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ABSTRACT

The interest in charge transport in DNA began in the early 1990s. Since then,
numerous publications have experimentally and theoretically provided some insight into
the nature of charge migration in DNA. The charge transport properties of DNA have
made this molecule very important for use in nanoscale electronics, molecular
computing, and biosensoric devices. Early findings have suggested that DNA can behave
as a conductor, semiconductor, or an insulator. This variation in electrical behavior is
attributed to many factors such as environmental conditions, base sequence, DNA chain
length, orientation, temperature, electrode contacts, and fluctuations. To better understand
the charge transport characteristics of a DNA molecule, a more thorough comprehension
of the electronic coupling and the probabilities of charge transfer between base pairs is

required.

To achieve this goal, a mathematical approach for calculating the charge transfer
through a DNA molecule has been developed, which utilizes the concepts from
Molecular Orbital Theory (MOT) and Electronic Band Structure Theory (EBST). The
charge transfer characteristics of the DNA molecule are examined for variation in the
twist angle between the base pairs, the separation between base pairs, and the separation
between bases in a given base pair, and will be depicted using 2D graphical
representation. By knowing the charge transfer characteristics, the electronic properties

(metallic, semi-conducting, insulating) of the DNA molecule can be determined.
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Chapter I: Introduction

The double-stranded DNA (dsDNA) molecule that was investigated in this thesis
is known as B-type deoxyribonucleic acid (B-DNA) and contains the genetic information
for all living things. This type of DNA has been considered as a potential building block
for molecular electronics due to its self-assembly and self-recognition properties. The
field of B-DNA electronics is highly interdisciplinary, merging physics, biology,
chemistry, computer science, and engineering. Therefore, this new field shows great
promise in regards to using individual DNA molecules for producing a new range of
electronic devices such as nanoscale electronics [1,2], molecular computing [3,4], and
biosensoric devices [5,6] that are much smaller, faster, and more energy efficient than the
present semiconductor-based electronic devices. Also, because of its self-assembly and
self-recognition characteristics, DNA can easily adopt to various states and
conformations, thereby providing the possibility of producing nanostructures with very
high precision, which is not achievable with traditional silicon-based technologies [2].

Equally important is the understanding of charge transport in DNA in relevance to
damage and mutation in DNA [7-9]; the detecting, manipulating, and sequencing of DNA
[10-12]; and increasing our understanding of the transport properties of other systems

with 7 —7 interactions such as molecular crystals and discotic materials [13,14]. The



remainder of this chapter provides a chronological account of the research history
regarding the advancement in the understanding of conductivity or charge transfer of

DNA molecules from the late 1950s through the 1990s.

As early as 1959, D.D. Eley [15] proposed that a DNA molecule might behave as
a one-dimensional aromatic crystal and illustrated electron conductivity along the helical
axis. His proposal was based on the results of the electrical conductivity of crystalline
organic substances ( z - electron compounds). There are many substances that behave as
semiconductors with an energy gap that decreases with the number of mobile -
electrons in the molecule, thus suggesting that conductivity is associated with the

intermolecular tunneling of thermally excited 7z - electrons. This is illustrated in Fig. 1.1.

A h—— I\
10 20 K V) 40 50
Number of r electrons, n

Figure 1.1. Thermal energy gap A& (eV) as a function of the number of 7 - electrons, n. A
comparison of experimental results and theory, where the top curve represents a closed path
configuration and lower curve an open path configuration [15].



A perimeter model was used to determine the energies of the molecular orbitals and was
applied to aromatic molecules, in which no carbon atom belongs to more than two rings.
It was assumed that the 7 - electrons belong to the whole molecule as “free” electrons.
The - orbitals were treated as a one-dimensional loop around the perimeter of the
molecule having a length nd , where n is the number of 7 - electrons and d the carbon-
carbon distance in aromatic compounds. When the electron path forms a closed ring,
such as a benzene ring, it was known as a ‘closed path’. If the electron path was not

closed, as in methane (a linear molecular chain), then it was considered an ‘open path’.

By 1960, Ladik [16] showed by calculating the one-electron orbital overlap
integrals for the sigma coupling of the DNA base molecules, which are parallel to the
helical axis (Fig. 1.2), that the sigma coupling could provide enough coupling for

conductivity if some of the bases were in an excited or ionized state. In his calculations,

the distance between base pairs was 3.36 A, a twist angle of 36 was not considered, and
the atom pairs used were C-C, N-N, O-O, and C-N. The one-electron overlap integral

used in the calculations was
S7y = [w.(2p,)w,(2p,)d7, (L.1)

where a,b represents atoms a and b, i the wavefunction for an atom, and 2 p, the atomic

orbitals (an orbital is defined as the spatial wavefunction of an electron or hole in an atom

or molecule).



Figure 1.2. Two p, atomic orbitals of two stacked DNA base molecules in a sigma coupling
configuration perpendicular to the planes of the rings [16].

About the same time as Ladik, Pullmann and Pullmann [17] had demonstrated through
the use of Molecular Orbital Theory calculations that the Guanine-Cytosine (GC) base
pair would be a better electron donor and electron acceptor than the Adenine-Thymine
(AT) base pair. They also showed that the resonance or bond energy can be derived from
Molecular Orbital Theory. Thus, they were able to conclude that both the total resonance
energy and the particular part of it representing the stabilization due to the hydrogen bond

formation should be greater in the GC pair than in the AT pair.

In 1962, Eley and Spivey [18], through experimentation, suggested that 7 —7x
interactions of the stacked base pairs in dSDNA could lead to conducting behavior. They
had performed d.c. conductivity measurements on a thymus DNA and a yeast DNA, both
in a dry state (100°C and 10°mmHg). Their results for current versus voltage are
illustrated in Fig. 1.3. As can be seen, there exists a linear relationship between current
and voltage for the two types of DNA. Also shown in Fig. 1.3, a small deviation exits
between their results and Ohm’s law (dashed line). The small deviation amounts to about

2% for thymus DNA and 5% for yeast DNA.
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Figure 1.3. Current — voltage plots for (a) thymus DNA, (b) yeast DNA [18].

The interest in charge transfer in DNA took off in the early 1990s when Barton
and Turro had published a series of papers. In these papers, they suggested that ultra-fast
photo-induced charge transfer can occur over large distances between donors and
acceptors that are inserted in the DNA [19-21]. The publications sparked a wide variety
of experimental and theoretical studies into the nature of charge migration in DNA.
Several charge transport experiments have been performed on single DNA molecules
revealing that different electrical characteristics exist: insulating [22,23], semiconducting

[24,25], ohmic [26,27], and superconducting [28]. The variation in the charge transport



properties may be due to the high sensitivity of charge propagation in DNA due to
extrinsic (interaction with hard substrates, metal-molecule contacts, aqueous
environments) as well as intrinsic (dynamical structure fluctuations and base pair

sequence) influences.

Because of the complexity of the B-DNA molecule, a mathematical approach for
calculating the charge transfer through the DNA molecule has been developed, which
utilizes the concepts from Molecular Orbital Theory and Electronic Band Structure
Theory. However, this new approach has one slight similarity to another approach [68]
that utilizes a Density Functional Theory (DFT), instead of a Molecular Orbital Theory.

The slight similarity between the two approaches is the use of the Slater-Koster relations.

The charge transfer characteristics of the B-DNA molecule are examined for
variation in the twist angle between the base pairs, the separation between base pairs,
displacement of one base pair with respect to the other in the +x and +y directions, and
displacement between base molecules for one base pair with respect to the other in the
+x and +y directions, which will be depicted using 2D graphical representation. By
knowing the charge transfer characteristics, the electronic properties (metallic, semi-

conducting, insulating) of the B-DNA molecule can be determined.

In Chapter 1l, the B-DNA structure will be discussed in sufficient detail so that
the reader will have a better understanding of the terminology and a comprehension of
the concepts. The chapter will cover information such as research history regarding the
discovery of the dSDNA molecule, atomic orbital locations of the DNA bases obtained

from X-Ray diffraction data, ionization and electron affinity energies of the DNA bases,



and DNA nucleotides and their role in the DNA structure. Also included is information
regarding the B-DNA’s twist angle, inclination angle, and propeller twist angle of the

bases.

To better understand charge transport in the B-DNA molecule, a comprehension
of electronic coupling between base pairs is required. In Chapter Ill, our mathematical
approach will be explored. This approach involves the use of Molecular Orbital Theory,
specifically, a highly modified version of the extended Hiickel method and the overlap
integrals, to determine the Coulomb integral parameter h and the bond integral parameter
k values. These are then used in the Linear Combination of Atomic Orbitals (LCAQO)
method for calculation of the LCAO coefficients of the frontier Highest Occupied
Molecular Orbital (HOMO) and Lowest Unoccupied Molecular Orbital (LUMO)
molecular orbital wave functions. Once the LCAO coefficients are known, using
electronic band structure theory, more specifically, the interatomic matrix elements from
tight-binding theory, will allow the determination of the electronic coupling parameter t
for a two base pair B-DNA system. Determining the relative probabilities of charge

transfer between all the atomic orbital combinations are considered.

The electronic coupling parameter t varies significantly when the DNA structure
changes due to mechanical or thermal forces. These changes in t will be illustrated and
discussed in Chapter IV for variation in the twist angle between the base pairs, the
separation between base pairs, displacement of one base pair with respect to the other in

the +£x and +y directions, and displacement between base molecules for one base pair

with respect to the other in the +£x and *y directions. Also included in Chapter IV are



the results for the relative probabilities of charge transfer between all the atomic orbital
combinations. Finally, the summary and conclusion of this research project will be

provided in Chapter V.



