

band is comprised mainly of N 2s states. The sharp feature at the onset of the B ls 

XAS spectrum is due to a strong n* exciton, which is highly localized and of Frenkel 

type101
• Experiments have shown that core excitons are more strongly bound at cation 

sites than at anion sites in ionic solids, and so the presence of this core exciton at the 

boron edge is expected89
• It has been shown that the inclusion of the core hole effects 

in the calculation of the B ls X-ray absorption spectrum will reproduce this sharp 

excitonic feature, while the results from a non-interacting (one electron) model will not 

contain the strong n* feature101
. As expected, this feature is not present in the 

calculated electronic structure, because core hole effects are not included in the 

calculations. Since XAS measurements model the unoccupied DOS in the presence of 

the core hole that is produced by irradiation167
, the inclusion of these effects in the 

calculations would have greatly improved the match between experiment and theory in 

this region. 
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Figure 14.1 Comparison of (a) total density of states, (b) calculated boron 2p and 2s 
partial density of states and experimental B Ka XES and B ls XAS, and 
(c) calculated nitrogen 2p and 2s partial density of states and 
experimental N Ka XES and N ls XAS of h-BN. 

The comparison between the calculated DOS of c-BN and the corresponding 

spectroscopic data is shown in Figure 14.2. As was the case with h-BN, the calculated 

electronic structure is in agreement with previous studies of c-BN87
• The agreement 

between the experimental XES and the calculated 2p density of states at both the boron 

and nitrogen edges is once again quite strong. The calculations reveal that the lower 

valence band is formed mainly by N 2s states and the upper valence band consists 

primarily ofB and N 2p states. The pre-peak structure in the c-BN B Is XAS spectrum 
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is of interest, as its origin is the subject of considerable controversy in the literature. 

Some authors have not observed this peak in their c-BN spectra93
' 

99
, and argue that it is 

a result of improper energy calibration and contamination with h-BN phases99
• 

However, evidence of a core exciton band in c-BN has been reported81
• 
90

• 
100

• When the 

measurements in this study of the c-BN single crystal are compared to those found in 

previously published studies, it is clear that the core exciton feature has been 

reproduced. It is important to note that these peaks are not due to variations in the flux 

of the incoming photons introduced into the spectrum through the normalization 

process. Disagreement concerning the characteristics of this feature are seen, however, 

as the results show a distinct two-peak structure, while this feature has appeared as 

either a fairly broad, lower intensity peak81
• 

90 or as a single, very sharp narrow peak100 

in previous studies. Given the high purity of the single crystalline samples, the 

possibility that the absorption pre-peaks arise from contamination of c-BN with h-BN 

phases can be ruled out. 
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Figure I4.2 Comparison of (a) total density of states, (b) calculated boron 2p and 2s 
partial density of states and experimental B Ka XES and B Is XAS, and 
(c) calculated nitrogen 2p and 2s partial density of states and 
experimental N Ka XES and N Is XAS of c-BN. 

14.3.2 Boron and Nitrogen RIXS Results for h-BN and c-BN 

The set of resonantly excited B Ka emission spectra of h-BN is shown in Figure I4.3, 

with each spectrum's corresponding excitation energy displayed. The upper spectrum 

represents the nonresonant case, with the excitation energy well above the ionization 

threshold, while the other energies correspond to features in the B Is XAS spectrum, 

shown in the inset. The evolution of the resonant spectra of this single crystal sample 
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as a function of excitation energy is very similar to previously reported results for 

crushed powder samples97
• 

101
. The inelastic features A and B begin to track the 

excitation energy, as was previously observed. Feature C appears as a significant 

feature in the spectrum when the sample is excited at the threshold energy, and feature 

D stems from elastically scattered radiation and therefore corresponds to the energy of 

the incoming photons. FeatureD is very strong when excited at 192.0 eV, presumably 

because the B 1s electron is excited into then* exciton state. Calculations have shown 

that the absorption is dominated by transitions from the B 1s core level ton* states and 

the emission is dominated by transitions originating from cr states97
. The energy loss 

features A and B correspond well with an electronic transition of valence band cr 

electrons to a 1t* conduction band state; feature C may be an excitonic effect97
• The 

shift in the features of the emission spectra has also been described as being the result 

of phonon relaxation and differences between initial and final state electronic 

screening 103
• 
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Figure 14.3 Resonant boron Ka emission of h-BN. The inset displays the B 1s XAS 
spectrum and the excitation energies used for the resonant emission 
spectra are indicated by arrows. 

The resonant boron Ka XES of c-BN is shown in Figure 14.4. The excitation energies 

were chosen in the same manner as for the h-BN spectra, corresponding to features in 

the XAS spectrum displayed in the inset. As in Figure 14.3, the highest excitation 

energy corresponds to the nonresonant case. The c-BN spectra show a clear 

dependence on the excitation energy, in agreement with the previously reported 

results100
. Specifically, features B and C emerge as the excitation energy decreases 

toward the absorption threshold, while feature A experiences a decrease in intensity. In 

this case, feature D represents the elastically scattered incoming radiation. The 

excitation energies of the bottom two spectra correspond to the excitons discussed in 

the previous section, below the main boron absorption edge. Features A, Band C have 

been previously related to points of high symmetry in the band structure of c-BN100
• 
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Feature B is enhanced when the core electron is excited into the conduction band at a 

point where it has the same symmetry as the high symmetry point which is associated 

with feature Bin the valence band. This point of high symmetry is an excitation to the 

lowest unoccupied band. This resonant behaviour in the emission process is the result 

of a momentum-conserved inelastic scattering process. 
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Figure 14.4 Resonant boron Ka emission of c-BN. The inset displays the B 1s XAS 
spectrum and the excitation energies used for the resonant emission 
spectra. 

Figure 14.5 and Figure 14.6 show the nitrogen Ka RIXS for h-BN and c-BN, 

respectively. Similar to the boron edge spectra discussed above, the excitation energies 

correspond to features in the N 1s XAS absorption spectra and are displayed in the 

inset. In the h-BN spectra, feature D is associated with transitions from the N 2pz states 

(1t emission), while the 3 smaller peaks, A, B and Care attributed to the 2pxy states (cr 

emission)102
• As the excitation energy is decreased, moving closer to the absorption 
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threshold, the 1t emission becomes less pronounced. Very small changes are seen in the 

nitrogen spectra of c-BN excited at different resonant energies (Figure 14.6). 
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Figure 14.5 Resonant nitrogen Ka emission of h-BN. The inset displays the N 1s 
XAS spectrum and the excitation energies used for the resonant 
emission spectra. 
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Figure 14.6 Resonant nitrogen Ka emission of c-BN. The inset displays the N 1s 
XAS spectrum and the excitation energies used for the resonant 
emission spectra. 

14.4 Soft X-ray Spectroscopy ofBN Thin Films 

14.4.1 Soft X-ray Absorption Results for the Boron and Nitrogen Edges 

The B 1s XAS of the c-BN films that were grown on mirror and scratched silicon 

(scratched with diamond particles of sizes of 0.25, 1 and 3 J.Lm prior to film deposition) 

are compared to the XAS spectra of the single crystals of c-BN and h-BN in Figure 

14.7. The prominent feature A that is seen in all spectra is a distinguishing 

characteristic of the h-BN spectrum, although, after careful calibration, a 0.1 eV shift of 

feature A to lower energy is observed when comparing the spectra of the films to that 

of the h-BN single crystal. As the surface roughness is increased, feature A - the 
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signature of the 1t* exciton- becomes more intense. Features B and C are unique 

characteristics of the spectra of the c-BN films, and their intensity increases as the 

substrate becomes rougher. Since these features are found below the energy of the 

main onset of the absorption, it is likely that they are excitonic in nature. 
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Figure 14.7 Comparison of B 1s XAS of single crystals of c-BN and h-BN with c
BN thin films deposited on mirror silicon and scratched single crystal 
silicon wafers (silicon scratched with diamond particles of sizes of 0.25, 
1 and 3 J.lm). 

FeatureD in Figure 14.7, the frrst non-excitonic feature of the c-BN crystal spectrum, is 

not very intense in the spectra of the films. The arrows associated with feature D are 

positioned at the first inflection point of the onset of the absorption into the conduction 

band. These locations were determined from the second derivatives of the spectra and 

shift by 0.2 eV upon going from c-BN to the film grown on a surface scratched with 3 

J.lm diamond particles. With the grain size on the nanometer scale (5 to 10 nm for these 
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films), quantum confmement effects may be important when comparing the 

experimental results from the nanocrystalline films to those of the bulk crystal samples. 

The quantum confmement model predicts that the energies of the valence band and 

conduction bands may shift relative to the bands of the bulk sample, creating a larger 

band gap. X-ray spectroscopy has been used to show these effects in samples ofSi and 

CdS nanocrystals128
• 

129
. The change in the inflection point on the onset of absorption 

indicates a change in the band structure of the films compared to the single crystal, 

possibly as a result of quantum confinement effects. 

The most intense feature in the spectra of both the c-BN single crystal and the film 

grown on mirror silicon is feature E in Figure 14.7. In the spectra of the films 

deposited on scratched surfaces, however, the intensity is shifted 0.4 eV to higher 

energy, corresponding to a prominent feature in the h-BN spectrum (feature F). The 

presence of the h-BN-type features A and F in the thin film spectra indicates a mixture 

of sp2 and sp3 phases of nanocrystalline BN in the films. It is also clear that the amount 

of sp2 -bonded BN increases as the surface roughness is increased. There are clear 

variations in the boron Is XAS spectra, not only between the spectra of the films and 

the single crystals, but also between the various films. The changes are a direct 

indication of differences in the electronic structures of the samples, the result of 

structural stress incurred during the growth process of the films on the varying surfaces 

and possibly of quantum confinement effects. 

Figure 14.8 shows the nitrogen 1s XAS of the thin films and single crystals. As the 

roughness of the deposition surface is increased, there is a corresponding increase in the 

intensity of feature A in the spectra of the films. Feature A does not exist in the c-BN 

crystal, further confirming the presence of sp2 phases in the films. Similarly, feature E 

is a distinguishing feature of the c-BN crystal spectrum, and it has a strong presence in 

the spectra of all the films, confrrming that they also contain sp3 phase BN ( c-BN). The 

behaviour of features B and C is further evidence that the sp2 content increases with the 

surface roughness. Feature B does not exist in the c-BN spectrum but appears as a 

small shoulder in the spectrum of the films that were deposited on rougher substrates. 
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In the c-BN crystal spectrum, feature D is prominent and, as the substrate becomes 

rougher, the intensity of feature A increases and the shoulders at features B and C 

become more noticeable, further indicating that the increase in substrate roughness 

produces a corresponding increase in the sp2 bonded h-BN phase content of the films. 
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Figure 14.8 Comparison ofN Is XAS of single crystals of c-BN and h-BN with c
BN thin films deposited on mirror silicon and scratched single crystal 
silicon wafers. 

14.4.2 Soft X-ray Emission Results for the Boron and Nitrogen Edges 

The comparisons between the XES spectra of the films also yield interesting results. 

Figure 14.9 displays the boron Ka XES spectra measured at a resonant excitation 

energy. The spectra of the films are very similar to the spectrum of the c-BN single 
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crystal. The h-BN spectrum measured at this excitation energy is very different from 

those of the c-BN crystal and the films. 
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Figure 14.9 Comparison ofB Ka XES of single crystals of c-BN and h-BN with c
BN thin films deposited on mirror silicon and scratched single crystal 
silicon wafers. The excitation energy was 197.5 e V. 

The resonantly excited N Ka XES spectra of the films are compared to those of the 

single crystals in Figure 14.10. Not only do these spectra clearly show the presence of 

h-BN contaminant phases in the films, but they also further illustrate the immediate 

effects of scratching the substrate surface prior to growing the film. As would be 

expected from the analysis of the XAS spectra, the emission spectra of the films that 

were deposited on a previously scratched surface have a strongly defmed peak structure 

that resembles that of h-BN, in contrast with the spectrum measured from the film 

deposited on mirror silicon. It is also important to note that the XAS was measured in 
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TEY, making it a fairly surface sensitive technique, while the XES measurements are 

more bulk sensitive. Both techniques show that the films are a mixture of c-BN and h

BN, as well as establishing the relationship between increasing substrate roughness and 
. . 2 mcreasmg sp content. 
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Figure 14.10 Comparison ofN Ka XES of single crystals of c-BN and h-BN with c
BN thin films deposited on mirror silicon and scratched single crystal 
silicon wafers. The excitation energy was 402 e V. 

14.5 Summary 

High quality single crystals of h-BN and c-BN, as well as c-BN thin films deposited on 

silicon surfaces of varying roughness have been studied using X-ray absorption and X

ray emission spectroscopy. The spectra of the single crystals are compared to density 
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of states calculations performed with density functional theory using the WIEN2k code. 

Good agreement is found when comparing the emission spectra measured at the boron 

and nitrogen edges with the 2p occupied partial DOS for h-BN and c-BN. The 

agreement between the XAS spectra and the unoccupied DOS would likely be 

improved by the inclusion of core hole effects in the calculations. The RIXS spectra 

for the single crystals are found to be to the same as previously reported measurements 

of crushed powder samples of h-BN and c-BN. 

