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Understanding and controlling the electrical conductivity of nucleic acids has gained more
interest in the past decade. Measuring DNA conductance for sensing biological processes,
developing new sequencing techniques, and future molecular device applications have led to an
interest in its electrical properties. Further, DNA Origami exploits the self-assembly property of
DNA to create complex three-dimensional architectures. This technique helps build nanoscale
structures bottom-up instead of the top-down approach currently used in nanoelectronics.
Therefore, understanding how charge transports through nucleic acids can help engineer a new
class of biosensors and nanoelectronics. The difficulties in explaining experiments arise because
the system is at the nanoscale, exists in a solvent environment and is floppy. Therefore, the

atomic details of the molecule have a substantial impact on the results.



This thesis focuses on the theory and modeling of quantum charge transport through nucleic
acid structures using Green’s function method. First, we discuss the development of the model
for elastic and inelastic electron scattering. We show that the weak coupling between the DNA
bases is untreatable with first-order perturbation approximation. Hence, the phenomenological
Biittiker probe method is developed to be used on DNA structures instead of the commonly used
self-consistent NEGF method to include scattering. Next, we discuss the energy-dependent
decoherence model, where the decoherence decays from the molecular orbitals of the system.
We demonstrate that using the real and imaginary parts of the self-energy in this model is critical
to obtaining the correct integration of the density of states. With the developed models, we study
the following electrical-based applications in the metal-DNA-metal junction setup: (1) detection
of single-base mismatch; (2) DNA doping through intercalation to modulate the conductance; (3)
using the sequence to engineer DNA heterostructures; (4) understanding perpendicular charge
transport in DNA lying on a gold substrate. This thesis demonstrates that the model can explain
experiments and help simulate unexplored paths. However, further work is required to model
large DNA Origami structures and include contact atoms to the ab-initio methods to help study

the current-voltage characteristics, expanding the scope of the DNA applications.
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Chapter 1. INTRODUCTION

The development of nanoscale devices has a continuous demand of reducing the size of the
system. Evidently, Silicon-based electronics are limited by the resolution of lithography techniques
since they employ the top-down approach for fabrication. On the other hand, molecular electronics
offer a bottom-up approach based on chemical reactions which provide a higher resolution for
fabricating at the nanoscale. In this domain, nucleic acids have become a prominent component by
providing important properties for electronic applications: long range charge transport and self-
assembly. This has led to extensive theoretical and experimental work to study their electronic
properties. However, different electronic behavior results are obtained experimentally, which
shows the sensitivity of the structure to the details of the experimental set up. This calls for a better
understanding of the factors affecting charge transport through nucleic acids as applied to future
electronic devices. In this thesis, I work on modeling charge transport through nucleic acid
structures in the nanoscale, developing methods for calculations and applying them to analyze their

potential applications in electronics.

1.1  NUCLEIC ACIDS STRUCTURE

In all living organisms, nucleic acids are essential polymers present in the cell’s nucleus. There
are two main types of nucleic acids [1], deoxyribonucleic acid (DNA) and ribonucleic acid (RNA).
DNA has the genetic information essential to make functional molecules (proteins) that help
establish the organisms, whereas the RNA acts as the linking agent for biological processes such
as the protein synthesis. In this process, RNA gets the information from DNA in order to create

the protein necessary for a specific cell function. Both structures consist of three main groups:
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pentose (5-carbon-atom) sugar, organic bases, and inorganic phosphate as shown in Figure 1.1,

these groups form the building block of the nucleic acid.

0
|

HO—P— OH,C _O
|

OH Sugar

OH H

Figure 1.1 Nucleic acid structure consists of three main groups: base, sugar group, and
phosphate.

The two different names arise from the two different kinds of sugar groups found in each type:
Figure 1.2 shows that deoxyribose (DNA) sugar is missing oxygen from one of its carbon atoms,
as opposed to the ribose (RNA) sugar group. Note that the unnamed vertices in the figures are

carbon atoms.

HOCH, _o._ OH HOCH, _o OH
i | No OH
Ribose Deoxyribose

Figure 1.2 (left) Ribose sugar found in RNA (Right) Deoxyribose sugar found in DNA (from
[1]).

Moving to the bases, there are two kinds of bases in the nucleic acid: purines and pyrimidines.
Looking at Figure 1.3 left, a purine base consists of two carbon rings, whereas a pyrimidine has

only one ring. DNA is made up of four bases: adenine (A), guanine (G), cytosine (C), and thymine
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(T). Adenine and guanine are purines, while cytosine and thymine belong to pyrimidines. Another
difference between DNA and RNA is that in RNA, thymine is replaced with uracil (U). Uracil is
also a pyrimidine base which forms the complementary pairing with Adenine. As for G, C, and A,
they are present in both DNA and RNA strands. The chemical structures of these bases can be seen

in Figure 1.3.

NH, (0] 0
=z
Pyrimidines D lj‘\ | lj“\ I
(0] N 0 N o N
N N N/\ H H H
I\ | \ k | Cytosine Uracil Thymine
NN N 4 Ny NH, o)
I I
Purine Pyrimidin ¢C N C
Purines Nk I \> '1 I’\>
NS X
N N N N
Hoo PN H
Adenine Guanine

Figure 1.3 (left) Purines and Pyrimidines found in DNA and RNA (Right) The bases found
in DNA and RNA, with Uracil replacing Thymine in RNA (from [1]).

The third group within the building block of the nucleic acid is the phosphate group. It is

derived from the phosphoric acid, and has the structure shown below.

0

I
HO —P —OH

I
OH

Figure 1.4 Phosphate group, the third part of the building block found in nucleic acids (from
[1D.

The building block of the nucleic acid, the nucleotide, consists of a base chemically bonded to
the backbone. The backbone is the sugar-phosphate group, Figure 1.5 shows a single strand DNA

connected via the backbone. The base is connected to the sugar group by a glycosidic bond, which
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is a covalent bond that joins a sugar molecule to another group. A strand is formed when multiple
blocks are connected via the phosphodiester bond, which involves covalent bonds linking the 5°
end of one nucleotide and a 3* end of another. DNA is usually present in a medium with water and
salt (a polar solvent). In such an environment, each phosphate group has a charge of -1 with the
corresponding positive charge of +1 being in the polar solvent. This positive charge of +1 may be
in the form of Na+ (in case of the salt being NaCl), K+ (in case of the salt being KCl), or other
counterions (e.g., Cs+, Mg2+). Since the dielectric constant of water is relatively large (78.4 at
room temperature), the electrostatic interaction between the negatively charged groups of the
phosphate backbone and positive counterions is kept low such that they do not form stable ionic
bonds. In contrast, by changing the salt concentration and lowering the solvent dielectric constant,
these ionic bonds become more stable and cause the DNA to precipitate out of the solution (dry
state). Relevant information on the solvent effect on DNA conformation is presented in the

following section.
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Figure 1.5 A sample of a single strand DNA molecule (from [1]).
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Both DNA and RNA consist of multiple building blocks, with different conformations and

different base sequences. DNA was found to be in the form of a double helix structure by Watson
and Crick in 1953 [2]. The structure, called double-strand (ds), consists of two strands of sugar-
phosphate backbones connected through their complementary bases (Figure 1.6). Each base of the
nucleotide is connected to its exclusive complementary base via hydrogen bonds, adenine to
thymine, and guanine to cytosine form the two exclusive complementary pairings, respectively.

This exclusiveness is due to their chemical affinities, thus having molecular recognition

capabilities.
9 JJJ ‘J o9 Q
7 - J‘
Or > ‘r‘&J ’. .3 JJ"—J‘ ,‘:‘”‘J ’fﬂ

(a) e 04 90 9 3‘ (b) % o0s 9% 4
a s @ 29 o JM 9 » X2
2 W/J 9 ° ﬂ%j ? o [ > @ sy

9 9 ¢ d
2 'S ; )

Figure 1.6 The complementary base-pairs of the DNA. (a) A-T complementary base-pair with
two hydrogen bonds (green dashed line). (b) G-C complementary base-pair with three hydrogen
bonds.

The two DNA strands are of opposite direction, hence called antiparallel. This can be seen
from the ends of the DNA strand, which are either 5’ end or 3’ end. The 5’ end has a phosphate
group terminated with the 5° sugar carbon, whereas the 3’ end has the 3’ sugar carbon terminated
with a hydroxyl (X-OH) group. Figure 1.7 (a) shows the numbering of the carbon atoms in the
sugar group. As for RNA, although it is usually found in nature as a single-strand structure, it can
form a hybrid DNA-RNA double helix structure. This changes the complementary AT pairing to

AU: uracil on the RNA side is now paired with an adenine on the DNA side.
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Figure 1.7 Illustrations taken from [1]. (a) Numbering of carbon atoms in the sugar
backbone. (b) Definition of 5’ and 3° ends when reading a DNA sequence.

Due to the helical structure, two grooves are formed in the ds-DNA, major groove and minor
groove. The major grooves form access points for binding sites of other molecules such as
transcription factors, which are proteins that bind to specific DNA sequences for the transcription
process. As can be seen from Figure 1.8, the major groove has a larger opening in which the base-

pairs are more exposed for binding, while the minor groove has less accessible bases.

Figure 1.8 Major and minor grooves in double strand nucleic acid structures.



1.2 DNA CONFORMATION

The backbone of the nucleic acids is negatively charged due to the phosphate groups, and thus
the counterions surround these groups to maintain charge neutrality [3]. However as mentioned
earlier, the salt concentration and solvent dielectric constant affect the electrostatic interaction
between the counterions and the phosphate groups. As a result, this changes the geometric
arrangement of the atoms, yielding different conformations. The ds-DNA adopts three major
forms: A-form, B-form, and Z-form. A-DNA is considered the ideal case for a ‘dry’ DNA, while
B-DNA is considered as the ideal ‘wet’ DNA. In nature, DNA does not exist in the ideal forms
discussed next, but rather adopts to conformations that are close to them (in structural parameters),

as it fluctuates while interacting with the environment.

B-DNA is a right-handed helical structure with an average distance between two adjacently
stacked base-pairs of 3.4 A with respect to the helical axis, and of a diameter of 20 A. As for the
A-form DNA, it is also a right-handed structure but with an average adjacent base-pair distance of
2.3 A with respect to the helical axis, and a diameter of 23 A [4]. A transformation from B-DNA
to A-DNA could occur in a ‘dry’ environment where low water concentration is present around
the DNA. The change from B- to A- DNA can be imposed by increasing salt concentration and
adding an organic polar solvent like ethanol. The smaller distance between the stacked base-pairs
in A-DNA is due to the lowered separation between the neighboring phosphate groups. The high
salt concentration (>4 mM for 5-150 nM range of DNA concentration) and the addition of ethanol
to the solution which reduces the dielectric constant yield a strong ionic bond between the
counterions and the phosphate groups in the A-DNA backbone. As a result, the electrostatic
repulsion between the phosphate groups due to their negative charge is reduced, thus, lowering

their separation. The opposite picture is present in the B-DNA, as the higher separation between
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the base-pairs is attributed to the lowered ionic bonds between the counterions and the phosphate
groups, yielding larger electrostatic repulsion between the neighboring phosphate groups that
increases their separation. Furthermore, a major structural difference that can be seen between the
conformations is the base-pairs distribution within the duplex. B-DNA has its base-pairs around
the center of the helical axis, whereas A-DNA has its base-pairs more spread out of the center and
closer the major groove. As for the Z-form DNA, it is quite different and less probable to occur
than the other two forms. It is a left-handed helical structure and forms when the DNA has an
alternating purine-pyrimidine sequence d(CG)n in an environment of high salt concentration [5],
[6]. A unit cell can be defined as the number of base-pairs found per turn in the double-strand
structure. A turn is the 360° rotation, corresponding to the top view of the structure in Figure 1.9.
B-DNA has 10 base-pairs per turn, A-form has 11, and Z-DNA has 12 base-pairs per turn. Table

1-1 lists the geometrical differences between the three forms of DNA [7].
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Figure 1.9 A-DNA, B-DNA, and Z-DNA, respectively (from[4]). Top figures correspond to
side-view, and bottom figures correspond to top-view.