Chapter 1l: The DNA Molecule

Section 2.1 of this chapter presents the research history, which consists of the
discovery of the structure of the B-DNA molecule, the X-ray diffraction photograph that
revealed the basic conformation, and the individuals who made significant contributions
in this area. Section 2.2 pertains to the physical conformation and discusses such topics
as the general dimensions of the B-DNA molecule, nucleotide composition,
phosphodiester bonds, and direction of the B-DNA strands. Also discussed are the
composition and orientation of the base molecules, the significance of the hydrogen
bonding of the base molecules, what contributes to the stability of the DNA molecule, the
variation that exists in a B-DNA structure, the effects variation has on the base
molecules and the grooves between the backbone chain, some of the different types of
DNA molecules that exist, as well as the overall structural properties. In section 2.3, the
electronic properties of the B-DNA molecule are considered. Such properties as the
HOMO and LUMO energy states, energy gaps, ionization potential and electron affinity
of the HOMO and LUMO states, and variation of the ionization potentials of guanine due
to nearby bases and the environment are presented. Also, the linkage between HOMO

and LUMO states with other components of the molecular system, and the overlap
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characteristics of the P, orbitals of the stacked base molecules, which are responsible for

charge transfer in a B-DNA molecule, are discussed.

2.1 Research History

A Swiss physician, Friedrich Miescher (1869), was the first to isolate DNA [29].
By 1919, Pheobus Levene identified the base, sugar, and phosphate nucleotide unit [30]
and suggested that DNA could consist of a string of nucleotide units tied together through
the phosphate groups. He also suggested that the chain was short and the bases were
periodic. The first system [31] that provided a clear suggestion that DNA was a carrier of
genetic information was in 1928, when Frederick Griffith discovered that traits of the
“smooth” form of the Pnrumococcus could be transferred to the “rough” form of the same
bacteria by mixing dead “smooth” bacteria with the live “rough” form. In 1937, William
Astbury produced the first X-ray diffraction patterns that showed a regular structure for
DNA [32]. In 1943, the Avery-MacLeod-McCarty experiment [33] revealed that DNA
was the transforming entity.

In 1953, Watson and Crick discovered [34] that the double-stranded DNA
consists of two intertwined helices with an aromatic 7 - stack core, where the bases of
the pyrimidine deoxynucleotides (thymine, T; cytosine, C) and purine deoxynucleotides
(adenine, A; guanine, G) make up the Watson-Crick (W-C) base pairing (A:T, C:G).
Their double-helix molecular model was based on a single X-ray diffraction image (Fig.
2.1) taken by Rosalind Franklin and Raymond Gosling in May 1952, as well as having
information that the DNA bases were paired. Several articles were published providing

experimental evidence in support of the W-C model [35].
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Fig. 2.1. The X-ray diffraction photograph of a vertically oriented Na+ DNA fiber in the B
conformation taken by Rosalind Franklin. This photograph provided key information for the
elucidation of the Watson-Crick structure. The central X-shaped pattern of spots is an indication
of a helix. The heavy black arcs on the top and bottom of the diffraction pattern correspond to a
distance of 3.4 Angstrom and indicate that the DNA structure repeats every 3.4 Angstrom along
the fiber axis [36].

Of these, a paper by Franklin and Gosling revealed the X-ray diffraction data and original
analysis method which partially supported the W-C model. In 1962, Watson and Crick
jointly received the Nobel Prize for their work [37]. The physical structure of the W-C

model will be discussed next.

2.2 Physical Structure

DNA is a polymer consisting of periodic units called nucleotides. Each nucleotide
consists of a base, sugar, and phosphate molecule. The DNA structure, as shown in Fig.
2.2 and mentioned earlier, is comprised of two helical chains each coiled around the same

axis, and each with a pitch of 3.4 nm and a diameter of 2.0 nm [37]. A DNA chain can
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measure from 0.33 nm to 2.6 nm. On average, there are ten base pairs for each turn of

the helix, which gives an average angle of thirty-six degrees between adjacent base pairs.
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Figure 2.2. Schematic of the DNA structure. (a) The structure of DNA consists of two polymer
chains intertwined with an aromatic-stack core consisting of the four kinds of bases, Guanine (G),
Adenine (A), Cytosine (C), and Thymine (T), thus forming the base pairing (A:T, C:G). The
diameter of the helix is about 2 nm with a vertical distance of about 0.34 nm between layers of
the base pairs and about 10 base pairs for each complete turn of the helix. (b) A space-filling
model of the double helix. The sugar and phosphate residues in each strand form the backbone,
which are indicted by the yellow, gray, and red circles. The bases project inward but are
accessible through the major and minor grooves [38].

A helical chain, also known as the backbone, consists of alternating phosphate

and sugar residues [39]. The sugar is 2-deoxyribose, which is a pentose (five-carbon)
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sugar. The sugars are linked together by phosphate groups that form phosphodiester
bonds between the third and fifth carbon atoms of adjacent sugar rings, which is
illustrated in Fig. 2.3. The phosphodiester bonds are asymmetric, which means that a
strand of DNA has a direction. For the double helix, the direction of the nucleotides in
one strand is opposite compared to the other strand, making the strands antiparallel. The
asymmetric ends of DNA strands are known as the 5°(five prime) and 3’(three prime)
ends. The 5’ end has a terminal phosphate group and the 3’ end a terminal hydroxyl
group. The two DNA strands are connected by hydrogen bonds between the base pairs
and the four bases are attached to the sugar/phosphate backbone as shown in Fig. 2.3.

The two types of base pairs form different numbers of hydrogen bonds, such as
A:T forming two hydrogen bonds and C:G forming three hydrogen bonds, as shown in
Fig. 2.4. A high C:G content in DNA provides more stability than DNA with a low C:G
content [40]. This is due to the contribution of stacking interactions and not because of
the extra hydrogen bond of the C:G base pair. The hydrogen bonding only provides

specificity of the pairing.
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Figure 2.3. Detailed structure of a polynucleotide polymer. The structure shows base pairing
between purines (in blue) and pyrimidines (in yellow), and the phosphodiester bonds of the
backbone [41].

Figure 2.4. Top - C:G base pair with three hydrogen bonds. Bottom - A:T base pair with two
hydrogen bonds. The dashed lines represent the non-covalent hydrogen bonds [41].
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Therefore, it is both the percentage of GC base pairs and the overall length of a DNA
double helix that determines the strength of the connection between the two DNA
strands. For example, long DNA helices with a high GC content will have stronger
interacting strands compared to short helices with high AT content [42]. Figure 2.5
illustrates the partial stacking of the bases with respect to each other, which gives rise to

the helix pitch (rise per turn) of 34 Angstrom.

Figure 2.5. Illustration of the base stacking of a B-DNA molecule. Left side: ball-and-stick
drawing. Right side: space-filling model [36].

The W-C model of the B-DNA represents an ideal structure that deviates in two
respects from the DNA in living cells. Firstly, the DNA in solution is somewhat more
twisted on average than the W-C model, having on average 10.5 base pairs per turn of the
helix. Secondly, the W-C model is an average structure, whereas real DNA is not
perfectly regular. It exhibits variation in its precise structure from base pair to base pair

as was revealed by comparing the crystal structures of individual DNAs of different
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sequences. For example, the two members of each base pair do not always lie exactly in
the same plane. They will usually display a “propeller twist” arrangement in which the
two flat bases counter-rotate relative to each other along the long axis of the base pair as

depicted in Fig. 2.6.

Figure 2.6. The propeller twist between the purine and pyrimidine base pairs of a right-handed
helix. (a) Structure with a sequence of three consecutive A:T base pairs with normal W-C
bonding. (b) Rotation of the bases about their long axis due to propeller twist [38].

Because precise rotation per base pair is not a constant, the width of the major and minor
grooves (Fig. 2.2) varies locally, thus resulting in DNA molecules that are never perfectly
regular double helices. Their exact conformation depends on which base pair (A:T, T:A,
G:C, or C:G) is present at each position along the double helix and on the identity of
neighboring base pairs. Besides the propeller twist between the purine and pyrimidine
base pairs, there exists an inclination angle of the base pairs with respect to the helical
axis. This inclination angle, defined as the tilt angle between a base pair and the helical

axis, has a value of minus 1.2 degrees. The variation in the structure can be deduced by
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knowing the atomic positions of the atoms in the B-DNA molecule. Such information is
provided in Table 2.1 [43], and will be used in the calculations in Chapter V. In general,
the B-DNA is considered a good first approximation of the structure of DNA in cells.
There are many types of DNA structures. Another form of DNA, A-DNA, is
quite different from B-DNA, as shown in Fig. 2.7. The base pairs in this structure are
more tilted with respect to the helical axis, which should change the electronic properties

of DNA significantly, especially if the charge transport is through the 7z -stack [44].

b ADNA c ZDNA

3.4nm

Figure 2.7. Top and side views of (a) B-DNA, (b) A-DNA, and (c) Z-DNA [38].

A comparison of the structural properties of A, B, and Z DNAs as derived from single-