Differences in the electronic structure of the thin films, as compared to the single 

crystals, are revealed when comparing the XAS and XES spectra. These variations are 

likely the result of compressive stress during film deposition and possibly quantum 

confmement effects brought on by the small size of the particles in the nanocrystalline 

films. It is seen that the surface roughness of the substrate plays an important role in 

determining the structure of the resulting deposited film, in particular the sp2 /sp3 

bonding concentration. For the films deposited using the MSIBD technique, the ratio 

of the c-BN to h-BN phases decreases as the deposition surface becomes rougher. Soft 

X-ray spectroscopic techniques have proven to be an effective method for the detection 

of distinguishing spectral characteristics and changes in electronic structure in both 

single crystals and nanocrystalline thin films. 

161 



CONCLUSIONS 
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15 KEY RESULTS 

An extensive study including experimental and theoretical analysis of the nucleobases, 

5-fluorouracil compounds, DNA, metallic DNA, and single crystals and thin films of 

boron nitride has been presented. Soft X-ray spectroscopic measurements were 

performed at Beamline 8.0.1 at the Advanced Light Source synchrotron facility located 

at the Lawrence Berkeley National Laboratory. Calculations based on both Hartree

Fock and density functional theories have been included to compare with experimental 

results. Excellent agreement was found between calculated and experimental spectra 

and detailed know ledge was obtained through comparisons. 

Examining the electronic structures of complicated biomaterials such as DNA and 

metallic DNA is not an easy task. Therefore, the approach taken by this study was to 

first understand the electronic structure of simpler components before advancing to the 

more complicated systems. This method has led to a greater understanding of the 

electronic structures of the materials, and has provided insight into the challenges that 

are faced when attempting to study complicated biomaterials. The following sections 

will describe the main fmdings from each of the major sections of this study. 

15.1 The Study of the Nucleobases 

The electronic structures of the four nucleobases of DNA (adenine, guanine, cytosine, 

and thymine) were studied using X-ray absorption spectroscopy and X-ray emission 

spectroscopy and are compared to calculations. All spectral features are assigned in the 

XAS and XES spectra according to the Cs symmetry used in the calculations. The 

experimental and theoretical results for the four nucleobases reveal each has a unique 

partial density of states for the carbon, nitrogen, and oxygen sites. Comparisons are 

made to both GSCF3 and StoBe calculations for the XAS results. Although generating 
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comparable results, GSCF3 seems better suited to calculating the carbon spectra while 

StoBe provides improved results for the oxygen edge. Both types of calculations have 

similar difficulties modeling some features in the nitrogen edge spectra. A challenge 

with determining absolute values of the HOMO-LUMO gaps is the result of 

discrepancies in the values of the gap existing among theoretical results, and that 

obtaining experimental values is complicated due to influences of energy calibration 

procedures and core hole effects. A rough estimation of the total error for the absolute 

gap value is approximately ± 1 e V, and taking this into account the experimental gaps 

correspond better to the predictions from the StoBe calculations than other results 

found in literature. The experimental techniques have proven useful at probing the 

electronic density of states and in combination with the theoretical results, have helped 

provide a description of the electronic structure of the nucleobases. 

15.2 The Study of 5-Fluorouracil Compounds 

A comparison between experimental and theoretical X-ray absorption spectroscopy 

(XAS) and X-ray emission spectroscopy (XES) of 5-fluorouracil compounds, with an 

emphasis on the effects of the inclusion of nickel in the structure was presented. By 

focusing on the 1 s thresholds of carbon, nitrogen, oxygen, and fluorine it was possible 

to probe the occupied and unoccupied partial density of states of the 5-fluorouracil 

systems. The experimental results are compared to calculated spectra of 5FU, d5FU, as 

well as to the (Ni-N)·d5FU and (Ni-O)·d5FU models. Most experimental results agree 

well with theoretical XES and XAS calculations. All spectral features are assigned in 

the XAS and XES spectra according to the results of the calculations. 

Experimental and theoretical results for the 5FU compounds reveal each has a unique 

partial density of states for the carbon, nitrogen, oxygen, and fluorine sites. The 

spectral contribution of the deoxyribose sugar is found to be significant at the C and 0 

edges for improved agreement between experiment and theory. A particular focus of 

this study was on the effect of the addition of the Ni ion on the electronic structure and 

chemical bonding of the 5-fluorouracil compounds. In some cases the effect of the Ni 

addition is minimal (C edge), while in others it is prominent (N, 0 and F edges). Better 
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agreement between the experimental results for (Ni)·d5FU and the calculations of the 

(Ni-N)·5FU model indicate the nickel ions are coordinated with nitrogen in the 

structure of (Ni)·d5FU. By probing the electronic density of states using the 

experimental techniques and combining with theoretical results, a full description of the 

electronic structure of the 5FU compounds has been developed. 

15.3 The Study of DNA 

X-ray spectroscopy has demonstrated to be particularly sensitive to changes in the 

environment of DNA samples, resulting from altering the buffer solution involved with 

sample preparation. X-ray absorption and X-ray emission measurements reveal that the 

local chemical environment plays an important role in manipulating the electronic 

structure of DNA. Experimental values of the HOMO- LUMO energy gap provide a 

means to compare and track changes in the electronic structure in various DNA 

samples. These modifications in environment and structure can directly influence the 

conductivity. Variations in the electronic structure of the DNA samples prepared with 

different buffers determined that the complicated electronic structure of DNA is 

sensitive to extensive variations in hydration and cation distribution. 

Diverse results concerning the conductive nature of DNA have been reported in the 

literature; however, they had unique and microscopic experimental set-ups. The 

experiment was arranged and the current versus voltage characteristics were measured, 

determining a property of the DNA molecule for that one particular set-up, in that one 

particular lab, at that particular time. The conductivity of DNA is highly variable and 

DNA should be thought of as a class of materials rather than one defmed sample. 

Previous studies used a microscopic approach to measure 1-V curves, while this study 

avoided difficulties faced with a microscopic study by using spectroscopy in a 

macroscopic set-up. By monitoring the HOMO- LUMO gap directly it is shown how 

sensitive the electronic structure of DNA is to variations in chemical environment 

during sample preparation. This gives a conceivable explanation for the many different 

results that have been measured for the conductivity of DNA; each experiment had 

unique sample preparation, resulting in distinct DNA molecules being examined. 
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15.4 The Study of Metallic DNA 

15.4.1 The Effect of Metal Addition to DNA 

Resonant inelastic soft X-ray scattering spectra near the transition metal Land nitrogen 

Kedges are used to characterize the electronic structure of the (X)·M-DNA and (X)·B

DNA systems. The I(L2)/I(L3) intensity ratios in the metal L edge spectra are found to 

be reduced for (X)-M-DNA compared to (X)-B-DNA, which is attributed to a greater 

number of mobile charge carriers in the (X)·M-DNA system. This agrees with previous 

investigations that have shown that (X)-M-DNA is more efficient at electron transfer 

processes than B-DNA13
. The metal2p XAS spectra are influenced by the interaction 

of the DNA molecules with the metal ions. While this agreement does not prove that 

the models used in this study are correct for the (X)·M-DNA structure, it does show 

that we are indeed probing the metal-DNA interaction, not simply excessive metal 

impurities found in the local chemical environment. Differences in the nitrogen spectra 

are further evidence of the investigation of the metal-DNA interaction with the 

experimental techniques. The well-defined, sharp peaks of the nitrogen RIXS spectra 

indicate localized occupied electronic states in B-DNA compared to metallic DNA. The 

broadening of these features directly suggests de localization of the occupied electronic 

states in the (X)·M-DNA systems. 

15.4.2 The Effect of Drying: Solid vs. Solution 

NickelL edge X-ray absorption and emission spectroscopy has been used to describe 

the electronic structure of solution and powder (Ni)·M-DNA, with minimal change in 

experimental set-up. Comparing Ni 2p XAS spectra to calculations it is found that the 

DNA measurements are influenced by the interaction of the metal ions with DNA, and 

are not dominated by excessive metal impurities. It is found that both solution and 

powder (Ni)·M-DNA are high spin Ni(II) compounds by using XAS spectra as 

fmgerprints of Ni coordination. The l(L2)/I(L3) intensity ratio in the RIXS spectra is 

reduced for the powder (Ni)·M-DNA compared to the liquid (Ni)·M-DNA system, 
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which is attributed to solid-state effects in the powder sample, larger metallicity of the 

powdered M-DNA sample, and variations in the hydrogen bonding networks. The 

presence of an additional feature in the solution RIXS spectra is attributed to energy 

loss possibly from charge transfer processes or d-d excitations. Drying the metallic 

DNA sample from solution has a significant effect on the electronic structure. 

15.5 The Study of Boron Nitride 

Soft X-ray spectroscopy has been used to study high quality single crystals of h-BN and 

c-BN, as well as c-BN thin films deposited on silicon surfaces of varying roughness. 

The spectra of the single crystals are compared to density of states calculations 

performed with density functional theory using the WIEN2k code. Good agreement is 

found when comparing the emission spectra measured at the boron and nitrogen edges 

with the 2p occupied partial DOS for h-BN and c-BN. Including core hole effects in 

the calculations would likely improve the agreement between the XAS spectra and the 

unoccupied DOS. The RIXS spectra for the single crystals are in agreement with 

previously reported measurements of crushed powder samples of h-BN and c-BN. 

Variations in the electronic structure of the thin films, as compared to the single 

crystals, are revealed when comparing the XAS and XES spectra. These differences 

are likely the result of compressive stress during film deposition, and possibly quantum 

confmement effects caused by the small size of the particles in the nanocrystalline 

films. It is seen that the surface roughness of the substrate plays an important role in 

determining the structure of the resulting deposited film, in particular the sp2 /sp3 

bonding concentration. The ratio of the c-BN to h-BN phases decreases as the 

deposition surface becomes rougher for the films deposited using the MSIBD 

technique. Soft X-ray spectroscopic techniques have proven to be an effective method 

for the detection of distinguishing spectral characteristics and changes in electronic 

structure in both single crystals and nanocrystalline thin films. 
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15.6 Summary 

Soft X-ray absorption and emission spectroscopy in combination with theoretical 

techniques have proven to be effective methods for studying the electronic structures of 

the nucleobases, 5-FU compounds, DNA, metallic DNA, and boron nitride. While this 

extensive study has provided detailed information about the components of DNA and 

M-DNA, the sensitivity of DNA to its environment, and further details about the 

influence of the metal ions on the electronic structure of metallic DNA, there is still a 

great deal that can be learned about these complicated biomaterials. Further 

understanding of the conductive mechanisms in materials like DNA is a necessary 

precursor to the ability to manipulate biomolecules for applications in fields such as 

nanoelectronics. 

168 



LIST OF REFERENCES 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

R. G. Endres, D. L. Cox, and R. R. P. Singh, REVIEWS OF MODERN 
PHYSICS 76, 195 (2004). 

E. Braun, Y. Eichen, U. Sivan, and G. Ben-Yoseph, NATURE 391,775 (1998). 

P. J. de Pablo, F. Moreno-Herrero, J. Colchero, J. G. Herrero, P. Herrero, A. M. 
Baro, P. Ordejon, J. M. Soler, and E. Artacho, PHYSICAL REVIEW 
LETTERS 85, 4992 (2000). 

A. J. Storm, J. van Noort, S. de Vries, and C. Dekker, APPLIED PHYSICS 
LETTERS 79, 3881 (2001). 

P. Tran, B. Alavi, and G. Gruner, PHYSICAL REVIEW LETTERS 85, 1564 
(2000). 

D. Porath, A. Bezryadin, S. de Vries, and C. Dekker, NATURE 403, 635 
(2000). 

K. H. Yoo, D. H. Ha, J. 0. Lee, J. W. Park, J. Kim, J. J. Kim, H. Y. Lee, T. 
Kawai, and H. Y. Choi, PHYSICAL REVIEW LETTERS 87, 198102 (2001). 

A. Rakitin, P. Aich, C. Papadopoulos, Y. Kobzar, A. S. Vedeneev, J. S. Lee, 
and J. M. Xu, PHYSICAL REVIEW LETTERS 86, 3670 (2001). 

H. W. Fink and C. Schonenberger, NATURE 398,407 (1999). 

A. Y. Kasumov, M. Kociak, S. Gueron, B. Reulet, V. T. Volkov, D. V. Klinov, 
and H. Bouchiat, SCIENCE 291, 280 (200 1 ). 

J. Richter, PHYSICA E 16, 157 (2003). 

P. Aich, S. L. Labiuk, L. W. Tari, L. J. T. Delbaere, W. J. Roesler, K. J. Falk, R. 
P. Steer, and J. S. Lee, JOURNAL OF MOLECULAR BIOLOGY 294, 477 
(1999). 

S. D. Wettig, C.-Z. Li, Y.-T. Long, H.-B. Kraatz, and J. S. Lee, ANALYTICAL 
SCIENCES 19, 23 (2003). 

D. Attwood, Soft X-rays and Extreme Ultraviolet Radiation (Cambridge 
University Press, U.S.A., 1999). 

169 



15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

J. D. Jackson, Classical Electrodynamics (John Wiley and Sons, Inc., U.S.A., 
1966). 

J. J. Jia, T. A. Callcott, J. Yurkas, A. W. Ellis, F. J. Himpsel, M. G. Samant, J. 
Stohr, D. L. Ederer, J. A. Carlisle, E. A. Hudson, L. J. Terminello, D. K. Shuh, 
and R. C. C. Perera, REVIEW OF SCIENTIFIC INSTRUMENTS 66, 1394 
(1995). 

http://www-als.lbl.gov/als/als users bl/8.0.1-0verview.pdf, High Resolution 
and Flux for Materials and Swface Science, Beamline 8. 0.1, 2003. 

http://www-als.lbl.gov/als/als users bl/8.0.1-SXF.pdf, Soft X-ray Fluorescence 
(SXF) Spectrometer, Beamline 8.0.1, 2003. 