Table 1-1 Comparison of different helical parameters for A-, B-, and Z-DNA

Parameter A-DNA B-DNA Z-DNA
Helix sense Right Right Left
Base pairs per turn 11 10 12
Axial rise (A) 2.3 3.4 4.5
Base pair tilt (°) 20 -6 7

Twist angle (°) 33 36 -30
Diameter of helix (A) 23 20 18

Furthermore, another difference arising from the conformations is the amount of hydration at
the phosphate groups in the DNA backbone. The stacking of DNA base-pairs is hydrophobic;
hence water molecules can only interact and bind to DNA via accessible areas [8]. Hydration of
DNA occurs in the major grooves, minor grooves, and phosphate groups [8]-[10]. In the major

and minor grooves, water molecules can bind via hydrogen bonds to nitrogen and oxygen atoms
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of the DNA bases as shown in Figure 1.10. As for the phosphate groups, the large separation

between the neighboring groups in B-DNA (6.6-8.1 A) creates a larger solvent-accessible area.
This yields a high hydration of oxygen in the phosphate, with an average of 4.5 water molecules
per phosphate group. However, in the A- and Z-DNA, the average separation of the phosphate

groups is less than 5.7 A, yielding an average hydration of 1.5 water molecules per phosphate

group [10], [11].

Minor Groove

Figure 1.10 DNA base-pairs showing hydration sites, from [12].

For us, an important question is if the conductivity depends on the conformation of the DNA
(for a fixed sequence). The initial intuition in the community was A-form would not conduct as
well as B-form because the bases are not aligned as well. However, conductance measurements
reported in [13] show that the A-form yielded 10 times higher conductance than the B-form.
Although the more detailed theoretical calculations explained the experiments, it could not fully
explain the ten-times increase in conductance [9]. Theory showed that the inclusion of backbone
into the simulation was essential to determine the distribution of the energy levels, and the

conductance.
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1.3  ELECTRONIC PROPERTIES OF DNA

Electronic properties of DNA have been studied since 1962 [14], and it has since been
suggested that the noncovalent n-w interactions of the stacked bases’ P, orbitals are of importance
(see Figure 1.11). This is because in the ds-DNA or the DNA-RNA hybrid, the bases are planar
and the entire structure is of helical shapes; this can form an effective coupling between

neighboring bases, which leads to conducting behavior.

Figure 1.11 Illustration of the n-x interactions resulting from the stacked P, orbitals of the bases
(isosurface). The isosurface resembles the spatial distribution of the molecular orbitals, i.e. the
electron wavefunction. The two colors are for positive and negative signs of the wave function
(phases). The parallel stacking causes - coupling between the molecular orbitals.

What makes the DNA an interesting subject for electrical engineers is the electronic properties
of its bases, and the ability to create any desired sequence of bases through the oligonucleotide
synthesis process. One of the main properties is the ionization potential (IP) of the bases. IP is the
amount of energy required to remove an electron from the outermost shell of a molecule to
vacuum, also known as the highest occupied molecular orbital (HOMO). The study of IP is
important in understanding the properties of the molecular devices because it is akin to the concept

of Work Function that is extensively used in understanding the charge transport in electronic
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devices. There are two types of IP in molecules: adiabatic ionization potential and vertical
ionization potential. Adiabatic IP corresponds to the energy difference between the cation and its
neutral molecule, both in their respective ground-state geometry. Thus, it accounts for the
relaxation of atoms in the formed ion after the removal of an electron [15]. Vertical IP (VIP)
corresponds to the energy of removing an electron without the reorganization of atoms, the ion is
thus in the same geometry as the neutral molecule [16]. In experiments, the ionization potentials
are measured through photo-induced ionization, by targeting the DNA base with a laser pulse and
measuring fluorescence emissions [17], either in gaseous state or in a solvent. In solvent, the IP
measured is either fitted with adiabatic or vertical IP models, however, further simulations show
that using VIP yields closer values to experiment, supporting the latter [18]. Although DNA tends
to be in an aqueous state in nature, to have an intrinsic sense of the IP properties, it is also of
interest to study it in a dry state, minimizing the effect of the surrounding environment. Several
papers have studied the IP of bases, bases+sugar (nucleoside) and base+backbone (nucleotide) in
gaseous (dry state) and aqueous phases, both experimentally and theoretically [19]-[21].
Qualitatively, there is an overall agreement that the IP of the bases are ordered as follows: U (7.01
eV)>T (6.71 eV)>C (6.62 eV)>A (6.35 eV)>G (6.01 eV). This shows that the IP of guanine is the

lowest, hence, it has the highest oxidation probability out of all bases.

Initially, Eley and Spivey have studied the electronic properties of DNA back in 1962 [22],
suggesting that the - m coupling between the stacked bases could lead to conductive behavior.
About thirty years later, charge transfer through DNA had gained traction and was studied by
several groups between 1999-2003 [23]-[27]. These studies targeted holes as the possible charge
carriers in the nucleic acids. In these experiments, the charge migrates between donor and acceptor

molecules connected to the two ends of a double strand DNA, as shown in Figure 1.12. They were
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able to demonstrate through transient-absorption spectroscopy that charge transfer in DNA can be
initiated via formation of a guanine radical cation, where G is chosen due to having the lowest IP.
The cation would then attract an electron from the next most oxidizable base (nearest G), creating
a hole movement throughout the DNA. Adenine and thymine act as barriers for hole movement
between the G bases as they have higher ionization potentials. Following the extensive
experimental and theoretical work in the years after, the transfer mechanism was found to depend
on the distance between the G bases. As the length of the AT base-pair (bp) barrier between the G
bases becomes > 3 bps, the transport mechanism was observed to change from coherent tunneling
into sequential hopping. Coherent tunneling is exponentially dependent on the length (distance
between donor and acceptor), while sequential hopping probability linearly decays as length

Increases.

Au

Au Au

Figure 1.12 The charge transport investigation schemes: Left & Middle Charge transfer, Right
is Charge transport. Left shows the electrochemical setup where a small donor molecule is attached
to the terminal of the strand, and the other end is attached to an acceptor. A laser pulse initiates
charge movement; charge transfer rates are measured using time-resolved spectroscopy. Middle
displays a similar setup; however, the acceptor is now a gold surface to measure the current and is
curve-fitted to yield charge transfer rate. Right Charge transport: conductance measurement setup,
the molecule is attached to two metal contacts on its two ends, and a bias is applied to measure the
current, conductance value is the output of this method.
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These results have prompted scientists and engineers to study charge transport of nucleic acids
from their perspective, using single molecule conductance measurements. In this setup, the nucleic
acid is bridging the gap between two electrodes, creating a metal-molecule-metal configuration
(Figure 1.12 right). A small bias is applied and the current flowing between the two electrodes via
the nucleic acid is measured accordingly. At the small bias regime, the conductance is linearly
proportional to the current, G = [/V. This method was initiated by Xu and Tao back in 2003 [28],
where they used the scanning tunneling microscopy break-junction (STM-BJ) technique to
measure conductance of a single molecule. The method involves a metal tip being brought into
contact with the molecule that is lying on a metal surface. The molecule is terminated on both of
its ends with linker groups that can covalently bond with both the metal surface and the tip. Hence,
bridging the gap between the tip and the surface and forming the metal-molecule-metal junction.
Conductance is then measured as the tip is slowly pulled away from the surface, which results in
a single molecule contact. The process is repeated thousands of times yielding conductance
histograms from which the molecule conductance may be extracted and analyzed. There are
different variations on how to form the metal-molecule-metal junction other than the STM-BJ,
such as conductive probe atomic force microscope break-junction (CPAFM-BJ)[29] which uses a
metal coated AFM tip instead of fully metallic tip. Another method is the mechanically controlled
break-junction (MCBJ)[30], [31] which has the metal electrodes on an elastic substrate, and by
bending the substrate the junction can either be brought into contact or broken, yielding single
molecule conductance accordingly. A nice summary of the break-junction methods can be found
in [32], displayed in Figure 1.13 (a-e). Furthermore, a different technique from the break-junction
was reported in [33], where Scanning Tunneling Spectroscopy (STS) was utilized to measure the

tunneling current flowing through nucleic acid bases. As shown in Figure 1.13 (f), the tip is brought
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within close proximity to the molecule, and the quantum tunneling current is measured via

scanning tunneling spectroscopy.

(b) BE Laser (C) :

STM tip

Gold coated probe '....

Py 0 )
@rta

Gold substrate
STM
(d) I (e) Functionalized point contacts (f) W i
: e 0 o LN STS over RNA

EEEe 7 3t

s LR L
R LA
‘ Au

Polyimide Au electrodes
Phosporous bronze

Figure 1.13 Single-molecule break-junction techniques. (a) Scanning tunneling microscope
break-junction (STM-BJ) technique; (b) Conductive probe atomic force microscope break-
junction (CPAFM-BJ) technique; (c) CPAFM-BJ involving nanoparticle capped DNA molecule.
(d) Mechanically controlled break-junction (MCBJ) technique; (e) Single-Walled carbon nanotube
(SWCNT) molecular junction. From references [32], [33].

1.4 CHARGE TRANSFER RATE VS CONDUCTANCE MEASUREMENTS

The transport properties of DNA are studied using charge transfer in isolated molecules in
solution (with metal contact to carry current) and charge transport where a DNA lies between metal
contact and a battery is connected between the metal contacts (Figure 1.12). The former is directly
related to the electrochemistry associated with the donor-DNA-acceptor setup that measures
charge transfer rates. The latter is due to the relation between charge transport and the zero bias
conductance as will be shown later in the methodology chapter. However, one may ask: what is
the difference between the measured transfer rates and conductance? And can we map the transfer

rates to estimate conductance?
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Venkatramani et al. [34] explored in depth the relationship between the electrochemical-based

charge transfer rates and conductance-based charge transport. It was found to follow a power-law

B
0
0 =0, X <—k ) K (1.1)

0
kL—O

where ¢ is the conductance, k° is the charge transfer rate, o,_o(k)_,) is the conductance
(charge transfer) at zero bridge length (i.e., no DNA is present between the donor and acceptor) ,
Bs(Bro) is the decay rate for conductance (charge transfer) with bridge length. The decay ratio
may cause nonlinearity in the relationship when S, # [0, and that is due to different factors

summarized as follows:

1) Changing the terminals from Donor-DNA-Acceptor into Contact-DNA-Contact electrodes
changes the energy barrier height for the charge to enter/exit the system as the metal work functions
may differ from the energy levels of the donor/acceptor molecules. Furthermore, the electrodes
provide a continuum of states which induces larger broadening into the DNA (in the electronic

device area, this is similar to Schottky barrier device physics).

2) Different experimental setups yield different geometry of the DNA, which affects the energy

levels distribution and the decoherence rates.

These factors contribute to making it difficult to directly map DNA conductance from charge

transfer rates. This thesis is primarily concerned with charge transport (metal-DNA-metal system).

Electrical measurements on DNA have been performed since 2000, yet it is still difficult to
have unified models that yield results close to experiment and are able to predict them. The

modeling of solid-state electronics has reached such maturity that nowadays many modeling tools
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are available for explaining experiments and predicting device behavior. However, for the nucleic

acids, there are several challenges that arise in the development of unified models.

1.5 CHALLENGES

Developing theoretical and computational models for charge transport through a metal-
molecule-metal configuration is essential in understanding the electrical properties of nucleic
acids, explaining experiments, and designing sequences/origami nanostructures with designer

current-voltage characteristic.

The basic setup for DNA-based electronics consists of two metal electrodes linked to a DNA
through linker groups. The linker groups are added to the two ends of a DNA strand to bind to the
metal contacts; they bridge the gap between the DNA molecule and the two electrodes. Also

surrounding the DNA molecule are the counterions as well as the solvent (water molecules).

Current

Figure 1.14 The metal-DNA-metal system, the double-strand structure is connected to two
metal contacts, the background color resembles the solvent environment.
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In order to model the conductance in a metal-DNA-metal structure, many variables affect the

process, and these are discussed below:

1) DNA molecule

DNA is a soft molecule, where sequence, length, and geometrical configurations have a
significant effect on the charge transport properties. There are a number of factors that differ in
modeling DNA’s electronic properties when compared to other material systems that we study,
such as, carbon nanotubes, graphene sheets, or nanoscale silicon nanowires, where the structure
is stiff and at least quasi-periodic. DNA sequence is a major factor, as there are in principle 4N
different sequences for N-long DNA strands, causing major differences in the resulting
conductance values. From a device perspective, this is due to the different lonization Potentials of
nucleotides (G, C, A, T, and U); the spatial distribution of energy levels of a non-periodic molecule
is also significantly affected by the sequence. Conformation changes also modify the energy

landscape of the DNA nanostructure, hence, changing the conductance.

2) The Environment

The DNA molecule is susceptible to the environment as a result of the large surface to volume
ratio[14]. This can cause (1) shift of energy levels and (ii) addition of new energy levels and (iii)
possibly doping, as a result of preparation protocols. In addition, conformation changes occur due
to the specifics of water and counterion components present around DNA (salt concentration,
ethanol to water ratio). A more general effect is also the melting temperature, which is the
temperature at which the ds-DNA is split into two single strands (a single strand may become a
random coil). The melting temperature of short double strands is a function of length and sequence,

and it is between 50-70 Celsius [35], [36].