crystal X-ray analysis is provided in Table 2.2.
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Group Alom x(A) y(A) z(A)y r(A) o0
Phosphate P 0.3561 9.2178 -1.8483 9.2247 -87.79
o1 1.3345 -9.1563 -0.7396 9.2530 -81.71
02 03105 -10.4890 -2.6048 10.4936 -88.30
03 0.6105 -8.0019 -2.8567 8.0252 -85.64
0os -1.1044 -8.8697 -1.2953 8.9382 -97.10
Sugar C1 -1.9137 -5.3437 -0.0161 5.6760 -109.70
2 -1.8483 -6.5975 0.8495 6.8515 -105.65
C3 -2.9524 -7.3697 0.1274 7.9391 -111.83
C4 -2.7260 -7.0716 -1.3546 7.5788 -111.08
Ccs 2.0212 -8.1561 -2.1460 8.4028 -103.92
o4 -1.9861 -5.8169 -1.3519 6.1466 -108.85
H1 -2.8047 -4.7706 0.2408 5.5340 -120.45
H12 -0.8989 -7.1183 0.7244 7.1748 -97.20
H22 -2.1592 -6.3908 1.8735 6.7457 -108.67
H3 -2.9531 -8.4482 0.2853 8.9495 -109.27
H4 -3.6795 -6.8374 -1.8281 7.7646 -118.29
H15 -2.7591 -8.8502 -2.5482 9.2703 -107.32
H25 -1.4733 -7.7047 -2.9731 7.8443 -100.83
Adenine N1 -0.1581 -0.5143 -0.0164 0.5380 -107.09
c2 -1.3797 -1.0270 -0.1539 1.7200 -143.34
N3 -1.7580 -2.2863 -0.1433 2.8841 -127.56
C4 -0.6997 -3.1032 0.0369 3.1811 -102.71
Cs 0.6038 -2.7275 0.1919 2.7935 -71.52
C6 0.8807 -1.3513 0.1621 1.6130 -56.90
N6 2.1131 -0.8412 03012 22744 2171
N7 1.4147 -3.8423 03536 4.0945 -69.79
C8 0.5897 -4.8412 0.2922 4.8770 -83.06
N9 07112 -4.4716 0.1015 4.5278 -99.04
H2 -2.1131 -0.3596 0.2836 2.1435 -170.34
H16 22507 0.1489 0.2716 2.2556 3.78
H26 2.8945 -1.4508 0.4345 3.2377 -26.62
H8 0.8794 -5.7945 0.3769 5.8609 -81.37
Guanine N1 02330 -0.5339 -0.0254 0.5825 -113.57
c2 -1.5161 -1.0231 -0.1722 1.8290 -145.99
N2 24752 -0.1105 -0.3438 2.4777 -177.44
N3 -1.8108 -2.3208 -0.1486 2.9437 -127.96
C4 -0.7093 -3.0952 0.0352 3.1754 -102.91
Ccs 0.5986 -2.7001 0.1899 2.7657 -77.50
Cc6 09143 -1.3169 0.1649 1.6032 -55.23
06 2.0099 -0.7753 0.2843 2.1543 -21.09
N7 1.4203 -3.8076 0.3538 4.0670 -69.42
Cc8 0.6064 -4.8264 0.2938 4.8643 -82.84
N9 -0.7112 -4.4716 0.1015 4.5278 -99.04
Hl1 -0.1125 0.4583 -0.0574 0.4719 103.80
Hi2 -2.2429 0.8620 -0.3600 2.4029 158.98
H22 -3.4260 -0.3994 -0.4561 3.4492 -173.35
H8 0.9079 -5.7760 0.3797 5.8469 -81.07
Thymine N1 07112 -4.4716 0.1015 4.5278 -99.04
c2 -0.9109 -3.1154 0.0094 3.2458 -106.30
02 -2.0105 26175 -0.1608 3.3005 -127.53
N3 0.2259 -2.3394 0.1229 2.3503 -84.48
C4 1.5136 -2.7967 0.3161 3.1800 -61.58
o4 2.4539 -2.0038 0.4027 3.1681 -39.24
Cs 1.6223 -4.2341 0.4001 4.5343 -69.04
Cc6 0.5330 -5.0123 0.2930 5.0406 -83.93
2.9890 -4.8156 0.6098 5.6678 -58.17
H3 0.1040 -1.3489 0.0588 1.3529 -85.59
Hé 0.6319 6.0055 0.3542 6.0387 -83.99
H17 3.7215 -4.0105 0.6682 54712 -47.14
H27 3.0025 -5.3868 1.5380 6.1671 -60.87
H37 3.2366 -5.4720 -0.2243 6.3576 -59.40
Cytosine Ni -0.7112 -4.4716 0.1015 4.5278 -99.04
c2 -0.8967 -3.0950 0.0103 3.2223 -106.16
o2 -2.0405 -2.6570 -0.1629 3.3501 -127.52
N3 0.1865 -2.2827 0.1149 2.2903 -85.33
C4 1.4089 -2.7962 0.3022 3.1311 -63.26
N4 2.4328 -1.9624 0.3979 3.1256 -38.89
Cs 1.6210 -4.2101 0.3988 4.5114 -68.94
Cc6 0.5258 -5.0041 0.2916 5.0316 -84.00
H14 2.2825 0.9761 0.3302 2.4824 23.15
H24 3.3565 23188 0.5379 4.0796 -34.64
HS 2.5338 4.5939 0.5386 5.2463 -61.12
H6 0.6298 5.9967 0.3535 6.0297 -84.00

Table 2.1. Cartesian and cylindrical polar coordinates of a nucleotide in the B-DNA double helix.
The coordinates of the dyadically related nucleotide in the antiparallel strand are

(X,—y,—2) or (r,—¢,—2) [43].
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Helix Typo
A B F4
Overall proportions Shorl and broad Longer and thinner Elongated and sim
Riss per base pair 23A 332 A 38A
Helix-packing diameter 255A 237A 184 A
Hellx rotation sense Right-handed Right-handex Left-handed
Base pairs per helix repeal 1 1 2
Base pairs per wurn ol helix ~11 ~10 12
Rotation per base pair 336° 36.9° ~60° per 2 bp
Piich per tum of helix 246 A 332 A 458 A
Tilt of base normals to helix axie +18° -1.2° -9
Base-pair mean propelier twis! +18° +16° -(r
Helix axis location Major groove Through base pairs Minor groove
Major-groove proportions Extremely narrow but Wide and of intermediate Flattened out on helix
very deep depth surface
Minar-groove proportions Very broad but shallow Narrow and of inlermediate Extramely narrow bul
cepth very deep
Glycosyl-bona conformation anti anli antiat C, synal G

Table 2.2. Structural properties of A, B, and Z DNAs from single-crystal X-ray analysis [38].

Synthetic sequences of DNA of the homogeneous variety, such as poly(dG)-

poly(dC) or poly(dA)-poly(dT), are commonly used. Using a homogeneous sequence

makes it convenient for controlling the length required for an experiment.

At this point the reader should have a good understanding of the physical

structure of the B-DNA molecule, but what about the electronic structure of a B-DNA

molecule? That topic will be discussed in the following section.
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2.3 Electronic Structure

According to quantum mechanics, the charge transport in DNA occurs through
electronic transitions among states near the chemical potential. The charge transfer
characteristics are basically determined by the properties of the Highest Occupied
Molecular Orbital (HOMO) states and the Lowest Unoccupied Molecular
Orbital(LUMO) states of the nucleotide for the hole transfer and electron transfer,
respectively. The HOMO and LUMO energy levels for the bases, also known as the
Koopmans theorem values [45], are illustrated in Fig. 2.8. With all the bases present, the
HOMO-LUMO gap is about 3-4 eV. These states are composed of molecular states of
the 7 and = * bonds, where the 7 (7 *) bonds represent bonding (anti-bonding) of
molecular orbitals for z interactions. The wave function overlap of the 7z (z *) bonds
between the adjacent bases allows holes (electrons) to jump from one base to another,
thus resulting in charge transport along the DNA duplexes [46]. The on-site energy of
each base is the energy required to create a hole in the HOMO state (ionization energy) of

the base or to put an electron in the LUMO state (electron affinity energy) of the base.
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{Energy

. _4

T

o >0

LUMO

HOMO - LUMO gap
~3-4¢V

G (-7.75 eV)
A (-8.24 eV)

HOMO

C (-8.87 ¢V)
T (-9.14 V)

Figure 2.8. Illustration of the 7' bond HOMO energies and 7 * bond LUMO energies for the G,
C, A, T bases [46]. Top arrow should end at G .

Using quantum chemical methods, the ionization energy for the isolated single bases can
be calculated and has been confirmed by experiments in the bases’ gas phase. The values
reported are Eg=7.75eV, Ec =8.87 eV, Er=9.14 eV, and Ea =8.24 eV [27, 28]. These
values should be considered suitable approximations since it is very difficult to obtain
absolute values [47]. These energies are sensitive to the existence of other bases nearby
and to the environment.

As an example of the sensitivity due to the existence of other nearby bases, one
can consider the effects of stacking bases, specifically guanine bases, which have been
theoretically studied using ab initio molecular orbital calculations [48]. The results
indicated that stacking of two guanine bases significantly reduces the ionization

potential/energy (IP) of those bases and that the HOMO of the stacked 5’-GG-3’ is
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localized primarily on the 5°-G in the B-DNA. It was shown [49] that the theoretical
results correlated very well with the experimental IP values and demonstrated that the
interaction between the two HOMOs induced an energy gap between stabilized (bonding)
and unstabilized (antibonding) orbitals, which resulted in an enormous lowering of IPs as

illustrated in Fig. 2.9. The bonding and antibonding orbitals are depicted by the thick

black lines.

IP, eV 5".GG-3' 5'-GA-3' 5'.-GC-3' 5'-GT-3'
7.0

(J G : G .'.—"“ — —

— -, - : G t G-t %

8.0_] "G » %4

A_ ’._ ‘LA ‘..: €
00 |S— p_-C P

ATV —-iT
728 eV 7.54 eV 7.68 &V 7.69 eV

Figure 2.9. Energy levels of four sets of stacked nucleobases, GG, GA, GC, and GT, illustrating
the effect of stacking interaction on the Koopmans IPs [48].

The stacking of three and four consecutive nucleobases also revealed a reduction of the
IPs, suggesting that the IPs decrease gradually with increasing numbers of stacked
guanines. This can be seen in Table 2.3. Even though similar information for the other
three bases (C, A, T) was not found, it is probably safe to assume that similar stacking

effects on their IPs would occur as well.

base IP (eV)
G 7.75
GG 7.28 (0.47)
GGG 7.07 (0.68)
GGGG 6.98 (0.77)

Table 2.3. lonization potentials of stacked guanines. The values are the HOMO energies of 6-
31G* single-point calculations. °The value in parentheses is the difference from the IP of
nonstacked guanine [48].
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Also, these same stacking effects should impact the electron affinity energy values for the
base molecules in their LUMO states.

Another example regarding the sensitivity of the bases’ IPs, but in relation to the
environment, involves the contacts between an electrode and the DNA molecule as

schematically shown in Fig. 2.10.

electrode DNA
*
Ag(-4.3,-4.7) — G (4.0)
A¥ (-4.2)
Au(-4.3,-5.1)
= T (4.6
E Pt (-5.36)
& n—n*gap=
Tt
z 3.75
[}
G (=7.75)
A (=7.95)
C.,T (-83)
— HyO (-122)
contact barrier
separation

Figure 2.10. Metal work functions and DNA energy levels at an electrode/DNA junction [47].