J. Stohr, NEXAFS Spectroscopy (Springer-Verlag, Berlin, 1996). 

G. D. Mahan, PHYSICAL REVIEW B 21, 1421 (1980). 

T. A. Callcott, in Vacuum Ultraviolet Spectroscopy II (Experimental Methods in 
the Physical Sciences), edited by J. A. Samson and D. L. Ederer (Academic 
Press, San Diego, 1998), Vol. 32, p. 279. 

J. J. Sakurai, Advanced Quantum Mechanics (Addison-Wesley, U.S.A., 1967). 

C. J. Cramer, Essentials of Computational Chemistry (John Wiley & Sons Ltd, 
West Sussex, England, 2002). 

M. P. Marder, Condensed Matter Physics (John Wiley & Sons, Inc, U.S.A., 
2000). 

N. Kosugi, THEORETICA CHIMICA ACTA 72, 149 (1987). 

N. Kosugi and H. Kuroda, CHEMICAL PHYSICS LETTERS 74, 490 (1980). 

W. J. Hunt and W. A. Goddard, CHEMICAL PHYSICS LETTERS 3, 414 
(1969). 

S. G. Urquhart, A. P. Hitchcock, A. P. Smith, H. Ade, and E. G. Rightor, 
JOURNAL OF PHYSICAL CHEMISTRY B 101, 2267 (1997). 

170 



29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

S. Huzinaga, J. Andzelm, M. Klobukowski, E. Radzio-Andzelm, Y. Sakai, and 
H. Tatewaki, Gaussian Basis Sets for Molecular Calculations (Elsevier, 
Amsterdam, 1984). 

K. Hermann, L. G. M. Pettersson, M. E. Casida, C. Daul, A. Goursot, A. 
Koester, E. Proynov, A. St-Amant, D. R. Salahub, V. Carravetta, H. Duarte, N. 
Godbout, J. Guan, C. Jamorski, M. Leboeuf, V. Malkin, 0. Malkina, M. 
Nyberg, L. Pedocchi, F. Sim, L. Triguero, and A. Vela, StoBe-deMon version 
1.0, (2002). 

A. D. Becke, PHYSICAL REVIEW A 38, 3098 (1988). 

J. P. Perdew, PHYSICAL REVIEW B 33, 8822 (1986). 

W. Kutzelnigg, U. Fleischer, and M. Schindler, NMR -Basic Principles and 
Progress (Springer-Verlag, Heidelberg, 1990). 

K. Hermann and L. G. M. Pettersson, Documentation for StoBe2005 (Version 
2.1) (Berlin, 2005). 

L. Triguero, L. G. M. Pettersson, and H. Agren, PHYSICAL REVIEW B 58, 
8097 ( 1998). 

L. Triguero, L. Pettersson, and H. Agren, JOURNAL OF PHYSICAL 
CHEMISTRY A 102, 10599 (1998). 

C. Kolczewski, R. Puttner, 0. Plashkevych, H. Agren, V. Staemmler, M. 
Martins, G. Snell, A. S. Schlachter, M. Sant'Anna, G. Kaindl, and L. G. M. 
Pettersson, JOURNAL OF CHEMICAL PHYSICS 115,6426 (2001). 

J. C. Slater and K. H. Johnson, PHYSICAL REVIEW B 5, 844 (1972). 

P. Blaha, K. Schwarz, G. K. H. Madsen, D. Kvasnicka, and J. Luitz, WIEN2k 
An Augmented Plane Wave + Local Orbitals Program for Calculating Crystal 
Properties, Vienna University of Technology, Austria, Revised Edition, (2002). 

J. Perdew, K. Burke, and M. Ernzerhof, PHYSICAL REVIEW LETTERS 77, 
3865 (1996). 

K. Schwarz, P. Blaha, and G. Madsen, COMPUTER PHYSICS 
COMMUNICATIONS 147, 71 (2002). 

171 



42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

K. Schwarz and P. Blaha, COMPUTATIONAL MATERIALS SCIENCE 28, 
259 (2003). 

D. A. Pearlman, D. A. Case, J. W. Caldwell, W. S. Ross, T. E. Cheatham, S. 
Debolt, D. Ferguson, G. Seibel, and P. Kollman, COMPUTER PHYSICS 
COMMUNICATIONS 91, 1 (1995). 

W. Y. Ching, JOURNAL OF THE AMERICAN CERAMIC SOCIETY 73, 
3135 (1990). 

W. Y. Ching, in The Magnetism of Amorphous Metals and Alloys, edited by J. 
A. Fernandez-Baca and W. Y. Ching (World Scientific, Singapore, 1995), p. 85. 

L. Z. Ouyang, L. Randaccio, P. Rulis, E. Z. Kurmaev, A. Moewes, and W. Y. 
Ching, JOURNAL OF MOLECULAR STRUCTURE-THEOCHEM 622, 221 
(2003). 

L. Z. Ouyang, P. Rulis, W. Y. Ching, G. Nardin, and L. Randaccio, 
INORGANIC CHEMISTRY 43, 1235 (2004). 

E. Z. Kurmaev, A. Moewes, L. Z. Ouyang, L. Randaccio, P. Rulis, W. Y. 
Ching, M. Bach, and M. Neumann, EUROPHYSICS LETTERS 62, 582 (2003). 

L. Z. Ouyang, P. Rulis, W. Y. Ching, M. Slouf, G. Nardin, and L. Randaccio, 
SPECTROCHIMICA ACTA PART A-MOLECULAR AND 
BIOMOLECULAR SPECTROSCOPY 61, 1647 (2005). 

K. Tanaka, A. Tengeiji, T. Kato, N. Toyama, and M. Shionoya, SCIENCE 299, 
1212 (2003). 

J. S. Lee, L. J. P. Latimer, and R. S. Reid, BIOCHEMISTRY AND CELL 
BIOLOGY-BIOCHIMIE ET BIOLOGIE CELLULAIRE 71, 162 (1993). 

B. Giese, ACCOUNTS OF CHEMICAL RESEARCH 33, 631 (2000). 

D. B. Hall, R. E. Holmlin, and J. K. Barton, NATURE 382,731 (1996). 

M. R. Arkin, E. D. A. Stemp, R. E. Holmlin, J. K. Barton, A. Hormann, E. J. C. 
Olson, and P. F. Barbara, SCIENCE 273, 475 (1996). 

Y. Okahata, T. Kobayashi, K. Tanaka, and M. Shimomura, JOURNAL OF THE 
AMERICAN CHEMICAL SOCIETY 120,6165 (1998). 

172 



56 

57 

58 

59 

60 

61 

62 

63 

64 

65 

66 

67 

68 

69 

L. Cai, H. Tabata, and T. Kawai, APPLIED PHYSICS LETTERS 77, 3105 
(2000). 

S. 0. Kelley and J. K. Barton, SCIENCE 283, 375 (1999). 

N. Kurita and K. Kobayashi, COMPUTERS AND CHEMISTRY 24, 351 
(2000). 

Y.-J. Ye, R.-S. Chen, A. Martinez, P. Otto, and J. Ladik, PHYSICA B 279, 246 
(2000). 

P. Maragakis, R. L. Barnett, E. Kaxiras, M. Elstner, and T. Frauenheim, 
PHYSICAL REVIEW B 66 (2002). 

F. L. Gervasio, P. Carloni, and M. Parrinello, PHYSICAL REVIEW LETTERS 
89, 108102 (2002). 

M. Hjort and S. Stafstrom, PHYSICAL REVIEW LETTERS 8722, 228101 
(2001). 

S. M. Kirtley, 0. C. Mullins, J. Chen, J. v. Elp, S. J. George, C. T. Chen, T. 
O'Halloran, and S. P. Cramer, BIOCHEMICA ET BIOPHYSICA ACTA 1132, 
249 (1992). 

K. Fujii, K. Akamatsu, Y. Muramatsu, and A. Yokoya, NUCLEAR 
INSTRUMENTS & METHODS IN PHYSICS RESEARCH SECTION B
BEAM INTERACTIONS WITH MATERIALS AND ATOMS 199, 249 
(2003). 

J. N. Crain, A. Kirakosian, J. L. Lin, Y. D. Gu, R. R. Shah, N. L. Abbott, and F. 
J. Himpsel, JOURNAL OF APPLIED PHYSICS 90, 3291 (2001). 

D. Y. Petrovykh, H. Kimura-Suda, L. J. Whitman, and M. J. Tarlov, JOURNAL 
OF THE AMERICAN CHEMICAL SOCIETY 125, 5219 (2003). 

K. Akamatsu and A. Yokoya, JOURNAL OF SYNCHROTRON RADIATION 
8, 1001 (2001). 

K. Akamatsu and A. Yokoya, RADIATION RESEARCH 155,449 (2001). 

A. Yokoya, K. Akamatsu, and K. Fujii, NUCLEAR INSTRUMENTS & 
METHODS IN PHYSICS RESEARCH SECTION B-BEAM INTERACTIONS 
WITH MATERIALS AND ATOMS 199, 366 (2003). 

173 



70 

71 

72 

73 

74 

75 

76 

77 

78 

79 

80 

81 

82 

83 

M. Zhao, Y. Xia, Y. Ma, M. Ying, X. Liu, and L. Mei, PHYSICS LETTERS A 
300, 421 (2002). 

D. 0. Wood, M. J. Dinsmore, G. A. Bare, and J. S. Lee, NUCLEIC ACIDS 
RESEARCH 30, 2244 (2002). 

S. D. Wettig, D. 0. Wood, and J. S. Lee, JOURNAL OF INORGANIC 
BIOCHEMISTRY 94, 94 (2003). 

P. Aich, R. J. S. Skinner, S.D. Wettig, R. P. Steer, and J. S. Lee, JOURNAL 
OF BIOMOLECULAR STRUCTURE & DYNAMICS 20, 93 (2002). 

C.-Z. Li, Y.-T. Long, H.-B. Kraatz, and J. S. Lee, JOURNAL OF PHYSICAL 
CHEMISTRY B 107, 2291 (2003). 

B. Liu, A. J. Bard, C. Z. Li, and H. B. Kraatz, JOURNAL OF PHYSICAL 
CHEMISTRY B 109,5193 (2005). 

C. Heidelberger, N. K. Chaudhuri, P. Danneberg, D. Mooren, L. Griesbach, R. 
Duschinsky, R. J. Schnitzer, E. Pleven, and J. Scheiner, NATURE 179, 663 
(1957). 

U. P. Singh, R. Ghose, and A. K. Ghose, INORGANICA CHIMICA ACTA
BIOINORGANIC CHEMISTRY 136,21 (1987). 

U. P. Singh, CRYSTAL RESEARCH AND TECHNOLOGY 24, K145 (1989). 

K. Watanabe, T. Taniguchi, and H. Kanda, PHYSICA STATUS SOLIDI A
APPLIED RESEARCH 201, 2561 (2004). 

K. Watanabe, T. Taniguchi, and H. Kanda, NATURE MATERIALS 3, 404 
(2004). 

S. Shin, A. Agui, M. Fujisawa, Y. Tezuka, T. Ishii, Y. Minagawa, Y. Suda, A. 
Ebina, 0. Mishima, and K. Era, PHYSICAL REVIEW B 52, 11853 (1995). 

P. Widmayer, H. G. Boyen, P. Ziemann, P. Reinke, and P. Oelhafen, 
PHYSICAL REVIEW B 59, 5233 (1999). 

R. H. Wentorf, R. C. Devries, and F. P. Bundy, SCIENCE 208, 873 (1980). 

174 



84 

85 

86 

87 

88 

89 

90 

91 

92 

93 

94 

95 

96 

97 

C. Ronning, H. Feldermann, and H. Hofsass, DIAMOND AND RELATED 
MATERIALS 9, 1767 (2000). 

L. Liu, Y. P. Feng, and Z. X. Shen, PHYSICAL REVIEW B 68, 104102 (2003). 

L. Chkhartishvili, JOURNAL OF SOLID STATE CHEMISTRY 177, 395 
(2004). 

Y. N. Xu and W. Y. Ching, PHYSICAL REVIEW B 44, 7787 (1991). 

A. Catellani, M. Postemak, A. Baldereschi, and A. J. Freeman, PHYSICAL 
REVIEW B 36, 6105 (1987). 

J. Robertson, PHYSICAL REVIEW B 29,2131 (1984). 

V. A. Fomichev and M. A. Rumsh, JOURNAL OF PHYSICS AND 
CHEMISTRY OF SOLIDS 29, 1015 (1968). 

A. Mansour and S. E. Schnatterly, PHYSICAL REVIEW B 36, 9234 (1987). 

W. OBrien, J. Jia, Q. Dong, T. Callcott, K. Miyano, D. Ederer, D. Mueller, and 
C. Kao, PHYSICAL REVIEW LETTERS 70,238 (1993). 

A. Chaiken, L. J. Terminello, J. Wong, G. L. Doll, and C. A. Taylor, APPLIED 
PHYSICS LETTERS 63,2112 (1993). 

Y. Muramatsu, J. Kawai, T. Scimeca, M. Oshima, and H. Kato, PHYSICA 
SCRIPTA 50, 25 (1994). 

Y. Muramatsu, M. Oshima, J. Kawai, S. Tadokoro, H. Adachi, A. Agui, S. Shin, 
H. Kato, H. Kohzuki, and M. Motoyama, PHYSICAL REVIEW LETTERS 76, 
3 846 (1996). 