19
3) DNA-Metal junction

The metal-molecule junction is created by a linker group. A linker group is a chemical group
that binds to the terminals of the molecule, DNA in this case. This helps in optimizing the bridge
between the DNA and the metal contacts by working as site specific anchoring groups while
providing efficient electronic coupling[37]. Although different metals can be used such as Au, Ag,
Pd, or Pt, gold contacts are the most commonly used in experiments due to their inertness[38],
[39]. Two linkers that are commonly used in DNA experiments are: amine groups (— NHz) and
thiol groups (— SH), with the latter being the most used linker for gold contacts as it forms a strong
S-Au covalent bond [40]. In molecular systems, the details of the metal-molecule interface affect
where the Fermi energy of the contact lies with respect to the energy levels of the molecule. Details
such as the geometry and orientation of the molecule affect the number of atoms adsorbed to the
contacts and modify the number of contact atoms at the metal-molecule interface. The materials
of the contact, the linker group, and the detailed configuration between them may affect the

coupling strength between the molecule and the electrodes.

The factors described contribute to the uncertainty surrounding experiments. Despite these
uncertainties, measuring DNA conductance yields worthy trends from a device perspective. These
trends have shown that different sequences, strand lengths, and conformations yield different
conductance values, varying the resistivity of the nucleic acids and classifying them as tunneling
barriers[41], [42], ohmic molecular wires[43], conductors [44], [45], or even wide bandgap

semiconductors[46].
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1.6  POTENTIAL APPLICATIONS FOR DNA

DNA has three important features: molecular recognition, self-assembly, and long charge
transport. Molecular recognition is the ability for a molecule to selectively bond with another
molecule. Self-assembly is the ability of a group of molecules to arrange themselves in a specific
order to form a supermolecule (molecules bonding together through non-covalent bonds).
Furthermore, experiments have found that ds-DNA exhibits charge transfer over large distances,
exceeding 34 nm [36]. Oligonucleotide synthesis, which is the process of synthesizing strands of
nucleic acids with designer sequences [47] is very well established and has high precision. These
important properties are suitable for creating molecular electronics using the bottom-up approach,

which is to create a functioning system composed of small building blocks.

DNA Origami: The molecular recognition and self-assembly properties exhibited by DNA
have been exploited by scientists to form complex structures known as DNA origami. It is the
process of using the selective bonding of DNA bases to connect multiple helices via crossovers,
to construct 2D or 3D nanostructures. Initially, Paul Rothemund constructed 2D origami structures
using a long single strand (ss) DNA as a scaffold [48], that folded at designated locations using
small complementary strands known as staple strands. An example is shown in Figure 1.15 (left)
where a ~900 bases ss-DNA is designed to fold within a specific path to create a 2D structure
(black line). The folding locations determine the crossover points, these crossovers connect the
helices by which a strand running along one helix switches to an adjacent helix and continues
there. The staple strands (colored lines) are designed to form exclusive complementary base-
pairing with the scaffold and create the crossovers, yielding the full 2D structure. Examples of

different DNA origami structures are displayed in Figure 1.15 (right).
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Figure 1.15 Left A sample 2D Origami design showing the scaffold (black line) and the staple
strands (colored) forming the crossovers and the folding locations. Right Examples of constructed
structures, top row shows the scaffolds, second row displays the bases, red is the first base, purple
is the 7000 base. Bottom two rows are AFM images. From reference [48].

Another DNA origami technique has been developed by Yonggang Ke et al. [49], [50]. This
technique utilizes self-assembly of short ss-DNA to form complex 3D structures. Here, DNA
bricks of 32 bases with four 8-base binding domains were created (see Figure 1.16 A). Each brick
contains a distinct base sequence with head and tail binding domains. The distinct sequences help
match DNA bricks via targeted head-to-tail complementary pairing. Each pairing between two
bricks forms a 90° angle as shown in Figure 1.16 B, thus creating LEGO-like blocks. Each block
is of 2.5x2.5x2.7 nm? in size. Almost any arbitrary 3D structure can be formed by this method as
shown in Figure 1.16 C where 3D shapes of (10x10x10) blocks are built. DNA origami shows a

promising bottom-up approach for building complex electrical devices and systems.
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Figure 1.16 3D DNA Origami. A Shows the building brick consisting of a single strand DNA
with head and tail binding domains. B Formation of 90° angle due to attachment of two bricks like
a LEGO block. C Examples of 3D structures that can be built using this technique. From reference
[50].
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As an example, Figure 1.17 (left) shows a schematic for an electrically readable memory
(ROM) device formed with DNA strands as active components. The side view in Figure 1.17
(right) shows DNA helix bundles (orange and green) that can be utilized as DNA nanowires. The
two nanowires read the conductance value of a double-strand (blue strands in Figure 1.17 right) in
between the orange and green wires at the crosspoints. To achieve a functioning device, the
development of tools to design and model the electrical and structural properties of these elements
are essential. For instance, engineering and controlling the conductance of the DNA strands, as

well as understanding the DNA-electrode and substrate interface will be crucial.
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Figure 1.17 DNA ROM device. Left Top view of the ROM device formed by DNA nanowires
interfacing with conventional semiconductor technology. Right Side view of the DNA memory
element, the two nanowires are helix bundles, with the memory value saved on the short double-
strands (blue) crossing them. By engineering the conductance value of the double-strand, different
values can be read, forming the bits of the memory device. Unpublished figure provided by M. P.
Anantram, used with permission in this document [PCT/US2019/041396].

Spanning the last 15 years, experiments have demonstrated that the effect of small changes in
DNA can be captured through the electrical conductance measurements. DNA base mismatches
[51], chemical modifications in DNA bases [52]-[54], and solvent environment effects on
structure conformation can all modify the electronic structure and coupling between DNA bases
which affects the conductance [13], [55], [56]. Therefore, by tuning and controlling these factors,
applications in electronics, sensors, and sequencing techniques are being studied. In terms of

electronics: Spin specific electron conductor [57], [58], spin filter [59], double-barrier resonant
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tunneling structure [56], negative differential resistance [60], DNA doping by intercalation [61],
[62], and gate-controlled switch [63][41] are some of the structures studied. Furthermore, DNA in
FET structures has been used as an insulator [64], charge injection layer [65], or charge trapping
layer [66]. Related to this work is the creation of nanostructures where DNA serves as a template

on which semiconductor and metal particles adsorb [67].

It is well known that several diseases including cancer have been attributed to nucleotide
mutations [68]. This causes a change in the electronic properties of the mutated DNA strand [54],
[69], [70]. Thus, disease detection through electrical conductance measurements of short DNA

strands with mutated nucleotides might become viable one day.

DNA sequencing [71] is another area where emerging techniques using conductance have been
proposed [72]-[74]. Sequencing of DNA has gone through three main phases; the first phase
consisted of using Sanger’s method in which the DNA segments are amplified (multiplied) via
bacterial multiplication and sent through different tubes to interact with different identifier bases,
such that when the segment passes through the gel, it gets separated based on size. Next generation
techniques focused on methods to multiplex so that the sequencing process can be parallelized. In
addition, the amplification technique has gone in vitro (does not use living organisms), such as the
well-established polymerase chain reaction (PCR). Third generation sequencing, which is of
interest here, consists of several methods: optical measurements (Pacific Bioscience-PacBio),
ionic current measurements, and transverse electrical current measurements via nanopores [72]
(Oxford Nanopore Technology-ONT). When a single-stranded DNA passes through a nanopore,
the difference in the electronic properties of the nucleotides passing through can provide a
signature ionic/electronic current. Another emerging technology in DNA sequencing is the Ion

Torrent which uses an ISFET pH sensor that measures the change in pH level and converts it into
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voltage [73], [74](ThermoFisher, and Roswell Biotechnologies). Briefly describing the process,

the DNA sequence is broken into smaller chunks, each chunk is attached to a bead, and the beads
occupy their own small wells. Once a well is filled with a specific nucleotide, the added nucleotide
will combine with its exclusive complementary pair found on the bead. Hence, releasing a
hydrogen ion in the process and changing the pH level of the well. The pH sensor then converts
this change into voltage, signaling the existence of the complementary base. What makes third
generation a step up in the sequencing techniques is that it is faster, offers the ability to work on a

single-molecule, and does not require PCR amplification as in the previous two generations.

Figure 1.18 Third generation sequencing techniques. Left Measuring the electric current
fluctuations with respect to the base occupying the nanopore of the surface [72]. Right
Displaying the bead and the ISFET structure for the Ion Torrent technique [73].

1.7  PREVIOUS WORK

When compared to regular solid-state electronics, the main differences in DNA electronics
arise from the large distance between the building blocks (bases) and the fluctuating nature of the
underlying Hamiltonian, both due to their interaction with the solvent environment and lack of

covalent bonding between bases. This leads to uncertainties when modeling their behavior [75]:
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the geometry of the molecule changes with time, and so do the atomic details of the molecule-
contact interface. The fluctuations affect the distance between the atoms/molecules and thus
change the electronic coupling between the molecular orbitals of the system, which in turn affect
their charge transport properties. As for the molecule-contact interface, on the atomic scale, this
changes how many atoms are in actual contact with the electrode, and how strong the coupling to
the electrode is. In addition, the location of the Fermi energy can vary depending on the details of
the atom-molecule contact. Previous work has shown that length and DNA sequence affects charge
transport, going from coherent tunneling, to sequential hopping, and even an intermediate regime
between coherent and decoherent transport [76], [77]. There still exists differences between theory

and experiment, prompting different models to appear which try to incorporate more physics.

Modeling of charge transport through nucleic acids in the contact-molecule-contact system had
initially started as coherent based tunneling transport. Within that limit, the intrinsic properties of

the DNA were explored under simplifying assumptions, such as:

1) No Backbone structure: Only using the bases of the nucleotide, or
2) Idealized structure: Neglecting structure fluctuations caused by the environment

(temperature, water, counterions)

with the Landauer-Biittiker formalism being the prominent approach to calculate the coherent
transport properties [56], [76], [78]-[80]. However, the assumptions made were deemed
oversimplifying to study the actual system and explain experiments. Especially, since it was found
that as the length of the strand becomes longer, the environmental effects and the fluctuating nature
of DNA play an important role. Electron would lose phase information, making the decoherent

regime (sequential hopping) more important; thus, is more likely that transport is in an intermediate
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phase between the coherent and decoherent limits [76], [81], [82]. In modeling the charge transport

in DNA, it is important to consider:

1) Decoherent Transport: As the length of the strand increases, the phase-breaking scattering
events become significant. Therefore, one cannot disregard the decoherent transport
mechanism.

2) Time Evolution of the Structure: The DNA is a soft molecule, constantly fluctuating due
to the interaction with the solvent and surrounding counterions. These fluctuations affect
the energy levels, hence changing the resulting electronic coupling as well as the energy

distribution of the molecular orbitals.

Several approaches are reported in literature to account for these factors in charge transport:
dissipative phonon-bath technique [83], [84], solving time-dependent equations that account for
the variation in the energy levels of DNA bases with time [76], vibronic dephasing [85], [86],
electron-phonon interactions [87] and the phenomenological Biittiker-Probes method [81], [82].
However, most of these models suffer from size limitations as they usually have high
computational costs due to the added complexity in theory. These computationally intensive
methods to include coupling to a phonon/vibronic bath include only a few energy levels on the
DNA bases (having one to three energy levels per molecule). Although these models can
qualitatively describe charge transport in DNA, using the full Hamiltonian from quantum
mechanical calculations is important to explain the impact of small modifications to the DNA such
as methylation [54], single nucleotide mismatches [51], and intercalation [88] on the charge
transport. Therefore, adapting these models on relatively large ds-DNA systems of more than ten
base pairs -which have more than 800 atoms- is currently unfeasible. One prominent model uses

Biittiker probes to capture decoherence. These probes are physically modeled as self-energies in a
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Green’s function formalism, which is used to calculate the conductance [81], [89], [90]. While the
method is quantum mechanical, it treats decoherence in a phenomenological manner. This model
can in principle account for phase breaking processes that are both elastic and inelastic and has

been applied successfully in modeling other systems.