The metal work functions and ionization potentials of the bases are depicted in Fig. 2.10.
For this situation, the DNA energy gap of 3.75 eV is taken from an optical absorption
measurement, which also corresponds to the excitation energies of the single bases. By
adding the energy gap value to the single-base ionization energies, one can obtain the
excited-state energies of the bases. From Fig. 2.10, the contact barrier can be a number
of entities, e.g. short surface-bound oligomers or thiol (SH) groups at the 5* ends of the

DNA molecule. The contact barrier molecules can alter the ionization energies of the
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base molecules. This can be seen by comparing the values for A,C, and T in Fig. 2.10
with those in Fig. 2.8. The value for the guanine base molecule remained unchanged for
unknown reasons.

Even though the purine and pyrimidine bases within each W-C base pair are
linked by the hydrogen bonds [50], the hydrogen bonds do not contribute to the charge
transport because they have a lower energy than the HOMO states. Thus, the interstrand
coupling parameter for the HOMO states between the bases is much less than the
intrastrand coupling parameter between the adjacent bases along the DNA strands [50].
It is well known that the 7 bond is highly anisotropic, making the coupling parameters
very sensitive to the relative position of the two bases involved, and a twist of the DNA
duplex could alter the coupling parameters significantly [47].

Because the HOMO states and LUMO states are linked to the other components
of the system, there exist other factors that can alter the charge transfer in DNA.

1) The HOMO or LUMO state in a base is coupled to the other outer-shell electronic
states with lower or higher energies. As an example, the hydrogen bonds can influence
the HOMO states [52]. 2) The HOMO or LUMO state is linked to the inner-shell
electronic states and the nuclear states, creating electron-phonon coupling [47]. 3)
HOMO and LUMO states are linked to the electronic states of the backbone. 4) The
environment affects charge transfer, including the static and dynamic screening and
random impurities [47]. 5) If a finite potential bias is applied across the system, then
potential profile modifications along the DNA duplex and other nonlinear effects will

become important [54]. 6) Spin effects may become important in some situations.
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7) Lastly, if there is more than one hole or electron existing in the DNA, the relationship
between them may influence the behavior of the charge transfer in the system [55].

As mentioned in Chapter I, it was suggested that the 7 — 7 interactions of stacked
base pairs in DNA might have conducting properties through non-covalent interactions.

This idea is based on the fact that DNA’s bases are aromatic (organic compounds

consisting of planar, unsaturated, benzene-type ring structures) with atomic P, orbitals

perpendicular to the plane of the base, thus forming delocalized ~ bonding and 7 *
antibonding orbitals. The energy gap for these orbitals is about 3-4 eV [46]. If the
coupling between base pairs is extremely good, then the DNA energy gap will be

reduced, allowing easier electron or hole transfer.

2 nm

Figure 2.11. B-DNA structure containing three p, atomic orbitals as shown in red [47].

Figure 2.11 depicts a typical DNA structure with some p, atomic orbitals as shown by

red vertical lobes. To obtain electron transfer, the z* orbitals must have sufficient
overlap, which is dependent on twist angle, distance between the orbitals, and distance

between the base pairs.
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Now that a reasonably detailed description of the physical and electronic
structures of the B-DNA molecule has been presented, it is time to investigate deeper the
charge transport characteristics of the B-DNA molecule by understanding the electronic
coupling that exists between the base pairs. The theory behind calculating the electronic

coupling will be presented next.
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Chapter Ill: Theory

This chapter describes the theories that were utilized for the calculation of the
electronic coupling and ultimately the transfer coefficients for holes and electrons that
propagate from one base pair to another. Topics in Molecular Orbital Theory, such as a
new variant of the extended Hiickel method and the overlap integrals, and topics in
Electronic Band Structure Theory, like tight-binding, will be explained. Molecular
Orbital Theory has been used extensively in physical and organic chemistry where
molecular orbitals are determined for the calculation of a molecule’s physical properties,
such as orbital energies, bonding capabilities, bond order, and electron densities. It is
natural to approximate molecular orbitals as LCAO, which will be discussed in more
detail in the following sections.

The most elementary form of the Molecular Orbital Theory is the simple Hiickel
Molecular Orbital (HMO) method [56,57], which was formulated in the 1930s by E.
Hickel, and will be discussed in Section 3.1. This method has strengths and weaknesses.
The strengths are that it is easy to use due to its simplicity, it provides fairly accurate
results for high symmetry molecular systems, and the effects of symmetry and topology

on molecular characteristics can be easily revealed. However, its two basic weaknesses
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are that numerous assumptions are used in this method, and only r electrons (noo
electrons) can be considered in the calculations.

However, the extended Hiickel method [56], though similar to the simple Hiickel
method with regards to its assumptions and limitations, does take into account both the =
and o electrons, therefore providing a somewhat more general method.

A more generalized form of the extended Hiickel method was developed by
essentially eliminating most of its assumptions and some of its limitations, which will be
referred to as the modified extended Hiickel method. This generalized approach is
discussed in detail in Section 3.2.

As mentioned earlier, the tight-binding method is also utilized in this thesis by
using the Slater-Koster relations [61], which were formulated by J.C. Slater and G.F.

Koster in 1954. These relations are made up of hybridization matrix elements (V;, ) and

direction cosine (1,m,n) terms and are used to calculate the interatomic matrix elements
(E,4)- In Section 3.3, the interatomic matrix elements are presented along with their

relationship with respect to electronic coupling between two successive base pairs.

The electronic coupling (Section 3.4) between two successive base pairs [47] is a
summation of the products of the LCAO molecular orbital coefficients of both base pairs
and the interatomic matrix elements between the base pairs. It will be shown that the
electronic coupling is very sensitive to how well the base pairs are stacked, which will be

revealed in the results and discussion section.
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The last section pertains to how a charge (electron or hole) is transferred through
a B-DNA molecule. Also included is the mathematical definition of the relative

probability of charge transfer.

3.1 The Simple Hickel Method
Using the LCAO method, we will start with the time-independent Schréedinger’s

equation

HWm:El//m ! (31)

where . represents the one-electron real molecular orbital wavefunction, H the

Hamiltonian energy operator, and E the total energy .
The B-DNA model used in this thesis consists of two stacked GC base pairs.
Each base pair contains nineteen atomic locations (top half of Fig. 2.4), which is

characterized by the general molecular orbital energy equation

19 19

ZZ[HU —ES;Ic; =0. (3.1a)

i=1 j=1
To better understand how to obtain the molecular orbital coefficients, consider a

two atomic orbital system defined as
W =Cih +Cys (3.2)
where ¢, and c, are the coefficients for the atomic orbital wavefunctions ¢, and ¢, .

The total energy of the system is defined as
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Hy dr
[vuHy,de 3

Substituting Eq. (3.2) into Eq. (3.3) yields

E= J. (cgHeg +cgHe,g, +c,¢,He g +c,¢,He 8, )dr

[ + 200,00, +c2)de (3.4)

Using the following substitutions,

Hy, :J.¢1H¢1d77
Hy, =H, = J-¢1H¢zd7 = I¢2H¢1d71

H,, =I¢2H¢2dr,

S :J.¢12d71
S, :I¢1¢2d71
Sy =I¢22d2',

we obtain for Eq. (3.4)

E: C12H11 + 2C102 H12 + CZZHZZ .
Clzsll + 2C1C2 SlZ + CZZSZZ

We are interested in the minimum value of the energy, which relates to a maximum

system stability. To obtain this minimum value, the variation method is used to get

E — (Clzsll + 2C102812 + C22822)(201H11 + 202H12) _ (Clell + 2C1C2H12 + C22H 22)(2C1511 + 2C2812) — O
aC1 (Clz Sll + 2C1C2 S12 + (:22822)2 (C12 Sll + 201C2 S12 + CZZSZZ)Z ’

(3.4a)
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From Eq. (3.4a) we can obtain
c,H,; +¢,H, =E(CS;; +¢,S,,) (3.5)
Eq. (3.5) can also be expressed as

Cl(Hll_ E811)+02(H12 - ESlZ) =0. (3-63)

Similarly, for aa—E:O, we obtain
2

Cl(H21_ESZl)+C2(H22_ESZZ)ZO' (3-6b)

By considering Egs. (3.6a) and (3.6b), a secular determinant can be created as shown

below.

H11 - ESn H12 - ESlZ

=0. (3.7)
H21 - ESZl H22 - ESzz

Here, H; = ; and H; = j;, where o; =Coulomb Integral (the electron energy
associated with an isolated carbon 2p orbital) and #; =Bond Integral (the energy of
interaction between electrons associated with atoms iand j). The overlap integral S

represents the amount of overlap of the orbitals between two atomic orbitals. Many

assumptions are used in the Hiickel method:

1) H, =, =, they are all equal for carbon 2p orbitals.

2) H;=p;. If iandjare adjacent then H; = 3, otherwise H; =0.
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1

3) 8;=6;={; nl}-

4) Neglect of Differential Overlap (NDO) was used.

Using the above assumptions, Eg. (3.7) can be expressed as

a—E gl

5 e 0. (3.8)

Eq. (3.8) can be simplified by using x=(a—E)/ £, thus resulting in

x 1

R (3.9)

Eq. (3.9) represents a two-carbon atom molecular system. However, if the molecular
system consists of different types of atoms, then Eq. (3.9) needs to be modified to reflect
the fact that the different atoms will have different numbers of valence electrons.

a =a+hp and S =kp are typically used. h and krepresent parameters that are

obtained either empirically or theoretically.

Therefore, Eq. (3.9) is written as

Xyt hll k12

=0, (3.10)
k21 X22 + h22

where typical hand k values for different atoms and bonds are shown in the table below.
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Heteroatom h

N 0.5

N 1.5

N 2.0

0 1.0

0] 2.0

0 2.5

F 3.0

Cl 2.0

Br 1.5

g 0.0

S” 0.0

Methyl (inductive C,—Me)—0.5 he, =—0.5

Methyl (heteroatom Cy—Me)0.2 hve= 0.2

Methyl (conjugative DR i hc, =—0.1
h, =-0.1
hy, =—0.5

Heteroatomic bond

C=N
C—N

C—Hj

1.0
0.8

1.0
0.8

0.7
0.7
0.4
0.3
0.8
0.8
1.0

0.7
0.8
3.0

Table 3.1. h and k values for different atoms and diatomic molecules.

symbol indicate the number of 7 electrons contributed by the atom [56].