I. Jimenez, A. Jankowski, L. J. Terminello, J. A. Carlisle, D. G. J. Sutherland, 
G. L. Doll, J. V. Mantese, W. M. Tong, D. K. Shuh, and F. J. Himpsel, 
APPLIED PHYSICS LETTERS 68,2816 (1996). 

J. J. Jia, T. A. Callcott, E. L. Shirley, J. A. Carlisle, L. J. Terminello, A. Asfaw, 
D. L. Ederer, F. J. Himpsel, and R. C. C. Perera, PHYSICAL REVIEW 
LETTERS 76,4054 (1996). 

175 



98 

99 

100 

101 

102 

103 

104 

105 

106 

107 

108 

109 

110 

111 

D. H. Berns, M. A. Cappelli, and D. K. Shuh, DIAMOND AND RELATED 
MATERIALS 6, 1883 (1997). 

I. Jimenez, A. Jankowski, L. J. Terminello, D. G. J. Sutherland, J. A. Carlisle, 
G. L. Doll, W. M. Tong, D. K. Shuh, and F. J. Himpsel, PHYSICAL REVIEW 
B 55, 12025 ( 1997). 

A. Agui, S. Shin, M. Fujisawa, Y. Tezuka, T. Ishii, Y. Muramatsu, 0. Mishima, 
and K. Era, PHYSICAL REVIEW B 55,2073 (1997). 

J. Carlisle, E. Shirley, L. Terminello, J. Jia, T. Callcott, D. Ederer, R. Perera, 
and F. Himpsel, PHYSICAL REVIEW B 59,7433 (1999). 

N. Miyata, M. Yanagihara, M. Watanabe, Y. Harada, and S. Shin, JOURNAL 
OF THE PHYSICAL SOCIETY OF JAPAN 71, 1761 (2002). 

W. L. O'Brien, J. J. Jia, Q. Y. Dong, T. A. Callcott, K. E. Miyano, D. L. Ederer, 
D. R. Mueller, and C. C. Kao, PHYSICAL REVIEW LETTERS 70,238 (1993). 

P. B. Mirkarimi, K. F. McCarty, and D. L. Medlin, MATERIALS SCIENCE & 
ENGINEERING R-REPORTS 21, 47 (1997). 

T. Ikeda, Y. Kawate, and Y. Hirai, JOURNAL OF VACUUM SCIENCE & 
TECHNOLOGY A-VACUUM SURF ACES AND FILMS 8, 3168 (1990). 

L. Kleinman and J. C. Phillips, PHYSICAL REVIEW 117, 460 (1960). 

A. Zunger, A. Katzir, and A. Halperin, PHYSICAL REVIEW B 13, 5560 
(1976). 

V. L. Solozhenko, A. G. Lazarenko, J. P. Petitet, and A. V. Kanaev, JOURNAL 
OF PHYSICS AND CHEMISTRY OF SOLIDS 62, 1331 (2001). 

T. Taniguchi, S. Koizumi, K. Watanabe, I. Sakaguchi, T. Sekiguchi, and S. 
Yamaoka, DIAMOND AND RELATED MATERIALS 12, 1098 (2003). 

J. A. Carlisle, S. R. Blankenship, L. J. Terminello, J. J. Jia, T. A. Callcott, D. L. 
Ederer, R. C. C. Perera, and F. J. Himpsel, JOURNAL OF ELECTRON 
SPECTROSCOPY AND RELATED PHENOMENA 110, 323 (2000). 

J. D. Denlinger, Unpublished Work, (2005). 

176 



112 

113 

114 

115 

116 

117 

118 

119 

120 

121 

122 

123 

124 

125 

V. S. Lusvardi, M. A. Barteau, J. G. Chen, J. Eng, B. Fruhberger, and A. 
Teplyakov, SURFACE SCIENCE 397,237 (1998). 

M. Oura, M. Taguchi, T. Mukoyama, T. Takeuchi, and S. Shin, JOURNAL OF 
ELECTRON SPECTROSCOPY AND RELATED PHENOMENA 144, 537 
(2005). 

J. A. Bearden, REVIEWS OF MODERN PHYSICS 39,78 (1967). 

G. Vanderlaan, J. Zaanen, G. A. Sawatzky, R. Karnatak, and J. M. Esteva, 
PHYSICAL REVIEW B 33, 4253 (1986). 

M. Magnuson, S. M. Butorin, J.-H. Guo, and J. Nordgren, PHYSICAL 
REVIEW B 65, 205106 (2002). 

M.-L. Zhang, M. S. Miao, V. E. V. Doren, J. J. Ladik, and J. W. Mintmire, 
JOURNAL OF CHEMICAL PHYSICS 111,8696 (1999). 

R. DiFelice, A. Calzolari, E. Molinari, and A. Garbesi, PHYSICAL REVIEW 
B 65, 45104 (2002). 

D. Reha, M. Kabehic, F. Ryjacek, J. Sponer, J. E. Sponer, M. Elstner, S. Suhai, 
and P. Hobza, JOURNAL OF THE AMERICAN CHEMICAL SOCIETY 124, 
3366 (2002). 

A. Calzolari, R. Di Felice, E. Molinari, and A. Garbesi, JOURNAL OF 
PHYSICAL CHEMISTRY B 108, 2509 (2004). 

A. Calzolari, R. Di Felice, E. Molinari, and A. Garbesi, PHYSICA E-LOW
DIMENSIONAL SYSTEMS & NANOSTRUCTURES 13, 1236 (2002). 

K. M. Honorio and A. B. F. Da Silva, INTERNATIONAL JOURNAL OF 
QUANTUM CHEMISTRY 95, 126 (2003). 

F. Bogar and J. Ladik, CHEMICAL PHYSICS 237, 273 (1998). 

M. Isaacson, JOURNAL OF CHEMICAL PHYSICS 56, 1813 (1972). 

A. Moewes, J. MacNaughton, R. Wilks, J. S. Lee, S. D. Wettig, H.-B. Kraatz, 
and E. Z. Kurmaev, JOURNAL OF ELECTRON SPECTROSCOPY AND 
RELATED PHENOMENA 137-40,817 (2004). 

177 



126 

127 

128 

129 

130 

131 

132 

133 

134 

135 

136 

137 

138 

139 

U. Thewalt, C. E. Bugg, and R. E. Marsh, ACTA CRYSTALLOGRAPHICA 
SECTION B-STRUCTURAL CRYSTALLOGRAPHY AND CRYSTAL 
CHEMISTRY B 27, 2358 (1971). 

D. L. Barker and R. E. Marsh, ACTA CRYSTALLOGRAPHICA 17, 1581 
(1964). 

T. van Buuren, L. N. Dinh, L. L. Chase, W. J. Siekhaus, and L. J. Terminello, 
PHYSICAL REVIEW LETTERS 80, 3803 (1998). 

J. Luning, J. Rockenberger, S. Eisebitt, J.-E. Rubensson, A. Karl, A. 
Komowski, H. Weller, and W. Eberhardt, SOLID STATE 
COMMUNICATIONS 112, 5 (1999). 

C. McGuinness, D. Fu, J. E. Downes, and K. E. Smith, JOURNAL OF 
APPLIED PHYSICS 94,3919 (2003). 

Wavefunction, Inc., Spartan 04, Irvine, CA, (2004). 

K. J. McConnell and D. L. Beveridge, JOURNAL OF MOLECULAR 
BIOLOGY 304, 803 (2000). 

P. V amai and K. Zakrzewska, NUCLEIC ACIDS RESEARCH 32, 4269 
(2004). 

T. Weidlich, S. M. Lindsay, and A. Rupprecht, PHYSICAL REVIEW 
LETTERS 61, 1674 (1988). 

C. Adessi and M. P. Anantram, APPLIED PHYSICS LETTERS 82, 2353 
(2003). 

C. Adessi, S. Walch, and M.P. Anantram, PHYSICAL REVIEW B 67, 081405 
(2003). 

A. Hubsch, R. G. Endres, D. L. Cox, and R. R. P. Singh, PHYSICAL REVIEW 
LETTERS 94, 178102 (2005). 

J. MacNaughton, A. Moewes, and E. Kurmaev, JOURNAL OF PHYSICAL 
CHEMISTRY B 109,7749 (2005). 

M. Bixon and J. Jortner, ELECTRON TRANSFER-FROM ISOLATED 
MOLECULES TO BIOMOLECULES, PT 1106, 35 (1999). 

178 



140 

141 

142 

143 

144 

145 

146 

147 

148 

149 

150 

151 

152 

153 

M. Taniguchi and T. Kawai, PHYSICAL REVIEW E 70, 011913 (2004). 

R. E. Pyeritz, C. A. Thomas, and R. A. Schlegel, BIOCHIMICA ET 
BIOPHYSICA ACT A 272, 504 ( 1972). 

AlP Conference Proceedings 705, 1066 (2003). 

J. V. Burda, J. Sponer, J. Leszczynski, and P. Hobza, JOURNAL OF 
PHYSICAL CHEMISTRY B 101, 9670 (1997). 

J. Sponer, J. V. Burda, M. Sabat, J. Leszczynski, and P. Hobza, JOURNAL OF 
PHYSICAL CHEMISTRY A 102, 5951 (1998). 

N. Gresh and J. Sponer, JOURNAL OF PHYSICAL CHEMISTRY B 103, 
11415 (1999). 

B. Lippert, JOURNAL OF THE CHEMICAL SOCIETY-DALTON 
TRANSACTIONS, 3971 (1997). 

H. Sigel, CHEMICAL SOCIETY REVIEWS 22,255 (1993). 

R. Di Felice, A. Calzolari, and H. Zhang, NANOTECHNOLOGY 15, 1256 
(2004). 

G. S. Chang, E. Z. Kurmaev, D. W. Boukhvalov, L. D. Finkelstein, D. H. Kim, 
T.-W. Noh, A. Moewes, and T. A. Callcott, Submitted to Journal of Physics: 
Condensed Matter (2006). 

M. 0. Krause, JOURNAL OF PHYSICAL AND CHEMICAL REFERENCE 
DATA 8, 307 (1979). 

V. I. Grebennikov, SURFACE INVESTIGATIONS: X-RAY, 
SYNCHROTRON AND NEUTRON TECHNIQUES 11, 41 (2002). 

V. I. Grebennikov, PHYSICS OF METALS AND METALLOGRAPHY 89, 
425 (2000). 

E. Z. Kurmaev, A. L. Ankudinov, J. J. Rehr, L. D. Finkelstein, P. F. Karimov, 
and A. Moewes, JOURNAL OF ELECTRON SPECTROSCOPY AND 
RELATED PHENOMENA 148, 1 (2005). 

179 



154 

155 

156 

157 

158 

159 

160 

161 

162 

163 

164 

165 

P. Wernet, D. Nordlund, U. Bergmann, M. Cavalieri, M. Odelius, H. 
Ogasawara, L. A. Naslund, T. K. Hirsch, L. Ojamae, P. Glatzel, L. G. M. 
Pettersson, and A. Nilsson, SCIENCE 304, 995 (2004). 

H. X. Wang, C. Y. Ralston, D. S. Patil, R. M. Jones, W. Gu, M. Verhagen, M. 
Adams, P. Ge, C. Riordan, C. A. Marganian, P. Mascharak, J. Kovacs, C. G. 
Miller, T. J. Collins, S. Brooker, P. D. Croucher, K. Wang, E. I. Stiefel, and S. 
P. Cramer, JOURNAL OF THE AMERICAN CHEMICAL SOCIETY 122, 
10544 (2000). 

H. X. Wang, D. S. Patil, W. W. Gu, L. Jacquamet, S. Friedrich, T. Funk, and S. 
P. Cramer, JOURNAL OF ELECTRON SPECTROSCOPY AND RELATED 
PHENOMENA 114, 855 (2001). 

G. van der Laan, B. T. Thole, G. A. Sawatzky, and M. Verdaguer, PHYSICAL 
REVIEW B 37, 6587 (1988). 

J. H. Guo, Y. Luo, A. Augustsson, J. E. Rubensson, C. Sathe, H. Agren, H. 
Siegbahn, and J. Nordgren, PHYSICAL REVIEW LETTERS 89, 137402 
(2002). 

H. Ishii, Y. Ishiwata, R. Eguchi, Y. Harada, M. Watanabe, A. Chainani, and S. 
Shin, JOURNAL OF THE PHYSICAL SOCIETY OF JAPAN 70, 1813 (2001). 