As for the time evolution of the structure, molecular dynamics (MD) simulations were
introduced as a step prior to the transport calculation to include the effect of the environment on
the structure. This yields the time evolution of atomic locations and results in a time varying
electronic energy level distribution, thus varying the conductance profile. The MD simulations
would produce many structures over the simulation time, which may go up to the microsecond
range. Some groups take snapshots at every time step within the femtosecond range and the
transmission would then be calculated per snapshot [91], [92]. Others would use statistical methods
to extract the averaged energy distribution and the coupling parameters of the DNA strand from
MD, and then calculate a conductance value [76], [93]. An interesting observation was made when
studying the time evolution of the energy levels of the system. MD results have shown that the
molecular orbitals (on-site potential) fluctuate and have a near Gaussian distribution. This is an
important result as one of the main effects of the decoherence probe method is to broaden the on-

site potentials yielding a Lorentzian shape.

The inclusion of the DNA solvent and counterions into charge transport modeling has started
a debate on how the environment affects the transport process. Esther Conwell [94] has been an
advocate for having the polarons as the main factor affecting charge transport in solvent. Polaron
appears when a charge is moving in a polarizable medium, where two scenarios have been
suggested in DNA case: 1) structural changes accompanying charge transfer through the bases,

where the change in charge density on one base would create polarization of its neighboring bases,
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and hence creates changes in the spacing and m-coupling between them. 2) Environmental
polarization, where water and counterions are affected by charge transfer. Thus, resulting in the
shifting of energy levels surrounding the occupied state. One outcome of this model is that due to
polaronic effects, the hole wavefunction is delocalized over several bases, yielding high
transmission rates over long DNA strands [95]. On the other hand, Voityuk has published a
theoretical analysis showing that polarons due to solvent polarization would cause localization
rather than delocalization of the wavefunction [96]. Both Conwell and Voityuk use the same
arguments in their favor, which adds to the confusion: The factors affecting
localization/delocalization: 1) Polarization of surroundings, 2) internal organization of base-pairs,
and 3) dephasing due to geometrical fluctuations of the DNA strands. An interesting comment
made by Genereux and Barton in [97] is that the theoretical work in support of Voityuk mainly
focused on averaged structures from MD simulations. As such, the delocalization supported by
Conwell could be the result of configurations that occur only occasionally. In this thesis, our charge
transport model considers the Born-Oppenheimer approximation (BOA). We keep the DNA
coordinates fixed while doing the charge transport calculations and do not include the
reorganization of the molecule. Our calculations exhibit both cases in which an energy level can
be localized at a particular base (or base-pair) or distributed over multiple base-pairs, depending
on the DNA sequence and conformation. In addition, the decoherence model induces energy level
broadening that extends the overlap of these energy levels with respect to each other, increasing

the transmission as a result.



29
Chapter 2. METHODOLOGY

The overall scheme of our work to simulate charge transport through nucleic acid structures is
presented in Figure 2.1. First, MD simulations are carried out to include environment effect on the
structure’s geometry. It is important to note that only the DNA strand with water and counterions
are included, and the contact electrodes are not included. Next, a representative structure is
extracted to resemble the most-likely configuration, to be used for the following step. After
removing solvent molecules and counterions (usually water and Na®), a static structure serves as
the input to density functional theory (DFT) calculations. We use Gaussian 16 [98] for this step,
which produces the system Hamiltonian. Lastly, this Hamiltonian is used as an input for the
transport calculation step which yields the transmission, conductance, and current-voltage
characteristics of the strand. In this chapter, a brief background including the governing equations
for MD and DFT are described first, then the charge transport model is described in full detail. The
calculations in this thesis focus on steps 2 and 3 as the MD part is mainly done through

collaborators (see acknowledgment section for further details).
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Molecular Dynamics
AMBER/CHARMM Generates The Structure (environment

effects on molecule)

Density Functional Theory

Gaussian 16 Generates System Hamiltonian

Green'’s Function + Bittiker Probes (Decoherence)

Figure 2.1 Flow chart of the simulation method, which consists of 1) MD simulations,
followed by 2) DFT, and 3) Green’s function approach with Biittiker probes.

2.1 MD

In MD simulations, the goal is to observe macroscopic variables of a system of particles
(atoms/molecules) by obeying microscopic laws. By adding system constraints on some of the
observables such as volume (V), temperature (T), pressure (P), total energy (U), or number of
particles (N), the system can evolve with time. Simulating over a large period creates a statistical
ensemble by which all microstates can be observed, this is known as the Ergodic hypothesis. The
main outcome of this simulation is the geometrical rearrangement of atoms with time as they

interact with each other.

Force fields (FF) are used to constitute the microscopic laws that capture the dependence of
the system energy on the coordinates of its particles [99]. A force field is an analytical expression

of the potential energy, which is separated into two categories

U = Upondgea + Unonbondea (2-1)
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where Upynqeq 1S the bonded potential, and Uy, o npondeq 1S the nonbonded potential. The bonded

potential resembles the covalently bonded atoms, and it consists of 4 terms

Ubonded = Ubond + Uangles + Utorsion + Uimproper (2~2)

where each term describes the intramolecular contributions to the total energy: bond stretching,
angle bending, dihedral angle torsion, and improper inversion. As for the nonbonded term, it

consists of two main contributions

Unonbona = Uee + Uypw (2.3)

where U,, = ), 9 is the Coulomb repulsion representing the electrostatic interaction, and
ee ATTEYT j

Uypw 1s the Van der Waals interaction, which is a dispersion force that resembles the effect of
instantaneous change in electron position and how it creates a local dipole on the atom, inducing
neighboring dipole on its surrounding atoms. Force fields may be generated using ab initio
methods, semi-empirical quantum mechanical calculations, or by fitting to experimental data.

Thus, they should be carefully used as per the system under study.
The main equation solved in MD is Newton’s law of motion per atom i

Av; A?7;
Fi =m;a; = m; A_tl =m; ATtl (24)

the force (F;) can also be defined as the negative of the gradient of the potential,

F=m—=-vU (2.5)
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with U defined based on the chosen FF. Starting from an initial position and velocity of the
atoms, the new position at the next time step is solved for accordingly. The simplified treatment
of the atomic interactions makes it possible to simulate systems containing up to 3 million atoms
and reach the microsecond range of simulation time [100]. However, the choice of FF and system

constraints plays an important role in obtaining sensible results.

22 DFT

In studying nanoscale systems, the Hamiltonian resembles the essential part for understanding
the electronic structure. It contains the electronic energy levels of the system, as well as the
coupling between these levels. These two properties are what defines charge transport through the
structure. One of the main methods to find the Hamiltonian is an ab initio calculation. Ab initio
methods consist of obtaining the electronic structure of a system by solving Schrodinger’s equation
using some approximations, but without parameter fitting to the extent seen in the MD approach.

The time-independent Schrodinger’s equation is

HY(R, 1) = E¥(R 1) (2.6)

where H is the Hamiltonian of the many-body system, ¥ is the many-body wavefunction, R is
the position of the nuclei, r is the position of electrons, and E is the total energy of the system. It
is exceedingly difficult to solve the coupled equation. Hence, the Born-Oppenheimer
approximation is applied where it states that the relative nuclei motion is much slower than the
electrons in the system since the protons present in the nuclei make it a much heavier particle than
the electron. With this approximation, the wavefunction can be decoupled into a product of nuclear

and electronic wavefunctions, and the electronic Hamiltonian can be written as [174]
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D Ve () @7)

where the first term resembles the kinetic energy, the second term is the electron-electron
interaction, and the third term is the external potential, usually related to the interaction of electrons

with the surrounding nuclei,

M
Za

- (2.8)
o~ Ry — 7|

Vext () =
with Z, the charge of the nucleus A, and the denominator is the distance between the electron

and the nucleus.

The electron-electron interaction is the most problematic term when solving the N-particle
equation, as it requires to solve a 3N-dimensional differential equations (3 is for the 3D
coordinates). The many body problem has been approached by several simplifying methods, with
Hartree Fock (HF) and Kohn-Sham theories the most famous ones. The basic idea of these
approaches is to choose suitable non-interacting electron wavefunctions (orbitals) that can simulate
the behavior of the full interacting system. HF uses the Slater determinants expansion to represent
the orbitals, with a correction term added later by post-HF methods such as Moller-Plesset
perturbation theory (MP2,MP3...,MP6) and Coupled Cluster (CCSD) to represent the electron-

electron interaction, called the correlation term.

On the other hand, the Kohn-Sham approach, also commonly known as density functional
theory (DFT), is based on two theorems: 1) the ground state of a system depends on the electron

density, and 2) the electron density that minimizes the energy of the system is the exact density of
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the full N-particle interacting system. Therefore, by finding the non-interacting wavefunctions that
can yield a good approximation of the exact density, we can solve the N-particle Schrodinger
equation using the 1-particle system approach. Within this formalism, we get the single-particle

Kohn-Sham equation
hz
l— %VZ + Veff(r)l Yi(r) = (1) (2.9)

with the effective potential being,

Vors () = Vere ) + [ LE50 a4 Wi lp(r) @.10)

|r

the second term is the electron-electron Coulomb repulsion, with the density p(r) =
N [w;(™)]?, and the third term resembles the exchange-correlation (XC) potential. The XC

potential is a functional of electron density, and includes the effect of electron correlation,

SExclp(r)]
Viclp()] = %~

DFT helps transform the N-particle wavefunction problem into a single-particle equation,
significantly reducing the complexity. Furthermore, DFT adds a modifying term -Vy.- to the
Hamiltonian to yield the correct density of the ground-state system. However, this term is
unknown, and therefore different functionals were derived over the years for different systems.
Functionals such as the local-density approximation (LDA), the local spin-density approximation
(LSDA), and the generalized gradient approximation (GGA) are widely used in modeling
inorganic periodic materials. However, hybrid functionals are more commonly used for organic

aperiodic systems such as the well-established Becke, 3-parameter, Lee-Yang-Parr (B3LYP)
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functional. The “hybrid” term comes from using a mixture (linear combination) of Hartree Fock

exchange energy with Kohn-Sham exchange-correlation functionals.

After defining the functional for the system under study, the DFT self-consistently solves for
the minimized energy level by first guessing the electron density, this yields the effective potential.
Then the eigenvalue problem is solved, and a new density is calculated, yielding a new effective
potential. The calculation converges when there are no changes in the output between the cycles.
Different packages are available that employ DFT, such as SIESTA[102], VASP[103], Quantum
Espresso[104], ADF[105], and Gaussian 16 [98]. In my work, I mainly use the Gaussian 16

package for the DFT calculations.

As one may notice, the ab initio approaches are more complex and computationally expensive
than MD simulation, DFT is limited to less than 2500 atoms per run. Thus, in the DFT step of our
methodology, the water molecules and counterions are removed from the system under study, only

keeping the strand.

2.2.1 DFT With B3LYP/6-31G(d,p)

In studying charge transport through DNA, the ionization potential (IP) of the DNA bases or
nucleotides is a figure of merit to compare between the quantum-mechanical calculation methods.
In this current work, we use B3LYP functional with the 6-31G(d,p) basis set. This functional has
been used before to calculate the ionization potential of nucleobases, either as a main calculation
method [21], [106], or as part of methods comparison and benchmarking [107], [108]. These
calculations demonstrated that B3LYP/6-31G(d,p) yields the correct trend as experiments, with an
offset in values of about 300 meV [107]. Other computationally more expensive methods such as

CCSDJ[106]and MP2[18] have been proposed to give more accurate ionization potential results,
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but what makes B3LYP/6-31G(d,p) a method of choice is its relatively low computational cost and
relatively good accuracy. In addition, Felix and Voityuk [109] benchmarked the performance of
DFT functionals for hole transfer parameters in DNA. They used the smallest basis set for atomic
orbital polarizability (the 6-31G(d) basis set). They found that hybrid functionals such as B3LYP
have better accuracy than nonhybrid functionals. We use the 6-31G(d,p) in our calculations, which
further adds the p-type polarization to the hydrogen atoms better to describe the hydrogen bonds
present in the DNA base-pairs. Moreover, ab-initio studies have shown that the polarizability of
the solvent that surrounds the molecule is essential to obtain the correct energy levels and IP [18],
[110]-[112]. The Polarizable Continuum Model (PCM) implemented in Gaussian 16 adequately
accounts for the dielectric constant of the solvent and the associated screening of charge. For
example, Slavicek et al. [18] have shown that modeling water through PCM yields DNA IP results
that directly correlate with photoelectron spectroscopy measurements without the need to include

explicit water molecules.

To display the performance of B3LYP/6-31G(d,p), I present next a comparison with literature
for vertical IP (VIP) calculations and adiabatic IP of DNA bases and base-pairs. We ran
calculations for DNA bases (C,G,A, and T) in water solvent using the PCM model, and in gas
phase. Furthermore, the bases were studied with and without backbone (terminating the base with

a hydrogen atom), using DFT with B3LYP/6-31G(d,p) in Gaussian 16.