The dots over each

For the B-DNA structure, the hvalues from the table can be used. However, for the k

parameter, because it depends on the distance between two atomic orbitals, the values

given in Table 3.1 (which are handpicked values from numerous experiments) cannot be

used. Thus, an equation for k as a function of distance needs to be determined. For this

purpose, the new mathematical approach is utilized.
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3.2  The Modified Extended Hiickel Method

By utilizing Molecular Orbital Theory, k values for all the combinations of paired

atomic orbitals in the B-DNA molecule can be ascertained. By definition, S =Kkg,

where B, represents a standard B for the benzene bond distance (1.397 A’). /S is the
measured interaction energy between two atomic orbitals, which is difficult to obtain if
one does not have a laboratory with expensive equipment; thus, the overlap integral S
can be used instead and is determined theoretically. In 1952, R.S. Mulliken proposed that

P oS, where S is anon-energy quantity [57], resulting in k=S/S,. The equations for
S for all Slater type atomic orbital pairs consisting of ns, npo, and nps atomic orbitals

for n=1,2,3, and 5 have been formulated by [58]. For this research work, only the

equations for 2po and 2pz atomic orbital pairs are considered and depicted in Fig. 3.1.

basc pair |

I base pair 2

Figure 3.1. Two atomic p, orbitals on adjacent base pairs.
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A 2po atomic orbital pair is realized when the top p, atomic orbital is aligned perfectly
over the bottom p, atomic orbital, and 2pz atomic orbital pair is created when the top

p, atomic orbital is coplanar with the bottom p, atomic orbital.

The most general equations that describe the overlap integral S are

$(n, po,n,po; p,t) = (312NN (R/™ ™ | [ (E+m)™* (& =m)™ *(&"7" ~1)(&” —n*)e " dnd¢,

S(n, pz,n, pr; p,t) = (3/4)N,N, (R/2)™™*

|
|

L L

(3.11)

where n,(n,) represent the quantum number for atoma(b), pz%(ya+yb)R/aH,

t=(u,— 1)/ (1, + 1), and g = constants from an exponential function, 5= constant
provided by Slater, g, and g are Slater values that are listed in Table 3.2 (for the

calculation of these values refer to Appendix A), R=internuclear distance,

(za)2m+l U2 N _ (Zﬂ)2n+l L2
dz@m)t| " | 4z@n)]|

m,(m,)=n,(n,)—-5, &£andn are spheroidal coordinates where &=(r,+r)/R and

a,, = Bohr radius (0.529 A'), N, :{

n=(r,—r)/R, and r,(r,) =distance of an electron from atom a(b).
The integrals in Egs. (3.11) can be evaluated by utilizing the following mathematical
relations:

k+1

Mp)zjgke—pidgze-r’Z[k!/ p“(k — u+1)1], (3.12)

(E+m)™ 2 (E-)™ A (E DA )& —n)e P M dndE,



36

B, (pt) =S CPY"_ kie ® < (pO)

, 3.13
P02 w0 (3.13)

where k=0,2, and 4.

Eqg. (3.12) is Eq. (15) from [58] and Eq. (3.13) is Eq. (32) from [59]. This author
experienced computational problems when using Eg. (16) from [58]; therefore, Eq. (32)

from [59] was utilized instead.

H 100 C 145 O 210 Na 0.733 S 1.817
Li 065 C 1625 O 2275 Mg 095 CI 2.033
Be 0975 C" 180 O" 245 Al 1167 Br 2.054
B~ 1125 N 195 F 260 Si 1383 1 190
B 130 N' 2125 P 1.60

Table 3.2. Slater u - values for valence shell ns,np AOs [58].

As mentioned earlier, only the S equations for 2po and 2pz atomic orbital pairs are to

be considered. Thus, from the list of master formulas for Slater-type atomic overlap

integrals [58] we have

t=0: S(2po, 2po) = (120) * p°[5A, —18A, +5A], (3.14)
t>0: S(2po,2po) = (16)* P (L-12)**[B,(A + A) - A(B, +B)],  (3.15)
t=0: S(2pr, 2pr) = (120) ™ p°[5A, —6A, + A, (3.16)

t~0: S(2pr,2pn)=(32) L p (L-t))"[A,(B, ~B,) + A (B, ~B,) + A(B,~B,)]. (3.17)
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Now that we can calculate values for the overlap integrals, the k values can be obtained.

The remainder of this section will reveal the procedure for calculating the
coefficients of the molecular orbital equation, such as Eq. (3.2). The roots ( x values) of
Eqg. (3.10) are determined by setting the determinant of Eqg. (3.10) to zero and then
solving for the resulting polynomial. The solution should be a set of negative and
positive numbers. The negative numbers represent results for subjacent (bonded)
Molecular Orbitals (MOs), positive for superjacent (antibonded) MOs, and zero for non-
bonded MOs. For future calculations, we are primarily interested in only the frontier
MOs (HOMO and LUMO). The values for the frontier MOs are determined by selecting

the smallest negative number from the set for HOMO ( X,,ouo ) @nd the smallest positive
number for LUMO (x o )- The molecular orbital coefficients are calculated by taking

the ratiosc, / c,, which is done by using the equations:

G, (eofacton, i odd, (3.18)
C, (cofactor),

CJ:—M if n=even, (3.19)
C, (cofactor),

normalization = }Z(cn /c)?, (3.20)

where n represents the number of atoms in the molecular system.

Substituting the value for X, into Egs. (3.18), (3.19), and (3.20) and then dividing the

values of Egs. (3.18) and (3.19) by the value of (3.20) yields the values forc, of the
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molecular orbital wave function in the HOMO state. Values of c, for the molecular
orbital wave function in the LUMO state are obtained by using the value of x ,,, in the

above equations and applying the same procedure. The known coefficients are utilized
for calculating the electronic coupling between the B-DNA base pairs, which will be

illustrated in Section 3.4.

Obtaining the electronic coupling requires not just the knowledge of calculating
the coefficients, but also the interatomic (coupling) matrix elements. Determining the

interatomic matrix elements via the Slater-Koster relations is discussed next.
3.3  Slater-Koster Relations

Applying the LCAO method to solids in a rigorous manner is quite complicated.
However, treating the LCAO method as an interpolation process allows simplifications to
be made [61]. Applying these simplifications permits the potential energy in the
Hamiltonian H to be treated as a sum of spherical potentials located on the two atoms on
which the atomic orbitals are located. The matrix components of energy of the

Hamiltonian operator is defined as
> (Ry)exp[ik-(R; —R,) | [w; (r—R)Hy, (r—R;)dv, (3.21)

where R; represent the positions of the atoms for which orbitals v are located, R; the
positions of the atoms for which the y/~orbitals are located, R; —R; the displacement

vector, and y, and y, as Lowdin orthogonalized functions (non-orthogonal functions

that were made orthogonal by the Léwdin method) with the same symmetry properties as
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the atomic orbitals for a crystal. Considering R; —R; as an axis of a diatomic molecule
allows us to express each of the functions w as a sum of the components of angular
momentum (o, 7z,5) with respect to R; —R;. The quantities w.(r-R,)and y, (r-Rr;)
represent the atomic orbitals on an atom at R; and at R, respectively. Therefore, if w

were an atomic p orbital, then it could be expressed as a linear combination of a po and

a por function with respect to the axis.

The nature of these integrals can be determined by rotating axes and transforming
spherical harmonics with one set of axes into spherical harmonics with another set of
axes. Thus, to represent the integrals in Eqg. (3.21), one needs to realize contributions

involving the product of an atomic orbital of this type on an atom at R,, another on an
atom at R, and spherical potentials that are centered on these two atoms. By defining
the direction cosines (Fig. 3.2) of the displacement vector R, —R; as (I,m,n), where
| =cosa, m=cos 3, andn=cosy, EQ. (3.21) can be expressed in a form such as
E,,(I,m,n), similar to E, in Table 3.3, in which the function y isa p, —like function
and y another p, —like function, thus allowing this new function to be written in terms
of two integrals consisting of a po orbital on the first atom and a po orbital on the
second as well as a pr orbital on the first and a pon the second. These integrals are

symbolized by (ppo) and the second by (pp7), where it is understood that the first and

second indices represent the first and second orbitals, respectively. The third index



40

represents the type of interaction or coupling that exists between the two orbitals. Table

3.3 illustrates all the combinations of the s, p, and d functions.

Other combinations can be produced by cyclically permuting the coordinates and
direction cosines. As a reminder, the integrals (sso, ppo, ppr,etc.) are functions of the

distance between the atoms, thus different integral values for different atomic pairs.
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Table 3.3. Energy integrals in terms of two-center integrals [61].
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An alternative approach, and perhaps a more understandable one, is to derive the

equation for E, (I, m,n) as given below.

By defining the p, —like functions as atomic orbital states and H , =V (x=0,7),
we can express E, ,(I,m,n)as
E,, =(P.[H|P.) =(P. || P)Vipo +{Pul[ P)Visr (322)

where the first term on the right-hand side of Eq. (3.22) symbolizes the parallel

component of E,, (I, m,n) and the second term the perpendicular component. The atomic

1/2
orbital states can be expressed as real spherical harmonics such that | pz> = {41} Z and
7| r

1/2
| px> :{41} X , thus Eq. (3.22) becomes
r] r

E _3(Z 2V L3 (X 2\/ (3.23)
"4\ ) ag\r) wr '

Eqg. (3.23) can be written as

3 2 2
E,. :E[cos Wops +C08" AV, |, (3.24)

where o and y represent the angles between the x—axisand the p vector, and the

z—axisand the p vector, respectively, which is illustrated in Fig. 3.2.
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Figure 3.2. Cartesian components and direction cosines. Vector A can represent the p vector
consisting of the p, vector and the p, vector.

By using direction cosine notation (I,m,n), Eq. (3.24) can be written as

E,, =V, +1,, |- %[nzvppg +a-n*V,,, |, (3.25)

Az

where 1?+m’+n?=1 and m=0, since there is no y-componentto consider, V,,

symbolizes the hybridization matrix elements, and n=direction cosine for the z —axis.