T. Taniguchi and S. Yamaoka, JOURNAL OF CRYSTAL GROWTH 222, 549 
(2001). 

0. Fukunaga, S. Nakano, and T. Taniguchi, DIAMOND AND RELATED 
MATERIALS 13, 1709 (2004). 

H. Hofsass, C. Ronning, U. Griemeier, M. Gross, S. Reinke, and M. Kuhr, 
APPLIED PHYSICS LETTERS 67,46 (1995). 

N. Deyneka, X. W. Zhang, H. G. Boyen, P. Ziemann, and E. Banhart, 
DIAMOND AND RELATED MATERIALS 13, 473 (2004). 

Q. Li, L. D. Marks, Y. Lifshitz, S. T. Lee, and I. Bello, PHYSICAL REVIEW B 
65, 045415 (2002). 

S. Weissmantel and G. Reisse, DIAMOND AND RELATED MATERIALS 10, 
1973 (200 1 ). 

180 



166 

167 

X. T. Zhou, T. K. Sham, C. Y. Chan, W. J. Zhang, I. Bello, S. T. Lee, and H. 
Hofsass, Unpublished Work, (2005). 

G. Mahan, PHYSICAL REVIEW B 21, 1421 (1980). 

181 



APPENDIX A: STRUCTURES USED IN CALCULATIONS 

Table A.1 XYZ coordinates for the Adenine molecule (Cs symmetry) 

Element x coordinate (A) y coordinate (A) z coordinate (A) 
C1 0.0000 0.0000 0.4360 
C2 0.9894 -0.0000 -0.5518 
C3 -1.3372 0.0000 0.0437 
C4 -0.6010 -0.0000 -2.1294 
C5 1.8367 -0.0000 1.4649 
N1 -2.2741 0.0000 0.8837 
N2 2.1694 -0.0000 0.1374 
N3 0.5127 0.0000 1.6788 
N4 -1.6306 0.0000 -1.2625 
N5 0.6999 -0.0000 -1.8533 
H1 -1.9888 -0.0000 1.8646 
H2 -3.2213 0.0000 0.5005 
H3 -0.8761 -0.0000 -3.1782 
H4 3.1354 0.0000 -0.2720 
H5 2.5945 0.0000 2.2376 

Table A.2 XYZ coordinates for the Cytosine molecule (Cs symmetry) 

Element x coordinate (A) y coordinate (A) z coordinate (A) 
C1 0.0000 0.0000 0.9904 
C2 1.0942 0.0000 0.0023 
C3 0.7942 0.0000 -1.3030 
C4 -1.5371 -0.0001 -0.7478 
N1 -1.2162 -0.0000 0.6524 
N2 0.2779 0.0001 2.2186 
N3 -0.5023 -0.0000 -1.6516 
01 -2.6956 -0.0001 -1.0730 
H1 -0.5160 0.0001 2.8627 
H2 1.2732 0.0001 2.4476 
H3 -0.6974 -0.0000 -2.6498 
H4 2.1478 0.0000 0.3296 
H5 1.5774 0.0000 -2.0784 
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Table A.3 XYZ coordinates for the Guanine molecule (Cs symmetry) 

Element x coordinate (A) y coordinate (A) z coordinate (A) 
C1 1.1979 0.0000 1.0965 
C2 1.2202 0.0000 -0.3666 
C3 -0.0717 0.0000 -0.9022 
C4 -1.1348 0.0000 1.0411 
C5 1.5143 0.0000 -2.4271 
N1 0.0000 0.0000 1.7611 
N2 -2.2258 0.0000 1.6652 
N3 0.1555 0.0000 -2.2507 
N4 2.2055 0.0000 -1.2772 
N5 -1.1387 0.0000 -0.2251 
01 2.2047 0.0000 1.7604 
H1 -0.0753 0.0000 2.7736 
H2 -2.1624 0.0000 2.6843 
H3 -3.0695 0.0000 1.0891 
H4 -0.5730 0.0000 -3.0059 
H5 1.9529 0.0000 -3.4166 

Table A.4 XYZ coordinates for the Thymine molecule (Cs symmetry) 

Element x coordinate (A) y coordinate (A) z coordinate (A) 
C1 0.0000 0.0000 1.2120 
C2 -0.7298 0.0000 -0.0682 
C3 0.0209 0.0000 -1.1814 
C4 2.0982 0.0000 0.0538 
C5 -2.2336 0.0000 -0.0923 
N1 1.3739 0.0000 1.2188 
N2 1.3649 0.0000 -1.1102 
01 -0.5716 0.0000 2.2745 
02 3.2997 0.0000 0.0448 
H1 -2.6362 0.0000 -1.1304 
H2 1.8589 0.0000 2.1074 
H3 1.8510 0.0000 -2.0043 
H4 -0.4490 0.0000 -2.1777 
H5 -2.6222 -0.9072 0.4248 
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Table A.5 XYZ coordinates for the 5-Fluorouracil (5FU) molecule 

Element x coordinate (A) y coordinate (A) z coordinate (A) 
C1 1.7554 -2.5745 3.8813 
C2 0.6358 -1.7516 3.4150 
C3 0.7840 -0.4431 3.0999 
C4 3.1784 -0.4827 3.6436 
N1 2.9596 -1.8294 3.9410 
N2 2.0211 0.1684 3.2038 
01 1.7074 -3.7608 4.1948 
02 4.2627 0.0798 3.7535 
F1 -0.5726 -2.3526 3.3135 
H1 -0.0486 0.1738 2.7577 
H2 3.7810 -2.3450 4.2702 
H3 2.1254 1.1643 3.0124 
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Table A.6 XYZ coordinates for the Deoxyribose-5-Fluorouracil (d5FU) molecule 

Element x coordinate (A) y coordinate (A) z coordinate (A) 
C1 0.0200 -1.1679 -0.4860 
C2 -2.0619 -0.3183 0.1789 
C3 -1.2336 -0.4945 1.4644 
C4 -0.1750 -1.5013 1.0070 
C5 -2.8122 1.0036 0.0937 
C6 2.4571 -1.0913 -0.8755 
C7 3.6510 1.1118 -1.3101 
C8 2.3387 1.7296 -1.1610 
C9 1.2232 1.0050 -0.9044 
N1 1.2593 -0.3679 -0.7650 
N2 3.5681 -0.2962 -1.1502 
01 -1.1056 -0.3921 -0.9034 
02 -1.9837 -0.9988 2.5663 
03 4.7168 1.6785 -1.5385 
04 2.5168 -2.3148 -0.7314 
05 -3.6917 1.0129 1.2380 
F1 2.2642 3.0746 -1.2907 
H1 0.7689 -1.4529 1.5685 
H2 -0.5862 -2.5192 1.1116 
H3 0.1189 -2.0746 -1.1034 
H4 -2.7862 -1.1543 0.1043 
H5 -0.7640 0.4808 1.7251 
H6 0.2395 1.4662 -0.8238 
H7 4.4535 -0.8055 -1.2256 
H8 -2.7311 -0.3734 2.6843 
H9 -2.0934 1.8459 0.1350 
H10 -3.3807 1.0650 -0.8525 
H11 -4.1907 1.8512 1.2446 
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Table A.7 XYZ coordinates for the (Ni-N)·5-Fluorouracil molecule 

Element x coordinate (A) y coordinate (A) z coordinate (A) 
C1 2.2123 -0.6886 -0.0068 
C2 3.6060 -1.0010 0.0017 
C3 4.4874 0.0398 0.0073 
C4 2.6390 1.7019 -0.0077 
C5 -2.2116 0.6880 -0.0054 
C6 -3.6053 1.0010 0.0029 
C7 -4.4873 -0.0393 0.0092 
C8 -2.6393 -1.7023 -0.0002 
N1 1.8001 0.6009 -0.0105 
N2 4.0183 1.3288 0.0038 
N3 -1.7998 -0.6017 -0.0070 
N4 -4.0185 -1.3285 0.0076 
01 2.3075 2.8799 -0.0137 
02 1.2050 -1.5041 -0.0107 
03 -2.3086 -2.8805 -0.0007 
04 -1.2041 1.5033 -0.0116 
F1 4.0204 -2.2894 0.0051 
F2 -4.0191 2.2897 0.0051 
H1 4.6704 2.1142 0.0034 
H2 5.5687 -0.1075 0.0147 
H3 -4.6711 -2.1136 0.0088 
H4 -5.5685 0.1085 0.0161 
Ni 0.0003 -0.0005 -0.0125 
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Table A.8 XYZ coordinates for the (Ni-0)·5-Fluorouracil molecule 

Element x coordinate (A) y coordinate (A) z coordinate (A) 
C1 2.7094 -0.0125 -0.9658 
C2 4.1210 0.0050 -1.2335 
C3 5.0332 -0.0127 -0.2235 
C4 3.2596 -0.0756 1.4810 
C5 -2.7094 0.0125 -0.9658 
C6 -4.1210 -0.0050 -1.2335 
C7 -5.0332 0.0127 -0.2235 
C8 -3.2596 0.0756 1.4810 
N1 2.3860 -0.0591 0.3920 
N2 4.6049 -0.0508 1.0952 
N3 -2.3860 0.0591 0.3920 
N4 -4.6049 0.0508 1.0952 
01 2.8982 -0.1082 2.6517 
02 1.8130 0.0119 -1.8602 
03 -2.8982 0.1082 2.6517 
04 -1.8130 -0.0119 -1.8602 
F1 4.5262 0.0403 -2.5234 
F2 -4.5262 -0.0403 -2.5234 
H1 1.3709 -0.0725 0.5798 
H2 5.2777 -0.0655 1.8615 
H3 6.1081 0.0040 -0.4027 
H4 -1.3709 0.0725 0.5798 
H5 -5.2777 0.0655 1.8615 
H6 -6.1081 -0.0040 -0.4027 
Ni -0.0000 0.0000 -1.7003 

Table A.9 XYZ coordinates for the NiCh molecule 

Element x coordinate (A) y coordinate (A) z coordinate (A) 
en 0.0000 0.0000 -1.0669 
Cl2 0.0000 0.0000 3.0669 
Ni 0.0000 0.0000 1.0000 
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Table A.1 0 XYZ coordinates for the (CoCht ion 

Element x coordinate (A) y coordinate (A) z coordinate (A) 
Cll 0.0000 0.0000 -1.0125 
Cl2 0.0000 0.0000 3.0125 
Co 0.0000 0.0000 1.0000 

Table A.11 XYZ coordinates for the NiO molecule 

Element x coordinate (A) y coordinate (A) z coordinate (A) 
0 0.0000 0.0000 -0.8308 
Ni 0.0000 0.0000 0.7980 

Table A.12 XYZ coordinates for the (Coot ion 

Element x coordinate (A) y coordinate (A) z coordinate (A) 
0 0.0000 0.0000 -0.7725 
Co 0.0000 0.0000 0.7980 

Table A.13 XYZ coordinates for the (NiOHt ion 

Element x coordinate (A) y coordinate (A) z coordinate (A_) 
0 -0.0267 0.0000 -0.8354 
H 0.7113 0.0000 -1.4987 
Ni 0.2183 0.0000 0.8571 

Table A.14 XYZ coordinates for the CoOH molecule 

Element x coordinate (A) y coordinate (A) z coordinate (A_l 
0 -0.3530 0.0000 -0.5060 
H 0.5230 0.0000 -0.9290 
Co -0.1700 0.0000 1.4350 
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Table A.15 XYZ coordinates for the (Ni or Co) Adenine- Thymine M-DNA 
nuc leo base pair 

Element x coordinate (A) y coordinate (A) z coordinate (A) 
C1 -0.560 -0.653 -0.089 
C2 0.789 -2.379 -0.180 
C3 1.895 -1.588 -0.312 
C4 1.688 -0.199 -0.328 
C5 2.600 -3.583 -0.330 
C6 -0.876 4.957 -0.235 
C7 1.549 4.639 0.072 
C8 1.657 6.076 0.156 
C9 0.568 6.854 0.049 
C10 3.024 6.658 0.366 
N1 0.421 0.241 -0.212 
N2 -0.489 -1.965 -0.062 
N3 2.680 0.695 -0.452 
N4 3.040 -2.365 -0.407 
N5 1.244 -3.672 -0.191 
N6 -0.676 6.314 -0.142 
N7 0.261 4.181 -0.121 
01 -1.976 4.460 -0.405 
02 2.489 3.846 0.159 
H1 -1.480 -0.271 -0.006 
H2 2.474 1.674 -0.458 
H3 3.626 0.383 -0.540 
H4 3.197 -4.384 -0.369 
H5 0.667 7.847 0.110 
H6 3.756 5.853 0.424 
H7 3.037 7.229 1.294 
H8 3.272 7.314 -0.468 
H9 -1.493 6.906 -0.222 
H10 0.673 -4.503 -0.111 
Ni or Co 0.017 2.201 -0.249 
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Table A.16 XYZ coordinates for the (Ni or Co) Guanine- Cytosine M-DNA 
nucleobase pair 

Element x coordinate (A) y coordinate (A) z coordinate (A) 
Cl -1.709 -2.156 0.136 
C2 -0.902 -4.228 -0.071 
C3 0.406 -3.833 -0.226 
C4 0.721 -2.450 -0.201 
C5 0.413 -5.959 -0.330 
C6 0.093 3.180 0.027 
C7 2.167 2.111 0.244 
C8 2.851 3.368 0.330 
C9 2.089 4.488 0.257 
Nl -0.426 -1.667 -0.011 
N2 -2.668 -1.244 0.308 
N3 -2.004 -3.454 0.113 
N4 1.236 -4.941 -0.390 
N5 -0.904 -5.605 -0.138 
N6 0.739 4.410 0.109 
N7 0.838 2.046 0.098 
N8 2.848 0.978 0.308 
01 1.817 -1.908 -0.320 
02 -1.137 3.159 -0.108 
Hl -2.436 -0.271 0.324 
H2 -3.619 -1.532 0.420 
H3 0.715 -6.909 -0.416 
H4 2.370 0.102 0.248 
H5 3.843 0.998 0.417 
H6 3.844 3.417 0.439 
H7 2.526 5.386 0.312 
H8 -1.721 -6.197 -0.058 
H9 0.170 5.246 0.054 
Ni or Co -0.161 0.314 0.053 

Table A.17 Structural information for BN crystals 

Crystal name Space group a (A) b (A) c (A) a J3 y 
Cubic BN #216 3.6150 3.6150 3.6150 90° 90° 90° 
Hexagonal BN #194 2.5044 2.5044 6.6522 90° 90° 120° 
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APPENDIX B: ASSIGNMENT OF SPECTRAL FEATURES USING STOBE 