VIP is attributed to the experimental photoluminescence results [18]. Theoretically, VIP can

be calculated through the following equation:

VIP = Eq_1 — Eneutrai (2.11)
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where E,_; is the total energy of the ionized molecule (missing one electron) and the atoms

are in the same geometry as the neutral molecule, and E,,,,+r4; 1S the total energy of the neutral
molecule. The structures were generated using the nucleic acid builder (NAB) tool provided in
AMBER package [100]. No structure optimizations were done, as it was single point calculation,
only the positions of Na counterions -when added- were optimized with respect to the backbone.
The difference in calculating VIP and adiabatic IP in Gaussian 16 revolves around the solvent
reaction field in the PCM method used. For VIP calculation, the method is called nonequilibrium
PCM (NEPCM) and the calculation protocol can be found in Gaussian documentation [113]. In
this approach, the solvent reaction field for the second step (ionized molecule) is loaded from the
initial calculation (neutral molecule). This ensures that the solvent remains fixed as vertical

ionization takes place. As for the adiabatic IP, the use of regular PCM method yields this value.

The main results are summarized in Table 2-1. The calculated VIP values using the DFT
method are lower than the values of the other methods reported in the literature, which is expected
as DFT underestimates the HOMO-LUMO gap. Moreover, the gas-phase calculations for DNA
bases (no BB) are off by ~500 meV from the range of the experiments, and the trend is T>C>A>G
which agrees with the literature. The other interesting result is seen in the VIP (labeled NEPCM),
as the trend changes to C>T>A>QG. This result shows that VIP of cytosine overtakes thymine in
the trend, even by less than 40 meV. PMP2 results found in [18] as well as DFT-BMK/6-31+G*
in [111] agree with this finding (the latter is included between brackets in the table). Hence, the

B3LYP/6-31G(d,p) is a viable option for studying nucleic acid structures.
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Table 2-1 Vertical IP comparison between DFT-B3LYP functional with other methods and
experiments reported in literature.

B3LYP/6-31G(d,p) Experiment
(DFT-BMK/6-31+G* from [111]) (eV) (eV) [106]
Nucleobase Water (NEPCM) Gas-Phase Gas-Phase Gas Phase
(BDNA) BB BB + Na No BB No BB
A 6.91 (7.53) 7.2963 8.05 (8.34) 8.3-8.5
T 6.97 (7.77) 7.599 8.67 (9.09) 9.0-9.2
G 6.57 (7.23) 6.8439 7.50 (8.08) 8.0-8.3
C 7.02 (7.83) 7.3466 8.20 (8.78) 8.8-9.0
Trend C>T>A>G T>C>A>G T>C>A>G T>C>A>G

2.3  TRANSPORT MODEL

One of the most studied inelastic mechanisms is the electron-phonon interaction that is usually
modeled within the well-established Non-Equilibrium Green’s Function (NEGF) formalism
[114]-[116]. However, in DNA strands, we find that this method fails because the electron-phonon
interaction cannot be treated by first-order approximation perturbation theory as the Hamiltonian
has terms comparable in magnitude to A times the scattering rates [78]. The details of the NEGF
method testing can be seen in Chapter Chapter 4. For weakly-coupled systems, other methods have
been proposed [78], [87], [117] but they are infeasible for structures such as DNA, which have a

large number of atoms.
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This has led us to use the scattering theory approach to include elastic and inelastic scattering
with Biittiker probes [81], [118]. While the method is quantum mechanical, it treats decoherence
in a phenomenological manner. Biittiker probes are fictitious probes that mimic the scattering
event for an electron by drawing the scenario that an electron enters the probe, gets scattered
(elastically or inelastically), and then gets re-injected into the system (see Figure 2.2). The model
has been able to qualitatively explain experiments and describe different charge transport
mechanisms through DNA [51], [77], [81], [90], [119], [120]. These probes can include the effect
of decoherence where the energy of the electron does not change but phase information is lost
(elastic scattering). They can also incorporate energy loss/gain (inelastic scattering) while
traversing the system due to electron interaction with phonons or photons [121]. This model can
capture multiple physical phenomena with an engineering-oriented approach using an appropriate
set of decoherence parameters. This parameter is related to the average scattering time in which
an electron loses its phase information or energy while residing at an energy level in the ds-DNA
system. The shortcoming of this model, however, is that it does not include different phonon

modes.

In most of the models mentioned previously, the electrode atoms are not explicitly included in
the simulations due to the complex geometry of the electrode tip and the computational cost of
including even a small cluster of metal atoms. Thus, the effect of contact atoms is included as a
self-energy term that is added to the system Hamiltonian (the Hamiltonian represents the on-site

energies and electronic coupling of the molecular orbitals of the system).
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Figure 2.2 The Biittiker probe decoherence model. Each layer can be defined to represent an
atom, a molecule, or a molecular group. The fictitious probes (green) are attached to each layer in
the system and are represented by chemical potentials and scattering rates. Metal contacts at the
terminals are represented by self-energy matrices (see text).

The converged DFT calculations result in the Fock (F) and overlap (S) matrices, which are
then used as input in the charge transport calculations. We implement a Lowdin transformation to

obtain the Hamiltonian (H;) in an orthogonal basis set
1
Hy= Sz2FS2 (2.12)

The Hamiltonian of the DNA (bases and backbone) can be expressed as

Hy = HY + HOP (2.13)
Hp = Z €ai Cayi Cari
o5, (2.14)
i=1-Npna
HYP = Z taisar (C;'i cq'j+H.C)
a:l—)bi (215)
a"=1—>b]'
i,j=1-NpNa

Here, €, ; stands for the on-site energy a of the i atom, ¢t and c are the creation and

annihilation operators, respectively. t, ;4 ; 18 the hopping parameter between orbital a at atom i
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and orbital @' at atom j, and H. c is the Hermitian conjugate. b; is the number of basis functions

(or states) representing atom i, Npy4 is the total number of atoms in the DNA strand.

In terms of matrices, one can think of HY (HJP) as a diagonal (off-diagonal) matrix. The
diagonal elements of H, represent the energy levels at each atomic orbital, and the off-diagonal

elements correspond to the hopping parameter between them. The size of the Hamiltonian H,,

corresponds to the total number of basis functions in the system (Zévfl""“ b; X Z;Vfl” Ab)).

We then partition the DNA into blocks to apply decoherence at each block. The idea behind
the partitioning is to how we perceive the electron traveling through the DNA system as it interacts
with the environment and loses phase information or energy. DNA is not a crystalline material
with identical repeating unit cells. The ds-DNA typically has a HOMO-LUMO gap of 3~4 eV and
hopping parameter between its nearest neighbor base-pairs of 10-100 meV [78], [122], [123]. We
can thus consider the DNA as a weakly-coupled wide bandgap semiconductor. The DNA
sequence, the unique molecular orbitals, and the weak coupling properties give rise to energy
barriers for charge transport. In this thesis, the partitioning scheme is considered nucleotide

partitioning, unless indicated otherwise.

We show an example of a nucleotide (backbone + base) partitioning scheme in Figure 2.3a.
We apply a unitary transformation using the eigenvectors of each partition. This partitioning

transforms the original Hamiltonian H, into a block diagonal matrix H,

H=U'H,U (2.16)

where the diagonal blocks of H are now diagonal matrices (see the matrix in Figure 2.3b). The

diagonal elements of the diagonal blocks represent the eigenvalues of that block (or partition). The
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off-diagonal blocks of H represent the electronic coupling between the molecular orbitals of the
blocks. The size of each diagonal block of H is equal to the total number of basis functions (0,,)

used to represent the atoms in the block (or partition) m,

0, = z b; 2.17)

where N, is the total number of atoms in partition m. The matrix U to accomplish the unitary

transformation is

[u; 0 0
0 wu,
U= : ", (2.18)
... O
L 0 0 uy

where, u,, is a diagonal sub-matrix consisting of the eigenvectors of partition m, and it has the
size of (O, X Oy,). N is the total number of partitions in the DNA strand. Note that in the case of
atomic partitioning, N will be the total number of afoms in the DNA, whereas it becomes the total

number of nucleotides for the nucleotide partitioning.

The redefined Hamiltonian H in second quantized notation is given by:

H = HP + HOP (2.19)
HP = €xm c;rm Crem
k=1-0., , (2.20)

m=1-N
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HOD = Z tk,m—>k',m' (C;m Ckl,m’ + H. C)
k=1-0., (2.21)

I —
k —1—>0ml
m#m'/=1-N

where €, ,,, is the k' on-site energy (molecular orbital) of the m™ block, and t, ., ., ., is the
km gy km—-kr,m

interaction between the k™™ molecular orbital of the m™ block with the k' molecular orbital of the

m'™ block.

b)
f
D oD oD
H; Him Hin
D oD oD
Hm—l Hm—l,m Hm—l,m+1
opt opt D oD oD
Hpl\ HR? m Hp, Hym+1 Hp'y
opt opt D
Hm—l,m+1 Hm,m+1 Hm+1
opt opt D
Hin Hnn Hy
.

Figure 2.3 a) Schematic of the charge transport calculations setup. The ds-DNA is connected
to two electrodes through the 3’- and 5°- ends (nucleotides colored in yellow). The two partitions
colored in yellow define the contacts self-energy locations at the 3’- and 5’-end nucleotides. The
other two alternating colors of the DNA nucleotides resemble the partitioning scheme considered
in the decoherent transport model. b) The Hamiltonian H after the partitioning into blocks. The
diagonal blocks contain the on-site potentials of each partition, and the off-diagonal blocks contain
the coupling between the partitions (in green and blue, where blue is the transpose of the green).
The highlighted partition m in red is to help guide the reader to its row and column. The green (or
blue) portion of the mth row and column contains the coupling between partition m with all the
other partitions in the system.

The Hamiltonian H defined by equation (2.19) above is used to find the retarded Green’s

function (G") of the DNA by including both the self-energies due to decoherence and the contacts,
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where E is the energy. 2 gy is the left (right) contact self-energy, which represents the coupling
of the DNA to the left (right) contacts through which electrons enter and leave the DNA (Figure
2.3a). The self-energy for decoherence is represented by 2. Both contacts and decoherence self-
energies are diagonal matrices, which means they are only coupled to HP(the molecular orbitals)
in equation (2.19). We implement the self-energies in accordance with the partitioning scheme;
each decohrence probe is connected to a block, while leaving two blocks to be connected to the
contacts self-energies. This implementation creates Ny = N — 2 decoherence probes. The matrix

representation of the decoherence self-energy is

ZBmm’ (k' k,) = Zk akk' 5mm’ 23
g, =0 (2.23)
ZBR,R - 0

fmm' eN:1 <m,m’ < N}
{k,k' EN:1 <k, k' <0,,}

where g, represents the subblock of Xy as per the partitioning scheme. At each diagonal
block Xg = = X 8, the diagonal element X, represents the decoherence self-energy associated

with molecular orbital k of block m. Here, §,,,,,,» and &,/ create nonzero diagonal elements only

at the molecular orbitals of block m. Hence, only the diagonal blocks Xg_ = have nonzero diagonal

matrices of size (B, X By,). Xp resemble the two contact blocks that do not have
L,L(R,R)

decoherence probes attached to them.
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To model decoherence, we consider both the real and imaginary parts of the self-energy,

Y5(E) = Re[Zg(E)] + i X Im[Z5(E)] (2.24)

where i is the imaginary unit v/(—1). The real part is a measure of an energy-dependent shift in
the on-site potential (molecular orbital) of the DNA. The imaginary part of the self-energy is a
measure of electron flow between the DNA and decoherence probe. Both parts are related to each

other by the Kramers-Kronig relation [124],

1 IM dE' (2.25)

Re[Za(E)] =—P | ——+

where P is the Cauchy principal value. We define the imaginary part at each diagonal element as

_ l—‘k,m (E )

Im[35(E)] = -2

S Syt (2.26)

where [ ,, represents the coupling strength between the probe at block m and the molecular orbital

k in that block. We note that we omitted the indices of the left-hand side for clarity.

In the energy-dependent (E-dep) treatment, we define [}, to have an exponential decay

factor as a function of energy (E') at each molecular orbital € ,,

om(E) = Ty x exp |~ Z=cknl] 2.27)

where A is an exponential decay parameter.

The energy-independent (E-indep) decoherence model corresponds to having A = ooin
equation (2.27), which makes I} ,,(E) = I'z, energy independent. Substituting this into (2.25)

gives,
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dE’ (2.28)

s E'—E

Ig
Re[£g(E)] = -2 P f

That is, the real part of the self-energy is zero if the imaginary part is a constant independent

of energy.