Excluding the multiplying factor of 3/4x, Eq. (3.25) is very similar to what is
depicted in Table 3.4; however, to obtain the correct solutions, the multiplying factor
should be considered. Figures 3.3 and 3.4 illustrate the hybridization matrix elements

between sand p atomic orbitals for o and 7 states.
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By = Viw

E .= WVipo

E, .= BV + (1 = P)V,p

Eiy= ImV,pe — MV,

Ey,= Ve = InV,

Eyuy= 3 2%mv,,

B $313(2 _ )y,

Ee3stgz= [n® — 4P + m?))V,q,

[ 32, + mil - 20V,

E, , = 3 mnV,,, — 2imnV,,,

Ey:o= 320V, + n(l = 207V,

E; oz § 3P — Wy + (1 = P 4+ m*)V,,

L E32m(P — m? Voo — (1 4 P~ m?)V,,,

By = 13120 — M)Wy, — i — m?)V,,,

Ey siiepi= 7 — 3P + m?)}Ve, =320V,

E, 3t = mn® — 3P + m*)|V,y, — 3”‘.mn’V,,,

E st-p= nln? — $(IF + m?)]Voe, + 3'20(1 + m* W,

| - 3m* Vyge + (IF + m® — 4Pm* Wy, + (n? + Pm? )Wy

By = 3im*nVyu, + In(l — dm* Ve, + Infm* — 1)V,

Eyox= 3PmnVyg, + mn(1 — 48 Vo + mn(* — 1)V,

Boistayi= (P — m?) Vg, + 2im(m?® = P)Wouo + Hm(1* — m?)Vogs

By, ia<y2.= dmn(l* — m?) Vg, — mnf | + 2P — m?)]Vaye + mn[1 + (PP — m*)]Vigs
Eep st-ga= UE = m?Waae + nll1 = 2(1 — m*)|Vege — nl[1 = }(P — m?)Vyua
Egsa-n= 3Vm{n® — Y + m®)| ¥, — 3V220mn? Vg, + 4 3" 2Um(1 + n? )V
Evesiepn= 3"mnln® — (I + m?)]Vage + 3" 2mn(i® + m? — n?)Wyy, = § 32mn(P + m?)Viu
Eiq yizep = 3Y2n[n* — Y + m?)) Vi, + 32012 + m? — 02 )Veg — § 312I(P + m* Vg

Eo-yiaa-pn= P = m?)P v, + (P 4w = (= m?) Vo + [7? + 4P - m*)*Vous
E,‘a-,x‘ Azlepl = i 3”2(!2 — mz)['l2 = *(f’ + mz)]V‘,,, + 3”’n’(m’ - l’)y“,

+ 4 3131 + m?N 1P — mP W
Ejzip: 3;3.,2m [n7 - *(l’ + m’)]’V“, + 3"1““ + m’)V“,, + i(fz + m’)’wa

Table 3.4. Slater and Koster tables of interatomic matrix elements as functions of the direction
cosines (I,m,n) of the vector from the first atomic orbital state to the other [62].



Atom |
Interatomic matrix
elements for
coupled atoms
PUrLS Lo
> .
. Atom 2
5 G [
I ' ey
//“:
3 ' ‘/
) y Vieo ’/’"' ‘“-;._\
i ' + O
-~ —
¥ 3 r~J<\ )
me B V /!‘;. | A
s i o
e T
—~— -— W,
™~ — \._‘ ,.,..-,.(
pf . ~— - '\ \

Figure 3.3. Hybridization matrix elements for coupled atoms

[62].

} a states

} n states

45



46

+ %+ -
1 N "~
o —— ~po B Ot
; . ». "\ -
/d ;.4 iy
V;m V"“’
R
3
+ 83 +
: e _ !
LA + § . o '.d."
) ’—_—,__1__“ + ] 5 "4
- o PR a & % “
l’ npa f — -“,- o
% b
N,
V

Figure 3.4. Four types of hybridization matrix elements for diatomic molecules [62].

Now the reader should have a better comprehension of the formulation of the
hybridization and interatomic matrix elements. The relationship between the electronic

coupling with respect to the interatomic matrix elements (E, ;) and the molecular orbital

coefficients (c, ) will be discussed next.

3.4  Electronic Coupling

To discuss electronic coupling requires a compilation of most of the information
so far presented. As mentioned earlier, in Section 2.3, because a B-DNA molecule
consists of aromatic base molecules, there exists 7 — coupling or interactions between

the atomic p, orbitals of one base pair with those of another base pair. When two p,
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orbitals are coupled, there can exist ppoand ppz interactions like those depicted in
Figs. 3.3 and 3.4. As revealed in Fig. 3.5, two p, orbitals located on different base pairs
are coupled by ppo and ppn hybridization, which are characterized by the hybridization

matrix elements V. .

basc pair |

I base pair 2

Figure 3.5. Two atomic p, orbitals on adjacent base pairs connected by positive ppo and
negative pps interactions [47].

The hybridization matrix elements used in Harrison’s model [62] were formulated to
work well within a typical covalent bond distance, not for distances much larger and for
non-covalent bonding/coupling. Resolving this difficulty requires modifying the

hybridization matrix elements of [62] by first changing Harrison’s (1/d)term to (1/d,)
and second to incorporate attractive and repulsive exponential terms. The attractive and

-2 ~4d-p
repulsive exponential terms [63, 64] are defined as e [dO )and %e % , respectively.
0
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In general, exponentials are used as scaling factors for non-covalent interactions [64a,

64b, 47]. Therefore, the new hybridization matrix elements are characterized by

+—e % (3.26)

~e% (3.27)

and are quite different from the equation used for the published results provided in
2 d

md2e

C

Chapter IV, whichwas V, =7,
Inserting V,,,and V,, into Eq. (3.25) yields

n -2[;- ] { z° } 4 (d-0)
E,,= e " N = Mooe —Moos )t Tons | +—5€ " , (3.28)
mdg d2( pp pp. ) pp.

where E,, =energy integral/interatomic matrix elements for two p, orbitals, 7 Plank’s

constant, m the electron’s mass, d the distance between two atomic orbitals (Fig. 3.5), d,
the typical covalent bond distance for a base molecule, zthe distance between two

adjacent base pairs (Fig. 3.5), 7,,,and 7, obtained from a Density Functional Theory

code like SIESTA, C an adjustment parameter, and D the sum of the van der Waals radii

for two coupled atomic orbitals.

The electronic coupling between two adjacent base pairs is a summation of the

product of the LCAO molecular orbital coefficients (from Section 3.2) of both base pairs
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and interatomic matrix elements (from Section 3.3) between the base pairs. It represents

the strength of the coupling/ potential energy between two base pairs and is written as
N, N, .
t=> > Erlciel, (3.29)
i

where iand jrepresent the i"and j™ p, orbitals for base pairs 1 and 2, respectively, ¢
the i" LCAO coefficient of base pair 1, CJ-Zthe j™ LCAO coefficient of base pair 2, E,,

the interatomic matrix elements for the i"and j™ p, orbitals for base pairs 1 and 2, and
N, and N,the total number of p,orbitals of base pairs 1 and 2, respectively. The
difference between E, and t is that E,, represents the interaction energy between two

atomic orbitals regardless of the type of molecular orbitals involved and t represents the
interaction energy between two atomic orbitals with the type of molecular orbitals

considered.

Therefore, since a Guanine-Cytosine (GC) base pair contains 19 p, orbitals, and
there are two stacked base pairs, we have a total of 38 p, orbitals, therefore creating a 19
x 19 matrix for E,,. Each E,, makes a small contribution to the electronic coupling t.

Equation (3.28) shows that t will vary depending on how well the base pairs are stacked.
In other words, by changing the B-DNA structure, such as twisting the base pairs with
respect to each other or varying the distance between the base pairs, t may change
significantly. At finite temperatures, the B-DNA base pairs will oscillate about their

equilibrium positions, causing these changes in t to occur. Therefore, it is very
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important to understand the dependency of t regarding these conformational changes

since it will affect the charge transport characteristics of the B-DNA molecule.

3.5 Charge Transfer

Experimentally, numerous studies [65, 66, 67] involving hole transfer in DNA
have been performed. For charge transfer, a charge donor complex is raised to an excited
state by oxidation/reduction methods or light absorption [65]. The excited donor state is
very close in energy to a distant acceptor state, which could result in quantum-mechanical
tunneling [53] (also known as superexchange tunneling) whenever molecular vibrational
fluctuations bring them into resonance. This energy gap is significantly smaller than the
HOMO-LUMO energy gap for the DNA molecule. An explanation of this process can be
done using a B-DNA molecule consisting of two GC base pairs. As the two GC base

pairs fluctuate in all degrees of freedom with respect to each other, if one of the guanine

molecules has a hole (G") (excited donor state), thus a slightly higher ionization energy

compared to a neutral guanine molecule (G) (neutral acceptor state), and if G"is close

enough to G, the hole will tunnel to G in order to try to be at a lower ionization energy.
The hole is delocalized among the guanine molecule. Because the cytosine molecule is a
poor hole acceptor, the hole does not exchange any energy with it. In general, the hole
will migrate through the B-DNA molecule, searching for other easily oxidizable

locations, like other guanines or sequences of guanines.

Several researchers have utilized different methods for determining the

probability of charge transfer [69, 70, 71], but no method exists for calculating the
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probability of charge transfer as a function of the amount of overlap between wave
functions. From previous literature [16, 47, 71, 72], charge transfer can only occur when
the wave functions of two atomic orbitals or molecular orbitals overlap, which implies
that the probability of tunneling will only occur if there is overlap of the wave functions.