Table B.l Assignment of features in the nucleobase C 1 s absorption data 

osc. 
str. 

osc. 
str. 

osc. 
str. 

osc. 
str. 

transitiona xl0-3 transition x10"3 transition x10"3 transition x10"3 

A G c T 

1 C2~7a" 0.611 1 C2~8a" 3.046 1 C1~6a" 4.996 1 C1~7a" 4.667 

C2~8a" 3.876 C2~9a" 0.202 2 C2~6a" 10.80 2 C2~7a" 9.358 

C3~7a" 9.357 C2~29a' 0.150 3 C1~22a' 1.705 3 C1~24a' 0.031 

C5~7a" 9.526 C3~8a" 9.119 C1~23a' 0.160 C1~25a' 0.215 

2 C1~7a" 9.106 2 C2~30a' 0.145 C3~6a" 8.418 C3~7a" 10.01 

C2~9a" 1.313 C2~10a" 1.830 4 C1~25a' 1.042 C5~24a' 1.178 

C2~26a' 0.062 C3~9a" 0.020 C1~26a' 0.318 C5~8a" 0.068 

C4~7a" 3.463 C4~8a" 8.511 C1~8a" 0.334 4 C1~9a" 2.092 

C4~8a" 6.043 3 C1~8a" 11.35 C2~22a' 2.356 C1~27a' 0.682 

C5~8a" 0.847 C2~32a' 0.050 C2~7a" 0.026 C2~25a' 0.020 

3 C1~8a" 0.743 C2~33a' 0.021 C3~7a" 4.053 C3~8a" 2.772 

C2~27a' 0.151 C3~30a' 0.993 C4~6a" 11.06 C4~7a" 12.54 

C3~8a" 0.003 C3~10a" 0.794 5 C2~24a' 0.327 C5~26a' 3.049 

C5~9a" 0.771 C4~29a' 0.022 C3~22a' 0.170 C5~9a" 3.550 

C5~26a' 0.070 C4~30a' 0.207 C3~23a' 0.082 5 C2~9a" 0.363 

4 C1~9a" 1.203 C5~8a" 12.37 C4~7a" 2.798 C2~28a' 0.683 

C1~26a' 0.048 4 C1~9a" 0.046 C3~24a' 0.206 

C2~28a' 0.024 C1~29a' 0.207 C4~8a" 2.479 

C2~29a' 0.003 C3~31a' 0.194 C5~10a" 1.813 

C2~30a' 0.084 C3~32a' 0.527 

C3~26a' 1.243 C4~10a" 1.215 

C3~9a" 1.117 C4~31a ' 0.127 

C4~9a" 0.784 C5~29a' 0.023 

C4~26a' 0.208 C5~9a" 0.015 

C5~27a' 0.179 

a Transitions from core level in labeled atom to given unoccupied state. 
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Table B.2 Assignment of features in the nucleobase C Ka emission data 

transition 

A 

1 14a'~6a' 

15a'~7a' 

15a'~9a' 

2 17a'~6a' 

18a'~7a' 

19a'~10a' 

3 20a'~7a' 

21a'~7a' 

20a'~8a' 

21a'~8a' 

22a'~10a' 

4 22a'~6a' 

23a'~7a' 

23a'~8a' 

23a'~9a' 

24a'~10a' 

25a'~10a' 

5 25a'~6a' 

2a"~7a' 

26a'~8a' 

26a'~9a' 

6 5a"~6a' 

28a'~7a' 

5a"~8a' 

28a'~8a' 

5a"~9a' 

6a"~10a' 

osc. 
str. 

0.154 

0.168 

0.181 

0.100 

0.185 

0.192 

0.194 

0.197 

0.144 

0.161 

0.209 

0.417 

0.269 

0.181 

0.325 

0.379 

0.510 

0.408 

0.520 

0.113 

0.830 

0.252 

0.108 

0.358 

0.128 

0.183 

0.321 

transition 

G 

1 15a'~7a' 

16a'~7a' 

16a'~8a' 

17a'~10a' 

2 19a'~8a' 

20a'~9a' 

22a'~lla' 

3 19a'~7a' 

20a'~8a' 

21a'~9a' 

22a'~9a' 

4 23a'~7a' 

24a'~7a' 

25a'~8a' 

1a"~9a' 

26a'~9a' 

26a'~10a' 

27a'~11a' 

2a"~11a' 

5 1a"~7a' 

27a'~8a' 

27a'~9a' 

28a'~10a' 

29a'~lla' 

6 3a"~7a' 

3a"~8a' 

29a'~8a' 

4a"~9a' 

4a"~10a' 

5a"~11a' 

7 31a'~9a' 

32a'~lla' 

7a"~lla' 

8 7a"~9a' 

7a"~10a' 

osc. 
str. 

0.300 

0.230 

0.152 

0.165 

0.156 

0.155 

0.230 

0.150 

0.172 

0.178 

0.162 

0.295 

0.468 

0.110 

0.156 

0.279 

0.469 

0.460 

0.133 

0.530 

0.234 

0.517 

0.778 

0.142 

0.120 

0.665 

0.624 

0.316 

0.285 

0.296 

0.144 

0.193 

0.429 

0.232 

0.441 
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c 
1 

2 

3 

4 

5 

6 

7 

transition osc. 
str. 

T 

12a'~6a' 0.335 1 

14a'~5a' 0.196 

14a'~6a' 0.228 2 

14a'~7a' 0.130 

16a'~8a' 0.129 3 

17a'~8a' 0.136 

19a'~6a' 0.213 

19a'~7a' 0.131 4 

1a"~7a' 0.174 

20a'~8a' 0.768 5 

21a'~8a' 0.603 

19a'~5a' 0.281 

1a"~5a' 0.362 

1a"~6a' 0.291 

20a'~6a' 0.152 

21a'~6a' 0.300 

2a"~6a' 0.535 

21a'~7a' 0.753 

3a"~8a' 0.201 

2a"~5a' 0.171 6 

22a'~5a' 0.561 

3a"~7a' 0.518 

3a"~5a' 0.381 

23a'~8a' 0.151 

4a"~8a' 0.276 

5a"~8a' 0.450 7 

23a'~6a' 0.159 

5a"~7a' 0.144 

transition osc. 
str. 

12a'~5a' 0.264 

13a'~6a' 0.196 

16a'~7a' 0.100 

16a'~8a' 0.176 

15a'~5a ' 0.185 

17a'~6a' 0.190 

18a'~8a' 0.340 

17a'~5a' 0.258 

18a'~7a' 0.421 

1a"~5a' 0.499 

1a"~6a' 0.194 

21a'~6a' 0.105 

21a'~7a' 0.523 

22a'~7a' 0.103 

2a"~8a' 0.173 

24a'~8a' 0.629 

2a"~9a' 0.562 

24a'~9a' 0.757 

25a'~9a' 0.757 

22a'~5a ' 0.449 

2a"~5a' 0.208 

23a'~6a' 0.380 

3a"~6a' 0.448 

25a'~7a' 0.165 

4a"~7a' 0.431 

4a"~5a ' 0.193 

27a'~8a' 0.145 

6a"~8a' 0.654 



Table B.3 Assignment of features in the nucleobase N ls absorption data 

A 

1 

2 

3 

4 

a 

osc. 
str. 

transition a x1 o-3 

N2~7a" 5.890 

N4~7a" 4.318 

N5~7a" 1.689 

N5~8a" 4.581 

N1~7a" 1.427 

N2~8a" 1.423 

N2~26a' 0.151 

N2~9a" 1.508 

N4~26a' 0.017 

N4~9a" 2.443 

N4~27a' 0.189 

N5~9a" 0.211 

N5~27a' 0.054 

N1~8a" 0.262 

N1~26a' 1.371 

N2~27a' 0.179 

N3~7a" 3.501 

N4~28a' 0.054 

N4~29a' 0.006 

N4~30a' 0.050 

N5~28a' 0.017 

N5~29a' 0.193 

N5~30a' 0.075 

N1~27a' 0.321 

N1~9a" 0.392 

N1~28a' 4.702 

N2~29a' 0.047 

N2~30a' 0.004 

N3~26a' 3.167 

N3~9a" 1.043 

G 

1 

2 

3 

4 

5 

osc. 
str. 

transition x1o-3 

N2~8a" 7.231 

N2~9a" 0.162 

N2~29a' 0.074 

N4~8a" 1.509 

N4~29a' 0.134 

N4~9a" 0.887 

N1~29a' 1.742 

N1~8a" 3.020 

N2~10a" 1.813 

N2 ~31a' 0.006 

N3 ~Sa" 4.204 

N4~10a" 2.514 

N4~31a ' 0.602 

N4~32a' 0.057 

N5~29a' 2.124 

N1~30a' 1.767 

N1~31a' 0.459 

N3~29a' 0.114 

N3~30a' 3.356 

N5~9a" 0.017 

N5~30a' 4.636 

N1~10a" 0.016 

N1~32a' 0.125 

N1~33a' 0.317 

N3~32a' 0.526 

N3~33a' 0.131 

N5~32a' 1.064 

N5~10a" 0.006 

N5~33a' 0.496 

c 
1 

2 

3 

4 

5 

6 

osc. 
str. 

transition x1 o-3 

N2~6a" 3.415 

N2~7a" 0.001 

N2~23a' 0.049 

N2~24a' 0.779 

N1~6a" 1.146 

N2~25a' 0.572 

N3~6a" 2.056 

N1~23a' 2.047 

N1~7a" 0.801 

N2~8a" 3.273 

N3~7a" 1.361 

N3~23a' 1.547 

N1~24a' 1.171 

N1~25a' 3.763 

N3~24a' 0.994 

.. 
Transthons from core level m labeled atom to gtven unoccupted state. 
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T 

1 

2 

3 

4 

5 

osc. 
str. 

transition x1o-3 

N1~7a" 2.317 

N2~7a" 1.375 

N1~8a" 0.271 

N2~8a" 1.630 

N1~27a' 0.634 

N2~27a' 2.394 

N1~28a' 2.421 

N2~28a' 0.905 

N1~29a' 1.224 

N1~9a" 2.039 

N2~29a' 0.234 

N2~9a" 1.178 



Table B.4 Assignment of features in the nucleobase N Ka emission data 

transition 

A 

1 16a'~1a' 

18a'~4a' 

18a'~5a' 

2 19a'~1a' 

21a'~2a ' 

21a'~3a' 

22a'~5a' 

3 21a'~1a' 

23a'~2a' 

24a'~4a' 

4 22a'~1a' 

24a'~2a' 

25a'~3a' 

26a'~4a' 

2a"~5a' 

5 1a"~1a' 

2a"~2a' 

3a"~4a' 

3a"~5a' 

6 4a"~2a' 

21a'~3a' 

4a"~3a' 

28a'~4a' 

28a'~5a' 

7 4a"~1a' 

29a'~3a' 

29a'~4a' 

6a"~4a' 

29a'~5a' 

osc. 
str. 

0.228 

0.241 

0.563 

1.274 

1.461 

0.203 

0.116 

0.472 

0.636 

0.160 

0.606 

0.424 

0.415 

0.484 

0.515 

0.733 

0.834 

1.145 

0.145 

0.710 

1.719 

1.323 

0.422 

1.593 

1.344 

0.339 

1.791 

0.713 

1.155 

transition 

G 

1 19a'~2a' 

19a'~3a' 

20a'~a' 

22a'~5a' 

2 21a'~2a' 

22a'~2a' 

21a'~3a' 

25a'~6a' 

3 23a'~2a' 

23a'~3a' 

24a'~a' 

26a'~5a' 

26a'~6a' 

4 26a'~2a' 

1a"~3a' 

1a''~a' 

28a'~5a' 

3a"~6a' 

5 3a"~3a' 

30a'~5a' 

4a"~6a' 

30a'~6a' 

6 4a"~4a' 

31a'~5a' 

31a'~6a' 

7 5a"~2a' 

5a"~3a' 

6a''~a' 

1a"~6a' 

osc. 
str. 

0.197 

0.691 

0.610 

0.145 

0.366 

1.478 

0.472 

0.254 

0.382 

1.281 

1.217 

0.559 

0.674 

0.851 

0.633 

0.415 

1.035 

0.284 

0.457 

0.999 

1.081 

1.667 

1.024 

1.592 

1.017 

1.181 

1.224 

0.638 

0.622 
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transition 

c 
1 14a'~2a ' 

15a'~3a ' 

16a'~4a ' 

2 16a'~2a' 

11a'~2a ' 

18a'~3a' 

19a'~4a' 

1a"~a' 

3 1a"~2a' 

20a'~2a' 

2a"~3a' 

3a"~a' 

4 3a"~2a' 

23a'~a ' 

4a''~4a' 

5 4a"~3a' 

6 4a"~2a ' 

24a'~2a' 

5a"~2a' 

osc. 
str. 

1.030 

0.768 

0.271 

0.574 

1.542 

1.193 

0.725 

0.391 

0.796 

0.464 

1.182 

0.212 

0.392 

2.584 

0.934 

1.835 

0.617 

0.250 

0.687 

transition osc. 
str. 