Regarding the self-energy of the contacts, we used the wide-band limit (WBL), which
ignores the real part of the matrices and treats them as energy independent parameters. This
approximation stands when the DOS is almost a constant throughout the metal, which is true for

gold [125]. Thus, it is treated as an energy-independent coupling parameter and is defined as,

akk' 5mml ) m, m’ = L(R) (229)

After setting up the Green’s function equation (2.22), the density of states at block m and
energy E can be computed by extracting the corresponding diagonal elements of the retarded
Green’s function

_ Im|diag(Gy,())] (2.30)
T

DOS(m,E) =

We will now discuss some detail of the model for decoherence following reference [118],

[126]. In the low-bias regime, the current at the m" probe is

Iy =21 J22 T B fin (B) = fu(EDMAE = [*7 Ju (E)AE (2.31)

n=1

2
Iy = 2301 Tl — ], m:1 - N (2.32)
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Tn (E) = Tr[(=2 X Im[Z5 (E)lmm) X G X (=2 X Im[Z5(E)]pn) X GEm] (2.33)

where q is the elementary charge, h is the Planck’s constant, T}, is the transmission between

the mt" and n'"® probes, and G* = (G")' is the advanced Green’s function. f,,(E) =

_ -1
[1 + exp (E :Tfm)] is the Fermi distribution, and J,,, (E) is the current at probe m and energy E.

In equation (2.33), the terms in parentheses correspond to the coupling strength to the contact or
the decoherence probes (as per equations (2.26) and (2.29)). In this thesis, we calculate the

transmission at room temperature, thus kT = 0.0259 eV.

2.3.1 Elastic (Dephasing) Decoherence Probe

The main impact of including decoherence probes is to broaden the energy levels as illustrated
in Figure 2.4. The elastic model has been previously developed in our group by Jianqing Qi [81],
where it only allows for electrons to scatter and lose phase information. The main condition to
implement it here is that the current at each energy of each decoherence probe should be zero,

Jm(E) = 0. This yields Ny independent equations from which the following relation can be derived

m=1

N —
== (X0 Wit Tg ) (g — 1), =1 Ny (234)

here, W,;;} is the inverse of W, = (1 — Ry )Omn — Tnn(1 — 8mn), Where Ry, is the
reflection probability at probe m, and is given by R, = 1 — XN ., To. The currents at the left
(1) and right (1) obey the relation I; + I = 0. This yields the equation for the current at the left

contact as

2
I, = Tq eff(.uL — Ug) (2.35)
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Comparing equations (2.32) to (2.35) yields the effective transmission term as

Np

Terr = Tir + Z TymWon Tnr (2.36)
mn

where the first term is the coherent transmission from the left electrode to the right electrode. The
second term is the decoherence contribution into the transmission via the decoherence probes. The

low-bias conductance as a function of Fermi energy (Er) is calculated as

G(Ey) = 22 [ dE T,z (5) LEED (2.37)

2.3.2  Inelastic (Energy-Exchange) Decoherence Probe

In the inelastic model, the electron can scatter and lose/gain energy in the process. This results
in electrons entering and exiting the system with different current distributions J,,,(E). The main
difference in implementing inelastic scattering lies in the current condition. Here, the total
integrated current at each decoherence probe must equal to zero, but not at each energy point

(compared to elastic condition of J,,,(E) = 0), that is

2q e "
Iy = TZ f _ TanEfin(E) ~ fo(EDVAE = f _m(E)E =0 (2.38)

m=1.23,..., Ny

where the Fermi distribution functions at each probe m are defined by the chemical potentials y;,
which we now solve for iteratively to satisfy the condition in equation (2.38). In this model, the
condition yields Nz number of nonlinear equations, which are solved via the Newton-Raphson

method [115], [121]



49

o onqy T
t M duy dun, I
H :H Y O H 239
Hnplipryr  LHNb Ly, Oy .. Oy In, itr
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where itr is the iteration number, and 0 < @ < 1 is a pre-factor that helps with achieving
convergence if the default updating step was too large. Convergence can be achieved using an

initial guess of linear ramp for each chemical potential within the bias range Erp < p; < Ef,
where Erp < Ef;. The convergence criteria are met when the leakage current to each probe is small

(II;1/11,] < 10~ = 5) and p,,, does not change after the itrt" iteration.

After reaching convergence, the current injected into the system I; can then be calculated via
2q N +0oo 400
=30 LT EIAE) ~ HEE = [ (E)E 41)
n=

where J; is the injected current density, and even though the ejected current I = —I;, the ejected

current /5 (E) # J, (E) due to inelastic scattering.

In the inelastic scattering model, a nonzero bias is applied in the calculations to provide an
appreciable energy window for electrons to scatter. The effect of applying a nonzero bias to the

molecule is included as a linear onsite potential shift, via the relation

-1
€xm(Vpias) = €xm(Vbias = 0) — (Vbias mT),

fmm eN:1<m,m' <N}
(k' EN:1<k k' <0,)

(2.42)
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Coherent Elastic Scattering Inelastic Scattering

Figure 2.4 Different charge transport mechanisms. Coherent tunneling transport which deals
with the actual sharp onsite potentials of the system, yielding larger barriers to overcome. Elastic
scattering due to dephasing induces broadening to the onsite potentials, lowering the energy barrier
and yielding higher transmission. Inelastic scattering allows for vertical movement (energy) along
with the broadening effect.

2.3.3  [Inelastic Scattering Testing and Analysis

The initial testing on the inelastic decoherence probe consists of applying it on a model
Hamiltonian shown in Figure 2.5 (top). The Hamiltonian consists of two onsite potential values
€12=[0.25 eV or 0.75 eV] distributed randomly on two atoms per layer, with a total number of
layers setto 10, t;=1.5 eV and t,=0.1 eV resembling strong and weak coupling, respectively. This
would mimic the Hamiltonian of a DNA as it yields a wide bandgap with fluctuating conduction
and valence bands as seen in Figure 2.5 (bottom). Contact self-energies are attached to the first
and last layers with I}, (z)=200 meV, while E-indep decoherence probes are applied to the rest with

[';=10 meV. The simulations are carried at room temperature (298 K).
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Figure 2.5 Top Model Hamiltonian used; each block consists of two atoms with random onsite
potentials coupled with t;. The blocks are coupled to their nearest neighbors by t,, contact self-
energy is applied to the two terminals of the system. Bottom Contour DOS plot of the resulting
system with each layer representing two atoms coupled by t;.

First, we investigate the converged chemical potential profile. We set the Left contact Fermi

energy (Er) to 0 €V and the right contact Egg = Er;, — qVpiqs, Wwhere Vi, =100 meV. The choice

of Ef; puts the bias energy window to be in the bandgap (BG) close to the valence band. The

converged calculation yields the chemical potentials of the probes, plotted in Figure 2.6. We notice

that the high resistance seen for operating in the BG drops the chemical potential across the device,

which is expected [115].
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Figure 2.6 Converged chemical potentials of the decoherence probes (from layers 2-9, layers
1 and 10 are the contact potentials).

Next, we look at the applied bias impact on the elastic and inelastic current values. For this
test, we fix Ef at 0 eV, with Egg = Ef;, — qVpes at varying bias values, and the results are
summarized in Table 2-2. At a very low bias of 10 mV, the system can be considered to be
operating close to the equilibrium regime as the onsite potential shift between consecutive bases
is small at 10 mV bias. The inelastic current is higher than the elastic current by ~3 orders of
magnitude. However, as we apply higher bias (500 mV), we shift into the non-equilibrium regime
where potential drop across the device has a higher shift on the onsite potentials (see equation
(2.42). In this case, the inelastic current becomes comparable to the elastic current. At an extremely

large bias (2000 mV), surprisingly, the elastic current is now higher than the inelastic current.

Table 2-2 Elastic and inelastic current comparison under different bias.

Applied Bias (mV) Iiner (MA) I,; (nA) Trend
10 0.112 7.60E-5 liner > Iy

500 0.476 0.170  Ijper > 1y

2000 2.14 298 e <lIy
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To understand this trend, we find that the operating window (Ef,, location) plays an essential

role for inelastic scattering. Figure 2.7 shows a contour plot of the DOS as a function of both
position and energy with the region of operation highlighted in the black box. The density of states
is low at the lower energy levels, especially as we move to layers 7-10. For inelastic scattering,
there is a competition to occupy the lower states between electrons injected from the contacts at
higher energies and electrons entering at lower energies. It becomes difficult for the electrons at
higher states that scatter and lose energy to occupy the lower states and travel to the right contact.
Pauli’s exclusion principle prevents electrons from occupying an already occupied state, hence,
lowering the conductance. This can be seen from the middle plot in Figure 2.7 as it shows the
inelastic current at the inject (J;) and extract (J) layers. The inelastic J; is localized at ~0 eV even
though the window goes to -2 eV, and Jp is mostly localized around -2 eV. In contrast, the elastic
current in Figure 2.7 (right) is more distributed as electrons are not allowed to lose/gain energy.
The peak in the elastic current seen at approximately -1.6 eV corresponds to the longest spatial

distribution of high DOS values.

%104 x10°°
. —J,
. 4
: 21— Inelastic o Elastic
S 12 QO o 3
> . o )
g, | %2
1« — f\ o
/! 1
\
0 0 -
-2 -1 0 -2 -1.5 -1 -0.5 0
Energy (eV) Energy (eV)

Figure 2.7 Contour DOS plot is shown on the left, the window highlights region of operation
for Ef; =0 €V and Vj;45 = 2000 mV. Elastic current as a function of energy is shown in the middle,
displaying higher delocalization than inelastic current in the right figure.

The picture becomes clear as we shift Ef; to -0.75 €V in Figure 2.8. This would allow for

higher density of states to be present at lower energies as the electron traverses the structure. Here,
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J; and J have higher energy distribution and the inelastic current is several orders of magnitude

higher than the elastic current.

%107

Inelastic Elastic

Energy (V)

elashc
N

Energy (eV) Energy

Figure 2.8 Contour DOS plot, window highlights region of operation for Ef;=-0.75 eV and
bias = 2000 mV. Elastic current as a function of energy is shown in the middle. Inelastic current
on the right shows higher delocalization at the new Fermi position, yielding larger inelastic current.

Next, we apply the inelastic scattering model on a real DNA Hamiltonian and compare the
calculated conductance with the elastic scattering model. We used DNA with sequence 3°-G3AoG3-
5’ from Chapter 6 and partitioned the system into nucleotides to apply the inelastic scattering but
kept the contact self-energy value and decoherence rate the same as the main calculation setup in

section 6.2. Therefore, each layer is now defined as a base+backbone.

We calculate the effective voltage sweep to find the conductance at different Fermi energies.
This helps sweep the energy spectrum and find the conductance within different energy regions
(HOMO, Bandgap, and LUMO regions). The effective gate voltage sweep calculation is done by
changing left contact Fermi energy (E, ) to Vyq¢e value per run, and fixing the applied bias (Vy;45),
with the right contact Fermi energy defined as Er, = Ef, — qVj;q5. Phase decoherence (elastic)
and inelastic scattering are calculated at 50 mV bias. In Figure 2.9, the results show that when
either operating in the HOMO or LUMO region, the inelastic scattering conductance is larger than

elastic conductance, where it increases the current by 3-4 times. However, within the bandgap
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region, inelastic scattering does not show a considerable increase in conductance from the elastic
model. Hence, inelastic scattering does not show significant change on the transmission of the
system within the HOMO-to-bandgap region. The differences between elastic and inelastic

scattering conductance values are seen lying deep in the HOMO and LUMO regions where the

DOS is high.
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Figure 2.9 Effective gate voltage sweep results of ds-DNA at Vj,;,; = 50 mV. The difference

between the elastic and inelastic scattering models appears inside high DOS regions (deep in
HOMO and LUMO regions).

The main outcome from this analysis is that as electron traverses from left contact (higher
energy) to right contact (lower energy), inelastic scattering enhances the current as long as there

are states at lower energies for the right-moving electrons to scatter into.
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Chapter 3. ENERGY-DEPENDENT DECOHERENCE MODEL

3.1 INTRODUCTION

Understanding and controlling the electrical conductivity of nucleic acids (DNA) has
gained more interest in the past decade. Measuring DNA conductance for sensing biological
processes [51], [54], [69], [127], developing new sequencing techniques[33], [71], [72], and future
molecular device applications [13], [60]-[63], [128]-[132] have led to an interest in its electrical
properties. DNA origami exploits the self-assembly property of DNA to create complex three-
dimensional architectures [50]. This technique helps build nanoscale structures bottom-up instead
of the top-down approach currently used in nanoelectronics. Further, the ability to build
heterostructures [133] and dope [61]-[63], [132] DNA makes it a potential candidate for
nanoelectronics beyond lithography. Therefore, understanding how charge transports through
nucleic acids can help engineer a new class of biosensors and nanoelectronics [13], [54], [58], [88],
[123]. From a fundamental viewpoint, the precise mechanism of charge transport in DNA is not
fully understood. The electronic hopping between consecutive bases along a ds-DNA varies from
10-100 meV [78], [122]. Theoretical methods that probe realistic DNA strands with many
hundreds of atoms by accounting for the (i) backbone, (ii) sequence, (iii) transport of electrons

between the complementary strands, and (iv) environment consisting of a solvent are essential.