It is safe to assume that the relative probability of tunneling P,is approximately

proportional to the ratio of the overlap integral S and S__ , where S equals the amount

max !

of overlap between two atomic orbitals for atoms aand b, and is defined as
Z2
S, =S(2pz,2pr)+[S(2po,2po)-S(2px,2 piz)](FJ . (3.30)

The first term on the right-hand side of Eq. (3.30) corresponds to the overlap integral for
z =0and the square bracketed equation represents the second term forz=d. z andd

are defined in Fig. 3.5, and the terms S(2px,2px)andS(2po,2po)are represented by
the Egs. (3.14)-(3.17). S, is the maximum overlap of the two wave functions, which

represents 100% (or near 100%) overlap. It is also assumed that 100% overlap = 100%

probability of charge transfer.

The importance of the comprehension of the electronic coupling dependency on
conformational changes is undisputed, but equally important is the understanding of the
charge transfer probabilities of the atomic orbital pairs of guanine and cytosine. The best
way to achieve that is through the generation of results for the electronic coupling

dependency and charge transfer probabilities, which is provided in Chapter IV.
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Chapter IV: Results and Discussion

The author hopes that the reader has obtained a good understanding of the
physical properties of the B-DNA molecule (Chapter 1) and the theory (Chapter Il1) that
were used to produce the results. In this chapter, the results for a B-DNA molecule
consisting of two GC base pairs will be presented along with a discussion. The chapter is
divided into two sections, one for the results pertaining to the electronic coupling for the
HOMO and LUMO energy states and the other for the probability of charge transfer.
The first section will present the results as a function of the base pair’s twist angle,
separation distance between base pairs, displacement of one base pair with respect to the
other base pair in the x- and y- axes, and displacement of the base molecules within a
given base pair with respect to the other base pair also in the x- and y- axes. Futhermore,
in the second section the results for the probability of charge transfer between atomic

orbital pairs for both the guanine and cytosine base molecules at a separation distance of

3.375A" and twist angle of 36" are presented.

The results representing the electronic coupling as a function of the base pair’s

twist angle and the separation distance between base pairs are compared to published
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work [68], which reveals similar outcomes. The slight differences in the calculated

results versus the published will be discussed.

All results were obtained using Mathematica programs.
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4.1  Electronic Coupling

As mentioned earlier, the electronic coupling t is very dependent on the motion

of the base pairs with respect to each other, and this cannot be more elucidated than in
Fig. 4.1, where t varies significantly for twist angle ¢=0"t076 . For Fig. 4.1, the
parameter values that were utilized in the calculations are the separation distance between

the two base pairs of 3.375 A’; a typical bond length of the B-DNA bases of 1.36A";

Nope =5-27a0d 7, =-2.26; an average of the van der Waals radii for C, N, and O

atoms of 2.85A"; adjustment parameters for C of 0.025x10™* for HOMO and 3.4x10™*

for LUMO.

t-eV-

0 10 20 30 40 50 60 70

BV 3 S

twist angle.degrees.

Figure 4.1. Electronic coupling versus twist angle for calculated and published results for HOMO
and LUMO states. The HOMO states are represented by the red solid line (calculated values) and
green solid line (published values), whereas the LUMO states are the purple dash-dot line
(calculated values) and blue dashed line (published values). Separation distance kept constant at

3.375A".
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Figure 4.1 also reveals similar outcomes between the calculated and published

results. This variation in t is believed to be from the interaction matrix elements E,,
because of its strong dependence on the geometry of the base pairs [68]. In other words,
as the twist angle ¢ changes, so do the ppo and ppz interactions. There are two basic
reasons for the reduction of the electronic coupling, which are 1) there are positive ppo
and negative ppsinteractions occurring between two interacting atomic p, orbitals
which could reduce or almost cancel each other, thus causing a smaller net atomic pair
interaction and 2) there also are predominately large ppo and ppsz pair interactions that

are capable of reducing or canceling each other when summed up to calculate the total
base pair coupling. In summary, small individual atomic interactions, or an equal number

of large positive and negative ones, can produce rather small base pair coupling. All the
curves have one thing in common, which is that at ¢ =0 only the ppo interactions exist.

The curves representing the published results are nearly, if not exactly, perpendicular to
the vertical axis of Fig. 4.1, which is indicative of a series of Gaussian functions used in

the basis set, whereas the curves for the calculated data have cusps. As ¢ continues to
increase, the ppo interactions become less dominant with the existence of some ppx
interactions, until t vanishes at specific values of ¢ as shown by the four curves in Fig.
4.1. When t becomes negative, then the ppx interactions dominate with very little

ppo interactions occurring.

The variation of t as a function of distance between the base pairs is depicted in

Fig. 4.2 and reveals approximate trends between the calculated and published results,
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t-eV.

2.0 25 3.0 35 4.0 4.5
distance between base pairs .Angstroms.

Figure 4.2. Electronic coupling versus the separation distance between the base pairs. Twist

angle is fixed at 36°. The HOMO states are represented by the red solid line (calculated values)
and green solid line (published values), whereas the LUMO states are the purple dash-dot line
(calculated values) and blue dashed line (published values).

except for the published values for the LUMO state (blue dashed line). The twist angle

was held at a constant of 36 and the other parameter values are the same as in Fig. 4.1,
except for the separation distance. There are numerous reasons for the discrepancies in
Figs. 4.1 and 4.2, which are as follows: 1) According to [68], a combination of a DFT
code (SIESTA) and a parameterized Hiickel-Slater-Koster model, which utilized a
Double — Zeta Gaussian with Polarization (DZP) basis set, was used in contrast to the
combination of Molecular Orbital Theory and a highly modified extended Huickel-Slater-
Koster method, using Coulomb and bond integral parameters, as presented in Chapter IlI.

2) Also, [68] incorporated an exponential cutoff distance, R =0.87A" (obtained from

SIESTA), for their B-DNA model, whereas the new method does not utilize an

exponential cutoff distance. In other words, the exponential tails of the orbital wave
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functions extend to infinity, which means that the new approach may provide more
realistic approximations of the effects on electronic coupling due to more ppo
interactions occurring. 3) The method of [68] also incorporated a Complete Neglect of
Differential Overlap (CNDO) approximation, as compared to the new method, which
does not. 4) They used a simple Hickel method in contrast to a highly modified

extended Huickel method.

Displacing the top base pair with respect to the stationary bottom one in the £x

and+y directions affects the electronic coupling in a somewhat unpredictable manner, as

revealed in Figs. 4.3 (¢=0") and 4.4 (¢=36").

t-eV-

02+ J

! "2 0 2 4
shift in X and Y direction for base pair 2.Angstroms.

Figure 4.3. Electronic coupling as a function of base pair 2 displacement in the +x and +y
directions for a constant separation distance of 3.375A and twist angle of 0". The red solid line
represents the HOMO state in the X direction, the green dashed line the HOMO state in the y

direction, the blue solid line the LUMO state in the X direction, and the purple dash-dot line the
LUMO state in the y direction.
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The x direction is considered to be in the middle of the base pair but along the width of
it, the y direction in the middle of the base pair and along the length, and the z direction
along the helical axis. Because ¢ =0, the maximum peak for all the curves in Fig. 4.3 is
atx =0andy =0, which is indicative of only ppo interactions. The HOMO state

reaches its maximum at t =0.38eV and the LUMO state at t=0.33eV . Deviating from

this point, the curves begin to decrease as a result of an increase in ppsz interactions.
For the HOMO and LUMO states in the +Xx direction, t does not vanish or go negative

until the shift is beyond +4A’; however, this is not true for the HOMO and LUMO states

in the +y direction. Also, as illustrated in Fig. 4.3, t for the HOMO and LUMO states

in the £x direction is less sensitive to translations as compared to the HOMO and

LUMO states in the +y direction.

However, Fig. 4.4 depicts something very interesting. At the equilibrium

conditions (separation distance of 3.375A and twist angle of 36°) t remains negative for

all the curves, except for the LUMO state in the +x direction, where it becomes positive

around —3.5A" and just slightly positive between 2.5and 3.5A". This is an indication of

ppr interactions dominating. For x =0andy =0, the HOMO state for the £xand +y
direction has an electronic coupling value of —0.173eV and the LUMO state a value of
—0.099eV . Another interesting item to note is that at about x=y=-0.5A" all four

curves intersect at t =—1.5eV . The sensitivity of the electronic coupling for the HOMO

state in the +x direction is much lower than for the other curves in Fig. 4.4. In general,
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Figs. 4.3 and 4.4 correspond to ppo interactions dominating and ppz interactions

dominating, respectively.

0.4 ]

0.2+ 1

t-eV.

"4 "2 0 2 4
shift in X and Y direction for base pair 2.Angstroms.

Figure 4.4. The variation of electronic coupling as a function of base pair 2 displacement in the
+Xxand +y directions for a constant separation distance of 3.375A and twist angle of 36 . The

red solid line represents the HOMO state in the X direction, the green dashed line the HOMO state
in the y direction, the blue solid line the LUMO state in the X direction, and the purple dash-dot
line the LUMO state in the y direction.

The effects on the electronic coupling associated with the base molecules in base
pair 2 translating in opposite directions with respect to each other and to a stationary base
pair 1 are presented in Figs. 4.5 and 4.6. For x=Yy=0, Fig. 4.5 reveals that for the
HOMO state in the =xand +y directions, t has a value of 0.413eV and with respect to
the LUMO state a value of 0.204eV . Similarly, from Fig. 4.6, the HOMO state in the
+x and +y directions has a value of t =-0.159V and for the LUMO state a value of

—0.065eV .
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- 041

4 "2 0 2 4
shift in X and Y directions between base molecules of base pair 2 w.r.t. base pair 1.Angstroms.

Figure 4.5. Electronic coupling as a function of the opposite translation of the base molecules of
base pair 2 with respect to base pair 1 in the £X and *y directions for a constant separation

distance of 3.375A and twist angle of 0". The red solid line represents the HOMO state in the X
direction, the green dashed line the HOMO state in the y direction, the blue solid line the LUMO

state in the X direction, and the purple dash-dot line the LUMO state in the y direction.

t-eV.

- 04+ ]

4 22 0 2 4
shift in X and Y directions between base molecules of base pair 2 w.r.t. base pair 1.Angstroms.