T 

1 15a'~3a' 0.882 

16a'~3a' 0.419 

16a'~4a' 0.420 

11a'~a' 1.302 

2 18a'~3a' 0.890 

19a'~3a ' 0.901 

20a'~3a ' 0.702 

18a'~a' 0.560 

19a'~a' 0.654 

20a'~a' 1.177 

3 1a"~3a' 0.650 

1a"~a' 0.652 

4 3a"~3a' 0.552 

3a"~a' 0.504 

5 4a"~3a' 0.803 

4a"~a' 0.159 

6 26a'~3a' 0.231 

5a"~a' 1.925 

7 6a"~3a' 1.125 

21a'~a' 0.378 



Table B.5 Assignment of features in the nucleobase 0 1 s absorption data 

transition a 
oscillator 
strength 

cytosine 

01~6a" 0.001519 

01~7a" 0.003455 

2 01~25a' 0.000019 

01~26a' 0.000043 

3 01~29a' 0.000089 

01~8a" 0.000524 

guanine 

01~8a" 0.004250 

2 01~9a" 0.000026 

01~33a' 0.000090 

3 01~10a" 0.000706 

01~34a' 0.000043 

thymine 

1 01~7a" 0.003862 

2 02~7a" 0.002417 

3 01~8a" 0.001169 

02~8a" 0.002569 

4 01~27a' 0.000096 

02~27a' 0.000077 

5 01~9a" 0.000655 

01~30a' 0.000235 

01~10a" 0.000075 

02~29a' 0.000052 

02~30a' 0.000431 

a Transitions from core level in labeled 
atom to given unoccupied state. 
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Table B.6 Assignment of features in the nucleobase 0 Ka. emission data 

transition 
oscillator 
strength 

cytosine 

I 2Ia ~Ia' 0.422982 

2 22a'~Ia' 4.531453 

3 3a"~Ia' 2.117876 

4 24a'~Ia' 6.382281 

5a"~Ia' 2.556386 

guanine 

27a'~Ia' 0.572670 

2 3a"~Ia' 1.623532 

29a'~Ia' 4.450748 

3 6a"~Ia' 2.328636 

4 3Ia'~Ia' 0.759807 

32a'~Ia' 5.830437 

7a"~Ia' 1.097151 

thymine 

Ia"~Ia' 0.605986 

2Ia"~2a' 0.952401 

2 22a'~Ia' 3.868707 

23a'~2a' 3.300495 

3a"~2a' 1.404307 

3 4a"~Ia' 1.509710 

25a'~2a' 0.824462 

4 5a"~Ia' 1.925977 

26a'~Ia' 5.621324 

5a"~2a' 2.369543 

26a'~2a' 0.851319 

5 27a'~Ia' 0.990141 

6a"~Ia' 0.979252 

27a'~2a' 5.660287 

6a"~2a' 0.792720 
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Table B. 7 Assignment of features in the 5FU compound C 1 s absorption data 

osc. 
str. 

transition a X I o-3 

5FU 

I C3~Lb 9.166 

2 C1~L 9.874 

C2~L 4.728 

3 Cl~L+1 2.365 

C2~L+l 2.792 

C2~L+2 5.913 

C3~L+2 2.569 

C4~L 12.82 

C4~L+l 2.299 

4 C1~L+2 0.114 

C1~L+3 0.782 

C2~L+4 0.193 

C4~L+2 0.066 

osc. 
str. 

transition xi0-3 

d5FU 

I C4~L 0.244 

C9~L 18.01 

2 C2~L 0.005 

C3~L 0.267 

C4~L+l 1.106 

C4~L+2 0.640 

C4~L+3 2.675 

C7~L 19.12 

C9~L+l 0.195 

3 C1~L 0.186 

C2~L+1 7.943 

C2~L+2 2.832 

C2~L+3 0.275 

C3~L+l 3.388 

C3~L+2 1.595 

C2~L+3 2.606 

C5~L 8.217 

cs~L+I 0.185 

C5~L+2 4.118 

C6~L 23.21 

C6~L+1 5.579 

C7~L+1 4.404 

C8~L+2 14.33 

C9~L+2 3.685 

C9~L+3 1.720 

C9~L+4 0.089 

4 C1~L+3 4.624 

Cl~L+4 9.185 

C7~L+2 1.128 

C7~L+3 0.191 

C7~L+4 0.173 

C8~L+3 0.419 

C8~L+4 0.042 

osc. 
str. 

transition xi0-3 

(Ni-N)·5FU 

1 C2~L 0.174 

C3~L 0.028 

C3~L+l 17.57 

C6~L 0.175 

C7~L 0.028 

C7~L+1 17.57 

2 Cl~L+l 17.84 

C2~L+l 6.139 

C3~L+2 0.118 

C4~L 0.427 

C5~L+l 17.84 

C6~L+l 6.138 

C7~L+2 0.118 

C8~L 0.427 

3 Cl~L+2 0.142 

Cl~L+3 5.169 

C2~L+2 0.275 

C2~L+3 9.321 

C2~L+4 13.15 

C3~L+4 5.183 

C4~L+l 0.168 

C4~L+2 27.34 

C5~L+2 0.142 

C5~L+3 5.168 

C6~L+2 0.276 

C6~L+3 9.320 

C6~L+4 13.15 

C7~L+4 5.184 

C8~L+1 0.168 

C8~L+2 27.34 

4 C4~L+4 0.005 

C8~L+4 0.005 

osc. 
str. 

transition xi0-3 

(Ni-0)"5FU 

1 C3~L 15.63 

2 Cl~L 15.97 

C2~L 6.228 

C3~L+l 0.477 

C5~L 15.97 

C6~L 6.228 

C7~L+l 0.477 

3 Cl~L+2 4.252 

Cl~L+3 0.042 

Cl~L+4 0.008 

C2~L+2 7.263 

C2~L+3 9.795 

C2~L+4 2.676 

C4~L 19.02 

C4~L+l 9.988 

C5~L+2 4.252 

C5~L+3 0.042 

C5~L+4 0.008 

C6~L+2 7.263 

C6~L+3 9.795 

C6~L+4 2.675 

C8~L 19.02 

C8~L+l 9.988 

4 C4~L+3 0.188 

C4~L+4 0.002 

C8~L+3 0.188 

C8~L+4 0.002 

a . . . . 
Transitions from core level m labeled atom to giVen unoccupied state. Shaded boxes correspond to transitions mto 

1t-like orbitals and not shaded boxes correspond to transitions into cr-like orbitals. 
b L = LUMO (Lowest Unoccupied Molecular Orbital) 
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Table B.8 Assignment of features in the 5FU compound C Ka emission data 

osc. 
str. 

transition° x10"3 

5FU 

1 H6-14~C2 438.9 

H-14~C3 324.8 

2 H-14~C1 346.6 

H-12~C2 469.2 

H-10~C3 373.9 

H-12~C3 303.3 

H-14~C4 330.1 

3 H-6~Cl 637.9 

H-7~Cl 304.5 

H-4~C3 471.6 

H-7~C4 229.7 

H-8~C4 308.1 

H-9~C4 354.4 

4 H~C2 625.0 

H~C3 272.1 

osc. 
str. 

transition x10·3 

d5FU 

1 H-28~C3 256.7 

H-27~C5 276.9 

H-29~C8 337.0 

H-26~C9 211.5 

2 H-24~Cl 205.5 

H-26~Cl 192.8 

H-20~C2 186.1 

H-13~C4 203.2 

H-14~C4 254.8 

H-15~C4 253.8 

H-20~C5 219.0 

3 H-10~C3 213.7 

H-7~C4 267.6 

H-8~C4 . 200.8 

H-9~C4 262.1 

H-12~C5 200.9 

H-18~C6 256.5 

H-19~C6 255.9 

H-16~C7 335.9 

H-8~C9 430.1 

4 H~C8 595.1 

H~C9 207.9 

osc. 
str. 

transition xl0·3 

(Ni-N)·5FU 

1 H-35~C2 182.2 

H-35~C3 176.8 

H-32~C6 180.1 

H-34~C6 180.4 

2 H-25~C3 194.2 

3 H-17~Cl 252.2 

H-19~C1 190.4 

H-13~C3 226.6 

H-14~C3 253.4 

H-20~C4 230.4 

H-17~C5 211.6 

H-19~C5 226.6 

H-13~C7 255.2 

H-14~C7 225.0 

H-20~C8 223 .9 

4 H-3~C2 281.5 

H-4~C2 249.9 

H-3~C6 307.0 

H-4~C6 229.0 

osc. 
str. 

transition x 10·3 

(Ni-0)·5FU 

1 H-3l~C3 192.8 

H-32~C3 210.1 

H-34~C5 187.0 

H-31~C7 193.7 

H-32~C7 208.3 

2 H-27~Cl 213.3 

H-30~Cl 204.5 

H-24~C3 208.2 

H-30~C5 212.0 

H-24~C7 202.7 

3 H-18~Cl 320.9 

H-13~C3 238.0 

H-14~C3 245.5 

H-19~C4 244.2 

H-20~C4 250.4 

H-22~C4 187.0 ~ 

H-17~C5 336.3 

H-13~C7 244.6 

H-14~C7 238.8 

H-19~C8 253.3 

H-20~C8 241.7 

H-21~C8 187.7 

4 H-5~C2 292.1 

H-6~C2 305.1 

H-5~C6 316.7 

H-6~C6 281.3 

a Transitions from labeled occupied state to a core level in labeled atom .. Shaded boxes correspond to 
transitions from rt-like orbitals and not shaded boxes correspond to transitions from cr-like orbitals. 
6 H = HOMO (Highest Occupied Molecular Orbital) 
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Table B.9 Assignment of features in the SFU compound N ls absorption data 

osc. 
str. 

transitiona x10·3 

5FU 

1 N1~Lb 2.169 

N2~L 1.748 

2 N1~L+2 0.379 

N2~L+1 1.338 

N2~L+2 1.537 

3 N2~L+4 1.751 

osc. 
str. 

transition x10·3 

d5FU 

1 N1~L 3.885 

N2~L 4.612 

2 N1~L+1 3.285 

N2~L+1 1.085 

3 N1~L+2 0.337 

N1~L+3 0.362 

N1~L+4 1.137 

N2~L+2 3.301 

N2~L+3 0.629 

N2~L+4 0.145 

osc. 
str. 

transition X 10-3 

(Ni-N)-5FU 

1 N1~L 1.743 

N3~L 1.741 

2 N1~L+1 5.415 

N3~L+1 5.416 

3 N1~L+2 0.150 

N1~L+3 1.379 

N2~L+1 4.834 

N3~L+2 0.150 

N3~L+3 1.379 

N4~L+1 4.833 

4 N1~L+4 1.000 

N2~L+2 0.296 

N2~L+3 1.137 

N3~L+4 1.000 

N4~L+2 0.296 

N4~L+3 1.137 

5 N2~L+4 4.113 

N4~L+4 4.111 

osc. 
str. 

transition xl0-3 

(Ni-0)·5FU 

1 N1~L 3.738 

N1~L+1 0.310~ 

N2~L 3.112 

N3~L 3.738 

N3~L+1 0.310 

N4~L 3.112 

2 N1~L+2 1.213 

N1~L+3 3.027 

N2~L+1 0.091 

N2~L+2 2.364 

N3~L+2 1.213 

N3~L+3 3.027 

N4~L+l 0.091 

N4~L+2 2.364 

3 N2~L+3 1.360 

N2~L+4 0.009 

N4~L+3 1.360 

N4~L+4 0.009 

a Transitions from core level in labeled atom to given unoccupied state. Shaded boxes correspond to 
transitions into 7t-like orbitals and not shaded boxes correspond to transitions into cr-like orbitals. 
b L = LUMO (Lowest Unoccupied Molecular Orbital) 
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Table B.lO Assignment offeatures in the 5FU compound N Ka emission data 

osc. 
str. 

transitiona xl0·3 

5FU 

1 H6-16~N1 1102 

H-16~N2 500.2 

H-17~N2 746.6 

2 H-14~N1 549.1 

H-14~N2 727.4 

H-15~N2 865.6 

3 H-11~N1 430.7 

H-12~N1 654.1 

H-13~N1 942.8 

H-13~N2 895.1 

4 H-6~N2 516.2 

5 H-3~N1 1720 

H-2~N2 176.6 

6 H~N2 1107 

osc. 
str. 

transition x 10·3 

d5FU 

1 H-34~N1 806.4 

2 H-30~N1 490.1 

H-30~N2 409.3 

3 H-26~N1 485.6 

H-25~N2 869.3 

H-26~N2 425.0 

4 H-15~N2 365.8 

5 H-8~N1 667.4 

6 H-4~N2 1595 

7 H~N1 1134 

osc. 
str. 

transition x10·3 

(Ni-N)·5FU 

1 H-36~N1 506.4 

H-37~N1 614.2 

H-36~N3 597.3 

H-37~N3 520.8 

2 H-32~N2 416.1 

H-33~N2 435.0 

H-34~N2 491.5 

H-35~N2 455.8 

H-32~N4 407.5 

H-33~N4 445.6 

H-34~N4 470.8 

H-35~N4 475.2 

3 H-11~N1 827.5 

H-14~N2 337.f 

H-10~N3 362.6 

H-11~N3 956.5 

H-14~N4 354.2 

4 H-3~N2 523.2 

H-4~N2 414.9 

H-3~N4 488.9 

H-4~N4 443.7 

osc. 
str. 