In probing the electrical transport, we consider a system that consists of two metal contacts
with DNA in between them (Figure 2.3a). It has been shown previously that coherent transport
calculations yield conductance values that are orders of magnitude smaller than experimental
values [81]. The calculated conductance becomes comparable to experiments by including

decoherence to account for the realistic DNA effects mentioned above. Decoherence has been
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modeled at various levels of theory. Gutiérrez et al. used a dissipative phonon-bath technique [83],
[84], Kubar et al. model decoherence by solving time-dependent equations that account for the
variation in the energy levels of DNA bases with time [76], while Karasch et al. model decoherence
due to including vibronic dephasing [85]. These computationally intensive methods to include
coupling to a phonon/vibronic bath include only one to three energy levels on the DNA bases.
Although these models can qualitatively describe the small hopping parameter between DNA
bases, using the full Hamiltonian is important to explain the impact of the backbone, methylation

of bases [54], single nucleotide mismatches [51], and intercalation [88].

One prominent model uses Landauer-Biittiker approach to capture decoherence. In this
approach, the Hamiltonian accounts for all coherent scattering events while the decoherence is
treated at a phenomenological level using decoherence probes (also known as Biittiker probes).
These probes are physically modeled as self-energies in a Green’s function formalism, which is
used to calculate the conductance [81], [89], [90]. This model can in principle account for phase
breaking processes that are both elastic and inelastic and has been applied successfully in modeling
other systems. Central to this model are spatially dependent decoherence parameters that represent
the average scattering time in which an electron loses its phase information. The model is adept at
including the effect of density of states (DOS) broadening. In the coherent limit, the DOS peaks
along the length of the DNA have almost no energetic overlap, making transport difficult.
Including the decoherence via Biittiker probes broadens the DOS peaks significantly and hence
increases the transmission probability across the DNA length [81]. The Biittiker probes model has
qualitatively explained experiments and described different charge transport mechanisms through
DNA such as direct tunneling, sequential hopping, and intermediate coherent-decoherent regime

[51], [77], [81], [90], [119], [120].
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A major drawback of prior work is that the decoherence rates are energy-independent -an
unphysical assumption-. While this assumption simplifies the problem considerably, allowing one
to neglect the real part of the self-energy because it is precisely zero, it yields some qualitatively
incorrect results. First, the transmission inside the bandgap is found to be unphysically large. As a
result, there is only a weak dependence of transmission as a function of length in the bandgap.
Second, interesting features in the transmission are washed out within the conduction and valence
bands. When the energy-independent decoherence model is used in a crystalline semiconductor,
to make the transmission small in the bandgap, the decoherence rate is set to zero (or a small
value). This treatment is unphysical because it does not conserve the norm of the DOS integrated

over all energies.

To summarize, in modeling transport through DNA, we must carefully consider the impact of
the decoherence model on both the transmission and the integral of the DOS. Notably, the model
should allow for exponential decay of transmission with the length within the bandgap and
maintain features in the transmission spectra within the bands. In this chapter, we modify the
phenomenological decoherence model to make the decoherence rate energy-dependent. The role
of the real part of the self-energy on both the transmission and the integral of DOS are also

discussed.

We follow the methodology for elastic decoherence mentioned in section 2.3, we compare the
energy-dependent and energy-independent decoherence models (see equations (2.23 to (2.28) with
a model Hamiltonian for the DNA. We then discuss the role of the real part of the self-energy.
Finally, we discuss the transport results with the full Hamiltonian of the double stranded DNA and

compare the results of our model to experiments.



59

3.2 EXPONENTIAL DECAY WITH LENGTH

The ds-DNA typically has a HOMO-LUMO gap of 3~4 eV and hopping parameter
between its nearest neighbor base-pairs of 10-100 meV [78], [122], [123]. We can thus consider
the DNA as a weakly-coupled wide bandgap semiconductor. With this large energy gap, we expect
the transmission near the middle of the gap (i.e., the midgap) to drop exponentially with an increase
in strand length. To demonstrate the importance of the £-dep model, we use a model Hamiltonian
for the DNA where each block is a base-pair (Figure 3.1) to calculate the transmission as a function
of length. Each base-pair of the model Hamiltonian has two identical energy levels to represent
HOMO (e = -4 eV)and LUMO (€, = 0 eV). We set the hopping parameters between the nearest
neighbor blocks (t;) and the inter-strand hopping parameter (t;) to 100 meV and 1 meV,
respectively. For simplicity, we set the left (right) contacts coupling I, gy = 1000 meV at the end

terminal blocks of this system.
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Figure 3.1 Model Hamiltonian representing a ds-DNA with Np+2 number of blocks. Each
block resembles a base-pair with two onsite potentials resembling HOMO (e) and LUMO (¢;),
the nearest neighbor hopping parameter is t; and the inter-base hopping parameter is t,. Ny
number of blocks are connected to the decoherence probes, and the two terminal blocks are
connected to the contact self-energies.

We calculate the transmission in the coherent limit and using E-indep and E-dep decoherent

models. For the E-indep model, we set the decoherence rate to a relatively low value of [ = 1
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meV. As for the E-dep model, we increase the decoherence rate by 100 times to [ = 100 meV
with varying the energy decay factor A =[10, 50, 100, 500] meV. We plot the results for a DNA
strand with length = 7 base-pairs (bps) in Figure 3.2a, showing that the coherent transmission
decays as we enter the bandgap region. Similarly, the £-dep model has an exponentially decaying
tail into the bandgap (from HOMO or LUMO edges). We also note that increasing both Iy and A
can cause the E£-dep model to deviate from the coherent limit deep in the bandgap. For low values
of A (10 meV), the E-dep model deep in the bandgap follows the coherent limit. With moderate
values of A (50 and 100 meV), the E-dep model starts to vary in the bandgap but follows the
coherent limit at midgap. However, for large values of A (500 meV), the E-dep model yields similar
values to the E-indep model, which is unphysical. This behavior is because increasing A makes the
decoherence rate larger off-resonance (away from €,.) as seen in the exponential-decaying factor
of equation (2.27). As for the E-indep model, it does not maintain the decay deep in the bandgap.
Initially, the transmission drops as we enter the bandgap but then saturates -within 200 meV from

HOMO or LUMO- at a relatively high value (T>1019).

Next, we plot the transmission extracted at the midgap as a function of length, shown in
Figure 3.2b. At A = 10, 50 meV, the E-dep model and coherent transport have comparable
exponential decay in transmission with increasing length. Increasing A to 100 meV lowers the
decay at longer strands. Similar to the impact of large A values (500 meV), the transmission in the
E-indep model only decreases by a small amount for length > 7 bps. However, we note that the
value of [ for the E-indep model is a hundred times smaller than the E-dep model. Therefore,
even at low decoherence rates, the transmission of the E-indep model is unrealistically high at

energies deep in the bandgap where no states are available for the electron to occupy.
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Figure 3.2 (a) Transmission plot for the DNA model Hamiltonian with length = 7 base-pairs.
(b) Transmission extracted at the midgap and plotted as a function of the DNA length. Calculation
parameters are E-dep: [y = 100 meV and A = [10,50,100,500] meV, E-indep: Iy = 1 meV, and
I, (ry = 1000 meV for all cases.

3.3 THE IMPACT OF THE DECOHERENCE PROBE SELF-ENERGY TREATMENT

The real and the imaginary parts of the self-energy are related by the Kramers-Kronig
relation (equations (2.24)-(2.27)). The number of molecular orbitals per nucleotide is
approximately 380 orbitals. As a result, there are ~11,400 orbitals for a 15 base-pairs long strand.
The mathematical form of the self-energy used is dictated by the physical need to decrease the
unphysically large DOS in the bandgap of the DNA induced by the E-indep model. The real part
of the self-energy should be calculated from the imaginary part, and this will require the evaluation

of a large number of integrals.

To understand the physical implication of including Re[2g(E)], we first plot the real and
imaginary parts of the self-energy in Figure 3.3 for an onsite potential €,,, = 0 eV. The real part of
the self-energy Re[Xg(E)] shifts the onsite potential €,,. The imaginary part is inversely
proportional to the scattering due to the decoherence probe, which causes a broadening of the

density of states. Notice how the amount of shift and broadening decays at energies away from
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resonance (€, = 0 eV). Next, we quantitively compare the density of states of the model
Hamiltonian: (i) using the real and imaginary parts of the decoherence self-energy as defined in

equation (2.24), and (ii) omitting the real part and defining Z5(E) = i X Im[Zg(E)].
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Figure 3.3 The real and imaginary parts of the self-energy obtained from evaluating equations
(2.24)-(2.27), with [ =1 =100 meV.

For this example, we consider the structure defined in Figure 3.1 with 7 bps. In Figure 3.4
a,b, we can see that the impact of including the real part of the self-energy is to shift the DOS
peaks by approximately the value of the Re[Xgp(E)]. However, as we enter the HOMO-LUMO
gap, the impact of the real part is minimal and both treatments converge. Similarly, the impact on
the resulting transmission follows the same trend as the DOS (see Figure 3.4 c,d). We then
calculate the integral of DOS from -2000 eV to 1996 eV, with a fine mesh of 1 meV around the
onsite potentials [y, £ 1.5 V], and a coarse mesh of 10 meV otherwise. The total number of
energy levels is 14 (two per block). Thus, the expected integral of DOS is 14 (excluding the

electron spin multiplicity). Including both the real and imaginary parts of the self-energy yielded
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J DOS dE = 14, as expected. However, including only the imaginary part of the self-energy

yielded [ DOS dE = 13.461. This result implies that the total density of states is not conserved

when scattering is included, which is incorrect [ 134].

Although the full self-energy treatment is essential to yielding the correct integral of DOS,
the qualitative and quantitative differences in energy windows around the HOMO are small. These
results show that we can safely neglect the real part of the self-energy for calculations that do not
require a self-consistent integration of DOS to achieve convergence. Therefore, in the remainder
of this chapter, we neglect the real part and use Xg(E) = i X Im[X5(E)] to model the energy-

dependent decoherence.
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Figure 3.4 a,b Density of states plots using the full complex decoherence probes self-energy
and only the imaginary part of the self-energy. c,d Transmission plot using the full complex
decoherence probes self-energy and only the imaginary part of the self-energy, in addition to the
coherent transmission. (a) The DOS plot over the energy spectrum displaying HOMO, HOMO-
LUMO gap, and LUMO regions. (b) Zoom-in to the edge of HOMO region. The calculation
parameters are Ng =5, [y = 100 meV, A = 100 meV, and I,gy = 1000 meV. (¢) Transmission over
the energy spectrum displaying the coherent transmission for comparison. (d) Zoom-in to the edge
of HOMO region. The calculation parameters are N = 5, [y = 100 meV, A = 100 meV, and [},
= 1000 meV.

3.4 THE DNA SYSTEM

The molecular building blocks of m-stacked and conjugated organic semiconductors with
fixed atomic coordinates have sharp energy levels. In bulk form, these molecular building blocks

are weakly coupled. It is experimentally known that these semiconductors have a broadened
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density of states with an exponentially decaying tail into their bandgap [135]-[139]. Several
factors contribute to the broadening: thermal disorder (electron-phonon interactions), structural

disorder, dopant impurities, and randomly distributed defects.

A single DNA strand consists of m-stacked aromatic rings and has a bandgap of 3-4 eV.
The distribution of energy levels is sequence-dependent and varies along the length of the strand
(see Figure 3.5). The non-rigid nature of the DNA molecule and its ionic/solvent environment
results in a broadening of its molecular orbitals. Previous work showed that capturing the effect of
this energy level broadening is necessary to explain experiments [81]. The E-indep decoherence
model used in the previous work missed important aspects (the unphysical increase of transmission

in the bandgap) that we discussed in section 3.2.
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Figure 3.5 Contour DOS plot of 3’-C3GCGCs-5". The plot shows the nonuniform spatial and
energy distribution of the molecular orbitals along the length of the strand. The calculation
parameters are [z = 100 meV, A = 50 meV, and Iy,gy = 600 meV.
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In applying the E-dep model to DNA, a challenge is determining the values of [z and A.