Figure 4.6. Electronic coupling as a function of the opposite translation of the base molecules of
base pair 2 with respect to base pair 1 in the X=X and xYy directions for a constant separation

distance of 3.375A and twist angle of 36" . The type and color of lines are the same as Fig. 4.5.
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Comparing Figs. 4.3 and 4.5, there are similarities in the profile between the

HOMO states for the tx direction and the LUMO states for the £xand +y directions, as
well as a discrepancy between the HOMO states for the +y directions. Contrasting Figs.

4.4 and 4.6, the similarities and discrepancies in profile are essentially the same as for
Figs. 4.3 and 4.5. Additionally, Figs. 4.3 to 4.6 have revealed some intriguing results,
which have provided further insight into the variation of the electronic coupling in

contrary to [68].

The twist angle, which exhibits the minimum variation of the electronic coupling
is ¢ =24, and this applies for both the translation in the x and y directions of base pair 2

and between the base molecules in base pair 2, and is illustrated in Figs. 4.7 and 4.8,

respectively.
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Figure 4.7. Minimum variation in the electronic coupling of the HOMO and LUMO states for the
+X and *y directions for base pair 2 with a constant separation distance of 3.375A". The red

solid line represents the HOMO state in the X direction, the green dashed line the HOMO state in
the y direction, the blue solid line the LUMO state in the X direction, and the purple dash-dot line

the LUMO state in the Yy direction.

0.4+ 1

0.2+ 1

3 00 T =
02} ]
“04r ]

4 2 0 2 4
shift in X and Y directions between base molecules of base pair 2 w.r.t. base pair 1.Angstroms.

Figure 4.8 Minimum variation in the electronic coupling of the HOMO and LUMO states for the
+X and ty directions between base molecules in base pair 2 with a constant separation distance

of 3.375A". The type and color of lines are the same as in Fig. 4.7.
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One would think that the twist angle should be ¢=36" since it is the equilibrium twist
angle for a B-DNA molecule. However, in my model, the equilibrium twist angle could
be ¢=24". This discrepancy may be explained by realizing that the calculations did not

include the effects of counter-ions and water molecules.

In general, when the electronic coupling is at a maximum, whether due to ppo or
pp7 interactions, and a significant amount of wave function overlap exists, it implies a
metallic electronic state. If the electronic coupling vanishes, then this condition implies
an insulating electronic state. When the electronic coupling is between these two
conditions, there exists a semiconducting electronic state. Therefore, because a DNA
molecule is very dynamic, it is very conceivable that for a long DNA molecular chain,
these three electronic states can occur simultaneously along the length of the chain and its
net electronic state, which is what charge transport experiments reveal (Chapter 1), can be
either metallic, semiconducting, or insulating. Hence, the net electronic state of a DNA
molecule is a summation of all the contributing individual electronic states that are

occurring.
4.2 Probability of Charge Transfer

As mentioned in Chapter Ill, the relative probability of charge transfer is

proportional to the ratio of the overlap integrals S and S which is only an

max !

approximation. The S . values for the desired atomic orbital pairs are obtained by

reading a graph of S versus distance (1A'to 5A") and selecting the maximum value. For

the graphs that were used for determining S__ , refer to Appendix B. These values are

max ?
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SI* =0.331555, ST =0.332534, S =0.331016, S’ =S™* =0.321634 ,

occ onn o000 onc octn

S =S =0.322075,S 5 =S =0.304912, S = 0.453108, S = 0.337419,

ono oon oCo o0C zcec

S =0.24411,S™ =S =0.387829, S = S =0.387829,

700 znc zen 7no zon

St =S =0.325412.

7Co 7oc

The subscript notation denotes the type of interaction or coupling and the type of atoms
involved in the interaction. Therefore, cand = represent the type of interaction or
coupling, and c,n, ando the carbon, nitrogen, and oxygen atoms. The relative
probability of charge transfer for all the atomic orbital combinations for the guanine and

cytosine base molecules are illustrated in Figs. 4.9 and 4.10, respectively.
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Figure 4.9. Probability of charge transfer for 121 atomic orbital combinations for the guanine

base molecule with a separation distance of 3.375A and twist angle of 36 . The vertical axis
represent the relative probability of charge transfer and the horizontal axis the atomic orbital
combinations.
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Figure 4.10. Probability of charge transfer for 64 atomic orbital combinations for the cytosine

base molecule with a separation distance of 3.375A and twist angle of 36 . The vertical axis
represent the relative probability of charge transfer and the horizontal axis the atomic orbital
combinations.
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The atomic orbital pair that produces the highest probability of charge transfer for the
guanine and cytosine base molecules are C5C4(0.5139) and C2C4(0.1598), respectively,
and are depicted in Figs. 4.9 and 4.10. The atomic orbital combinations in Figs. 4.9 and
4.10 can be more elucidated by the illustration in Fig. 4.11, where N, C, and O indicate

the type of atom and the number next to the letter indicates the atom’s location.

Figure 4.11. The geometrical structure of guanine (right) and cytosine (left) within a GC base
pair with standard numbering of the atoms [74].

At this point, the reader should have a much better understanding of the B-DNA
molecular structure, the theory behind the electronic coupling and probability of charge
transfer, and the conclusions extrapolated from the results. The summary and conclusion

are provided in Chapter V.
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Chapter V: Summary and Conclusion

The B-DNA molecule has a very complicated structure. The charge transfer
characteristics of this structure are easily influenced by environment, contacts with other
surfaces, base-pair sequences, and changes in its structure due to temperature or
mechanical means. Thus, it was shown that to better understand the impact of these
influences on charge transfer characteristics requires a relatively comprehensive

knowledge of the B-DNA structure and its electronic coupling properties.

Therefore, in Chapter I, the physical conformation of the B-DNA molecule, along
with discussions on the general dimensions; nucleotide composition; phosphodiester
bonds; direction of the B-DNA strands; and the orientation of the base molecules,
including the significance of the hydrogen bonding of the base molecules; were
presented. Also included in Chapter Il were discussions on the variation in the B-DNA
structure and the effects it has on the base molecules as well as the grooves between the
backbone chain, other types of DNA structures, overall structural properties, the HOMO
and LUMO energy states, energy gaps, ionization potential and electron affinity of the

HOMO and LUMO states, variation of the ionization potentials of guanine, and the p,

orbitals of the stacked base molecules.
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In Chapter 111, the theories that were utilized for the calculation of the electronic
coupling, which resulted in the transfer coefficients for holes and electrons that propagate
from one base pair to another, were presented. In particular, Molecular Orbital Theory
and Electronic Band Structure Theory were explained. With regard to the Molecular
Orbital Theory, several topics were discussed, such as the simple HMO method, the
extended Hiickel method, and a new mathematical approach named the modified
extended Hiickel method. Other topics that were also considered included the Slater-
Koster relations, electronic coupling between two successive base pairs, the probabilities
of charge transfer among all the combinations of atomic orbitals, and a new mathematical
definition of charge transfer.

In Chapter 1V, the results for a B-DNA molecule consisting of two GC base pairs
were presented. The results pertained to the electronic coupling and the probability of
charge transfer. The electronic coupling results were presented as functions of the base
pairs’ twist angle, separation distance between base pairs, displacement of one base pair
with respect to the other base pair in the x- and y- axes, and displacement of the base
molecules within a given base pair with respect to the other base pair also in the x- and y-
axes. It was revealed that electronic coupling is quite sensitive to changes in the twist
angle and separation distance between the base pairs, and less sensitive to changes in the
translation directions. Also, the results representing the electronic coupling as a function
of the base pairs’ twist angle and the separation distance between base pairs were
compared to published literature [68], which revealed similar outcomes to this project.

The slight differences in the calculated results versus the published were discussed.
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Also included in Chapter IV were the results for the probability of charge transfer

between atomic orbital pairs for both the guanine and cytosine base molecules.

In closing, there still remains a lot of work to be done. For example, the total
probability of charge transfer of the base molecules for the HOMO and LUMO states
needs to be determined. Another example would be determining if the new approach
provides results that correlate with other theoretical or experimental data for other

molecular systems.
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APPENDIX A

A Slater u -value represents the effective nuclear charge of an atom as defined by
H= Zeff =Z-s,
where Z and s are the actual nuclear charge and screening constant, respectively.

For determining ., the electrons are divided into the following groups, each having a

different screening constant: 1s; 2s, p; 3s, p; 3d; 4s, p; 4d; 4f;etc.
The general equation for calculating the Slater x -values is

1 =[Z —0.35(a—1)—0.85b—1.00c] / n (3.31)

lastgroup ?

where a= number of electrons in last group with principle quantum number n_g ..., b=

number of electrons in the group with principle quantum number n -1, and c=

lastgroup

number of electrons in all groups with principle quantum number n' <o, —1

(fOr Nggroy =2=>N =0=c=0).

To obtain the values shown in Table 3.2, only the 2s, pgroup needs to be considered.

Therefore, Eq. (3.31) becomes

t5y =[Z —0.35(a—1) —0.85b—1.00(0)]/ 2. (3.32)
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As an example, consider a carbon atom, where Z = 6 and the electronic configuration

carbon

is 1s°2s°2p®. Eq. (3.32) is then written as

fo =[6—0.35(4—1) —0.85(2) ~1.00(0)] / 2 = 1.625.



APPENDIX B

0.5

3 4 5
d_Angstrom.

Figure B1. Overlap integral parameter S for 7 bonds for C-C, N-N, O-O.
Red line = C-C bonds, Green line = N-N bonds, and Blue line = O-O bonds.

0.5

0.4 ]

1 3 4 5

d_Angstrom.

Figure B2. Overlap integral parameter S for o bonds for C-C, N-N, O-O.
Red line = C-C bonds, Green line = N-N bonds, and Blue line = O-O bonds.
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Figure B3. Overlap integral parameter S for 7z bonds for C-N, C-O.
Green line = C-N bonds and Blue line = C-O bonds.
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Figure B4. Overlap integral parameter S for o bonds for C-N, C-O.
Green line = C-N bonds and Blue line = C-O bonds.

79



05

Sp/

1 2 3
d_Angstrom .

Figure B5. Overlap integral parameter S for 7z bonds for N-O.

05

03[

Sp!

01

o

1 2 3
d_Angstrom .

Figure B6. Overlap integral parameter S for o bonds for N-O.
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