transition x10·3 

(Ni-0)·5FU 

1 H-37~N1 560.1 

H-38~N1 550.0 

H-37~N3 561.0 

H-38~N3 549.2 

2 H-33~N2 384.1 

H-34~N2 367.9 

H-35~N2 399.7 

H-36~N2 395.6 

H-33~N4 382.9 

H-34~N4 369.0 

H-35~N4 402.3 

H-36~N4 393.0 

3 H-28~N1 407.8 

H-29~N1 379.1 

H-31~N1 382.1 

H-32~N1 416.2 

H-31~N2 534.4 

H-32~N2 494.2 

H-28~N1 407.4 

H-29~N1 379.4 

H-31~N1 381.3 

H-32~N1 417.1 

H-31~N4 536.4 

H-32~N4 492.3 

4 H-9~N1 876.3 
' 

H-10~N1 834.5 

H-9~N3 874.4 

H-10~N3 836.3 

5 H-5~N2 489.7 

H-6~N2 457.3 

H-5~N4 485.6 

H-6~N4 461.2 

a Transitions from labeled occupied state to a core level in labeled atom .. Shaded boxes correspond to 
transitions from 7t-like orbitals and not shaded boxes correspond to transitions from cr-like orbitals. 
6 H = HOMO (Highest Occupied Molecular Orbital) 
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Table B.11 Assignment of features in the 5FU compound 0 1 s absorption data 

osc. 
str. 

transitiona x10-3 

5FU 

1 01~Lb 4.085 

2 Ol~L+1 0.885 

02~L 1.146 

02~L+1 3.751 

3 01~L+2 0.428 

01~L+3 0.224 

02~L+2 O.o75 

4 02~L+4 0.029 

osc. 
str. 

transition x10-3 

d5FU 

1 03~!-~ ..z.748 

2 03~L+l 1.693 

04~L 2.777 

04-tL+1 6.894 

3 01~L+1 2.834 

02~L 0.454 

02~L+1 2.788 

03~L+4 1.030 

04~L+3 0.107 

04~L+4 0.132 

05~L 4.948 

4 05~L+4 1.687 

osc. 
str. 

transition X 10-3 

(Ni-N}SFU 

1 01~L 0.010 

02~L 3.706 

03~L 0.010 

04~L 3.707 

2 Ol~L+2 7.141 

01~L+3 2.338 

02~L+1 4.369 

03~L+2 7.147 

03~L+3 2.333 

02~L+1 4.368 

3 Ol~L+4 0.116 

02~L+3 1.628 

03~L+4 0.116 

04~L+3 1.627 

osc. 
str. 

transition X 10-3 

(Ni-0)·5FU 

1 P1~L 0.841 

Ol~L+1 7.998 

01~L+2 0.737 

02~L 5.860 
i';-

03~L 0.841 

03~L+1 7.998 

03~L+2 0.737 

04~L 5.860 

2 Ol~L+3 0.084 

01~L+4 0.002 

02~L:t2 1.315 

02~L+3 1.706 

02~L+4 0.024 

03~L+3 0.084 

03~L+4 0.002 

04~L+2~ 1.315 

04~Lt-3 1.706 

04~L+4 0.024 

a Transitions from core level in labeled atom to given unoccupied state. Shaded boxes correspond to 
transitions into 1t-like orbitals and not shaded boxes correspond to transitions into cr-like orbitals. 
b L = LUMO (Lowest Unoccupied Molecular Orbital) 
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Table B.12 Assignment of features in the 5FU compound 0 Ka. emission data 

osc. osc. osc. osc. 
transitiona str. transition str. transition str. transition str. 

x10·3 x10'3 x10'3 x10·3 

5FU d5FU lNi N)·5FU - lNi 0)·5FU -

1 Hb-1~02 1831 1 H-20~01 1106 1 H-18~01 1433 1 H-19~01 2247 

H-8~02 2658 H-21~01 998.0 H-20~01 1831 H-20~01 2246 

2 H-5~01 796.6 H-15~03 507.7 H-21~01 782.2 H-23~02 652.5 

H-6~01 2089 H-16~03 3059 H-25~02 1226 H-19~03 2266 

H-4~02 1538 H-18~03 803.3 H-29~02 1165 H-20~03 2228 

3 H-1~01 4934 H-16~04 1297 H-18~03 1411 H-23~04 718.6 

H-2~01 1640 H-18~04 2352 H-20~03 1858 2 H-13~01 696.3 

H-3~01 2253 2 H-17~01 659.4 H-21~03 772.3 H-14~01 675.8 

H-1~02 1744 H-12~02 772.1 H-25~04 811.1 H-17~02 1635 

H-2~02 4529 H-14~02 1861 H-28~04 609.6 H-18~02 938.7 

H-13~03 1331 H-29~04 773.8 H-13~03 689.7 

H-17~05 1144 2 H-13~01 811.7 H-14~03 682.2 

3 H-9~01 2628 H-14~01 753.3 H-17~04 913.8 

H-7~02 2110 H-17~02 849.0 H-18~04 1679 

H-3~03 1298 H~l9~02 1248 3 H-7~01 3099 

H-4~03 2025 H-13~03 839.8 H-8~01 3150 

H-3~04 2006 H-14~03 726.4 H-9~02 1684 

H-4~04 2393 H-17~04 1289 H-10~02 859.1 

H-6~04 2147 H-19~04 822.3 H-11~02 2791 

H-7~05 677.1 3 H-3~01 945.9 H-12~02 2877 

4 H-5~01 872.1 H-5~01 1819 H-7~03 3076 

H-6~01 1883 H-6~01 3078 H-8~03 3175 

H-2~02 5429 H-7~01 1576 H-9~04 942.4 

H~03 834.1 H-9~02 1467 H-10~04 1534 

H-1~03 4794 H-10~02 1997 H-11~04 2833 

H~04 1018 H-11~02 782.4 H-12~04 2334 

H-1~04 1548 H-12~02 1602 

H-5~05 3582 H-3~03 960.1 

H-6~05 1942 H-5~03 1620 

H-6~03 3291 

H-7~03 1560 

:H:-9~04 974.0 

H-10~04 3004 

H-11~04 1176 

H-12~04 1066 
a . . 

Transttlons from labeled occupted state to a core level in labeled atom. Shaded boxes correspond to transitions 
from 7t-like orbitals and not shaded boxes correspond to transitions from a-like orbitals. 
b H =HOMO (Highest Occupied Molecular Orbital) 

202 



Table B.13 Assignment of features in the 5FU compound F ls absorption data 

osc. 
str. 

transition° x10'3 

5FU 

1 F1~Lb 0.657 

2 F1~L+1 0.789 

F1~L+2 9.634 

3 F1~L+4 0.073 

osc. 
str. 

transition x10'3 

d5FU 

1 F1~L 0.560 

2 F1~L+1 0.640 

F1~L+2 9.701 

3 F1~L+3 0.014 

F1~L+4 0.498 

osc. 
str. 

transition x 10-3 

(Ni-N)·SFU 

1 F1~L 0.171 

F1~L+1 0.378 

F2~L 0.171 

F2~L+l 0.378 

2 Fl~L+3 9.638 

Fl~L+4 1.013 

F2~L+3 9.560 

F2~L+4 1.091 

osc. 
str. 

transition x 10'3 

(Ni-0)-SFU 

1 F1~L 0.359 

F2~L 0.359 

2 F1~L+2 0.846 

Fl~L+3 8.873 

F2~L+2 0.846 

F2~L+3 8.873 

a Transitions from core level in labeled atom to given unoccupied state. Shaded boxes correspond to 
transitions into 1t-like orbitals and not shaded boxes correspond to transitions into cr-like orbitals. 
b L = LUMO (Lowest Unoccupied Molecular Orbital) 
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Table B.14 Assignment of features in the 5FU compound F Ka emission data 

osc. 
str. 

transitiona x10·3 

5FU 

1 H6-15~Fl 3421 

2 H-ll~Fl 2147 

H-12~Fl 4590 

H-13~Fl 909.2 

3 H-8~Fl 1281 

H-9~Fl 6692 

4 H-4~Fl 1880 

H-5~Fl 9371 

H-6~Fl 959.1 

5 H~Fl 1840 

osc. 
str. 

transition xl0-3 

d5FU 

1 H-29~Fl 2311 

H-30~Fl 779.1 

2 H-23~Fl 1432 

H-24~Fl 802.0 

H-25~Fl 2857 

H-26~Fl 474.4 

3 H-18~Fl 646.6 

H-19~Fl 5928 

H-2l~Fl 529.5 

4 H-8~Fl 1276 

H-9~Fl 420.8 

H-lO~Fl 1305 

H-ll~Fl 7254 

H-12~Fl 645.0 

H-13~Fl 920.2 

5 H~Fl 1677 

osc. 
str. 

transition xl0·3 

(Ni-N)·5FU 

1 H-32~Fl 611.5 

H-33~Fl 724.4 

H-34~Fl 1765 

H-35~Fl 1730 

H-32~F2 638.1 

H-33~F2 698.5 

H-34~F2 1800 

H-35~F2 1694 

2 H-30~Fl 2319 

H-3l~Fl 2320 

H-30~F2 2403 

H-3l~F2 2234 

3 H-18~Fl 1147 

H-20~Fl 814.8 

H-2l~Fl 1900 

H-22~Fl 3189 

H-23~Fl 3607 

H-18~F2 1152 

H-20~F2 807.1 

H-2l~F2 1913 

H-22~F2 3546 

H-23~F2 3249 

4 H-12~Fl 836.9 

H-13~Fl 847.8 

H-14~Fl 843.5 

H-12~F2 843.4 

H-13~F2 859.7 

H-14~F2 831.4 

5 H-3~Fl 856.0 

H-4~Fl 754.7 

H-3~F2 851.5 

H-4~F2 758.2 

osc. 
str. 

transition x10·3 

(Ni-0)·5FU 

1 H-35~Fl 1812 

H-36~Fl 1806 

H-35~F2 1816 

H-36~F2 1802 

2 H-25~Fl 1065 

H-26~Fl 1056 

H-28~Fl 1888 

H-29~Fl 2271 

H-3l~Fl 729.2 

H-32~Fl 524.1 

H-25~F2 1062 

H-26~F2 1059 

H-28~F2 1892 

H-29~F2 2266 

H-3l~F2 730.0 

H-32~F2 523.8 

3 H-2l~Fl 3260 

H-22~Fl 3276 

H-23~Fl 1223 

H-24~Fl 1201 

H-2l~F2 3268 

H-22~F2 3268 

H-23~F2 1221 

H-24~F2 1203 

4 H-15~Fl 5119 

H-16~Fl 5118 

H-15~F2 5131 

H-16~F2 5107 

5 H-5~Fl 937.1 

H-6~Fl 919.0 

H-5~F2 934.7 

H-6~F2 921.4 

a Transitions from labeled occupied state to a core level in labeled atom. Shaded boxes correspond to 
transitions from 1t-1ike orbitals and not shaded boxes correspond to transitions from cr-like orbitals. 
6 H = HOMO (Highest Occupied Molecular Orbital) 
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APPENDIX C: HOMO- LUMO ENERGY GAPS FOR DNA 
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McMaster University, Hamilton, Ontario. 

May 14-16 2003: 2nd Annual Brockhouse Institute for Materials Research Workshop 
on Advanced Materials, "Synthesis and Analysis of Materials at the nm length scale", 
McMaster University, Hamilton, Ontario. 

Poster presentation titled: "Synchrotron Radiation Spectroscopy ofBiomaterials" 

November 13-15 2003: 6th Annual Users' Meeting & Associated Workshops for the 
CLS, University of Saskatchewan. 

Poster presentation titled: "Synchrotron Radiation Spectroscopy ofBiomaterials" 

November 19-20 2004: 7th Annual Users' Meeting & Associated Workshops for the 
CLS, University of Saskatchewan, Saskatoon, Saskatchewan. 

Poster presentation titled: "The Electronic Structure of the Nucleobases" 

May 11, 2005: Frontiers in Bio-Metals: Probing Metal Ions in Biology with X-ray 
Absorption Spectroscopy workshop, University of Saskatchewan, Saskatoon, 
Saskatchewan. 

August 19-21, 2005: The Second Canadian-American-Mexican (CAM) Physics 
Graduate Student Conference, San Diego, California. 
Poster presentation titled: "Electronic Structure of the Nucleobases" 
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October 5-6, 2005: Physics at U of S: The Past, Present and Future symposium, 
University of Saskatchewan, Saskatoon, Saskatchewan. 

Poster presentation titled: "Electronic Structure of the Nucleobases" 

October 20-22, 2005: Advanced Light Source Users' Meeting, Berkeley, California 

Poster presentation titled: "Electronic Structure of the Nucleobases" 

Poster presentation titled: "Electronic Structure of Boron Nitride Single Crystals and 
Films" 

November 18-19, 2005: gth Annual Users' Meeting & Associated Workshops for the 
CLS, University of Saskatchewan, Saskatoon, Saskatchewan. 

Poster presentation titled: "Electronic Structure of Boron Nitride Single Crystals and 
Films" 

Winner of the CISR Student Poster Prize 

Scholarships, Fellowships and Prizes: 

2003-2004 

2004-2005 

2005-2006 

November 2005 

March 2006 

April2006 

Memberships: 

University Graduate Scholarship 

Herzberg Fellowship 

William Rowles Fellowship 

Herzberg Fellowship 

CISR Student Poster Prize at the CLS Users' Meeting 

NSERC Postdoctoral Fellowship 

JSPS Summer Program Fellowship 

Member of the Canadian Association of Physicists (CAP) 
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Special Achievements: 

Featured in Maclean's magazine special report, "The Best and the Brightest", as one of 
the 25 Canadians chosen as leaders of tomorrow. (May 24, 2004) 

Elected on to the User's Advisory Committee for the Canadian Light Source, to serve a 
three-year term on the committee. (Term began January 1, 2005) 

Successfully completed the 'Scholarship of Teaching and Learning (SoTL) 
Programme' offered by the Gwenna Moss Teaching & Learning Centre and the College 
of Graduate Studies and Research, University of Saskatchewan. 
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