Therefore, we look at the literature to determine the decoherence rates of other organic molecules.
Ref [137] found the DOS broadening of aromatic molecules such as pentacene to reach 300 meV.
In addition, Parson’s work [140], [141] estimates the decoherence rates for solvated aromatic
molecules to be in the 60-130 meV range. Using similar decoherence values in the E-indep model
heavily broadens the DOS and washes out the energy dependence of transmission in DNA and
makes the transmission in the bandgap unphysically large. That is why it is crucial to consider the

E-dep model.

34.1 System Under Study

We study the double-strand B-DNA sequence 3’-C3G[CG];C3-5’, with [ = 1-4 in a contact-
DNA-contact setup as shown in Figure 2.3a. The strands are 9-mer, 11-mer, 13-mer, and 15-mer,
which correspond to varying [ = 1-4.We model the DNA using DFT and calculate transmission
and conductance using Green’s function method with decoherence probes to account for the
decoherence. We obtain the atomic structure of the DNA strands using the nucleic acid builder in
Amber [142]. We perform DFT calculations using the B3LYP functional and 6-31G(d,p) basis set.
We include the effect of water solvent around the DNA via the polarizable continuum model
(PCM) using the integral equation formalism (IEFPCM). For the charge transport calculations, we
assumed the contacts to be at the cytosine nucleotides at both the 3’- and 5’- ends of the strands

(as shown in).

342 Choosing the Contact Coupling

To minimize the impact of the contact coupling value on the results, we calculate the

transmission for 3’-C3GCGCs-5 under different coupling rates Iy, gy = [100-10,000] meV. The
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low value of 100 meV resembles weak coupling to the electrodes, where values between 500-1000
meV resemble strong coupling. We also added the extreme values of 5000 and 10,000 meV to see
their impact on transmission Figure 3.6 shows that the transmission increases with increasing the

coupling value. We concentrated the analysis on the energy window extending from HOMO to

HOMO+260 meV.
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Figure 3.6 Transmission plot for 3’-C3GCGCs-5" at [z = 1 =100 meV with different contacts
coupling. The average transmission is taken from the energy window HOMO to HOMO+260 meV.
Legend shows the values in eV.

We plot the average transmission as a function of Ty, gy in Figure 3.7. We can see that increasing

the coupling by 10 times from the low coupling limit of 100 meV to 1000 meV increases the
average transmission by 3.5 times. We also observe that once we have a strong contact coupling
(TLry > 500 meV), the increase in transmission starts to saturate. For instance, increasing the
coupling from 500 meV to 1000 meV increases the transmission by less than 30%. Therefore,
using I,gy > 500 meV can be sufficient to limit the contact coupling impact on the transmission

amplitude.
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Figure 3.7 Average transmission as a function of contacts coupling. The x-axis is plotted in log

scale for clarity.

Focusing on the coupling value of 600 meV, we plot the transmission increase with respect to

[, (ry > 600 meV (see Figure 3.8). The average increase in transmission (blue curve) is only 20%

when we increase the coupling from 600 to 1000 meV (66.67%). In addition, the average increase

in transmission is less than 70% when increasing the coupling to 10,000 meV (1600%).
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Figure 3.8 Percentage of Transmission (blue) and contact coupling (red) increase with respect

to I1,(ry= 600 meV.

To summarize, we vary [} gy from 100 meV to 10,000 meV and find that our results do not

change significantly for I, gy > 600 meV. We are interested in a physical scenario where the
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contact resistance is smaller than the intrinsic resistance of the DNA. Hence, we set the contact

coupling to be 600 meV in the following calculations.

343 DOS and Transmission

To highlight the main differences between the E-dep and E-indep models, we start with
examining the density of states of [ =1 case and vary the exponential decay term A =[50, 100, 150,
and 200 meV] while keeping the decoherence parameter fixed at ['g = 100 meV. We plot the DOS
in Figure 3.9, and it shows that the E-indep model heavily broadens and washes out the variation
between high (peaks) and low (valleys) DOS regions. We also see that for the E-dep model, as A
increases, the DOS peak broadening increases. As a result, the nearby peaks start to merge. The
low-DOS regions (valleys) deep inside the occupied energy levels (E~-5.5 eV) and in the bandgap
(E~-4.5 eV) are higher than their E-dep counterparts by more than an order of magnitude. The
transmission results are consistent with these observations. Figure 3.10 shows the transmission
plot when I'y = 100 meV while changing A. We notice that the E-dep model has relatively the

distinct peaks and valleys.
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Figure 3.9 Total DOS for I=1 (3’-C3GCGCs3-5’). The inset shows the highlighted region with
arrows pointing at the two main observations: 1) increasing A increases the broadening and nearby
peaks start to merge, 2) Increasing A increases low-DOS regions found between the high-DOS
peaks due to the higher broadening.
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Figure 3.10 Transmission vs energy for 3’-C3GCGCs-5’. For both E-dep and E-indep models
Iz =100 meV. The arrow is pointing at the transmission in an energy gap between two mini-bands
(~-5.7 eV and -5.2 eV) within the HOMO region.

We plot the DOS for a molecular orbital localized at the first three CG base-pairs at the 3’-

end of the strand in Figure 3.11a. The calculated full-width-half-maximum (FWHM) of the DOS
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peak as a function of A is shown in Figure 3.11b. We find that the peak width increases

monotonically with increasing A and approaches the line shape of the E-indep model.
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Figure 3.11 DOS of molecular orbital localized at the first three GC base-pairs within the
strand 3’-C3GCGCs-5" at . (a) DOS of Molecular orbital at -5.225 eV. (b) Full-Width-Half-
Maximum of the DOS peak under different A values, with [ = 100 meV.

In our DNA calculations, we find that if A is set to 10 meV or less, the transmission
spectrum would be closer to the coherent transport limit (see Figure 3.12). In addition, as we have
discussed above, significantly increasing A can cause the transmission near the midgap to become
unphysically large, acting more like the E-indep model. Therefore, in the following section, we

limit A to be within 10-150 meV.
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Figure 3.12 Transmission of 3’-C3GCGCs-5" strand comparing A=10 meV with the coherent
transport, A=50 meV, and the E-indep model.

344  DNA Conductance versus Length

As a case study for the E-dep model, we investigate the relationship between the DNA
strand length and the conductance. We consider four B-DNA strands 3’-C3G[CG];C3-5°(l = 1-4)
and study the conductance as a function of length. Experimentally, this family of strands shows an
exponential decay in conductance with length, but modeling yielded a much weaker dependence
of conductance with length [77]. A likely reason for this inadequacy is the large density of states
in the bandgap as a result of using the E-indep decoherence model. We showed in Figure 3.2 that

the E-indep model indeed leads to an incorrect dependence of transmission versus length.

We model the strands by fixing the decoherence rate at ['5 =100 meV and let of A range
from 10 to 150 meV. We calculate the conductance using equation (2.37). We assume that 1) the
comparison between the gold work function (5.3 eV) and the ionization potential of the DNA

nucleotides puts the expected contact Fermi energy (Ef) closer to the HOMO in the HOMO-
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LUMO gap [123], and 2) we are operating at the low-bias regime; hence, it is unlikely that E; will

go below the HOMO (i.e., Er = HOMO). The Fermi energy is difficult to determine because it
depends on the details of the contact geometry. As a result, we are guided by the approach in Ref
[143], which involves a) sweeping the Fermi energy to gain an understanding of the experimental
system being modeled and b) determining the Fermi energy when the calculated conductance is
equal to the experimental value (see Figure 3.13). The results display low sensitivity to A except
at 10 meV, where for [ = 1 and 2, the conductance is lower than the experimental value over the
entire HOMO-LUMO gap (Figure 3.13 a,b). From this analysis, we plot the extracted conductance
vs. strand length as shown in Figure 3.14a. The length is calculated using the relation 3.4 A x
number of base-pairs, where 3.4 A is the axial rise in B-DNA (the shortest distance between
neighboring bases along the helical axis of a strand). The motivation is to compare with the
experimentally reported exponential decay of conductance with strand length, having a decay

factor (B) of 0.196 A! [77].
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Figure 3.13 Conductance of the four strands (I=1-4) at different A values. The dashed line
corresponds to the targeted experimental conductance value. The trend shows A impact on the
conductance decay rate as we enter the HOMO-LUMO gap.

Our calculations further reveal that the modeled value of conductance matches experiments
at higher values for the Fermi energies as A increases (Figure 3.14b). This trend can be explained
by Figure 3.13, which shows the tail of the conductance increasing in amplitude with the increase
in A in the HOMO-LUMO gap. We have shown through equation (2.27) Figure 3.2 that A dictates
the exponential decay into the bandgap. Therefore, the conductance at the edge of the bandgap

increases with increasing A.
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Figure 3.14 Conductance as a function of strand length. a Conductance trend at [ = 100 meV,
A=110,50,100,150] meV compared with experiment. The lines correspond to the curve fitting of
the data points. The blue curve represents the results for A > 10 meV. b E; of the extracted
conductance values with respect to HOMO of the strand.

The second trend we observe from Figure 3.14b is that as the strand length increases, the Fermi
energy at which the modeled conductance matches experiments moves farther away from the
HOMO (for a fixed value of A). To understand this, next, we discuss the effect of the contact-

molecule junction on the expected Fermi energy location and how it is sensitive to the DNA length.

For a contact-DNA-contact system, partial charge transfer (§n) occurs from the contacts to the
DNA due to the energy level broadening caused by the contacts and the misalignment between the

Fermi energy of the contact (Ef) and the DNA Fermi energy (Ef, AO)[143]. In turn, the molecular

orbitals of the DNA shift to higher energies (the HOMO gets closer to the Ef of the contacts). The
relationship between the amount of shift in the molecular orbitals and Ef due to partial charge

transfer has been described in [143], [144] as

on
Ef = EfDNAo + F + Uén (31)

where Ef 40 is the Fermi energy of the DNA before forming the junction with the contacts,

on is the amount of partial charge transferred, and n’ is the derivative of the electron number with
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respect to Fermi energy (dn/dEy), where n = [ DOS(E)f (E — Ef)dE . U is the charging energy,

which is a material property that describes the change in the potential of the molecule per one
added electron. In equation (3.1), the second term describes the impact of the density of states in
the DNA on the Fermi energy shift (or the molecular orbitals shift). The last term describes the

electrostatic interaction due to the charge transfer.

To find the exact Fermi energy of the molecule after the contact-molecule-contact junction is
formed, we require a self-consistent calculation that accounts for the contact details (atoms
geometry and orientation), integral of DOS, and Poisson’s equation. Although previous work
shows the utilization of such a method on small molecules, the results yielded a wide range of
Fermi energy locations extending from HOMO to LUMO [143]. This outcome is due to the
sensitivity of the calculations to the DOS variation in the bandgap, the contacts geometry, and the
choice of DFT exchange-correlation functionals. The difficulties faced in precisely calculating the
Fermi energy of the molecule have shifted our focus into quantifying another critical parameter,

the rate of the shift in energy per partial charge transfer.

We can utilize the second term in equation (3.1) to estimate the amount of molecular
orbitals shift per strand. To achieve this, we first extract the DOS from our calculations using
equation (2.30). Next, we integrate the DOS in the HOMO-LUMO gap as a function of Fermi

energy,

n(E;) = ffDOS(m, E)f(E — E))dmdE (3.2)

where m is the nucleotide number, and f(E — E;) is the probability of electron occupancy

with respect to energy when E; = E;. Taking the inverse of the derivative [dn(E;)/dE;]™" will
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yield the rate of Fermi energy change as a function of electron number dE;/dn (1/n’ in equation
(3.1)). Therefore, we can estimate the change in the DNA Fermi energy -which is a direct indicator

to the amount of shift in molecular orbitals- as a function of electron number in the DNA.

This rate gives us another viewpoint of the expected trend in Ex — HOMO. The higher the
dE;/dn value, the higher the shift in the molecular orbitals, and the closer Ef becomes to the

HOMO of the DNA. The rate dE;/dn in the HOMO-LUMO gap is shown in Figure 3.15 and we
listed the average values in Table 3-1. The results show that the expected molecular orbitals shift

decreases with respect to the strand length. This means that the longer the strand, the farther Ef is

expected to be from HOMO, which is consistent with the obtained trend seen in Figure 3.14b.
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Figure 3.15 The resulting dE;/dn extracted from the HOMO-LUMO gap window for each
strand, calculated at A = 100 meV.

We also note that the trend is maintained for different A values. Table 3-1 shows a comparison
between A = 50 and 100 meV. We notice that dE;/dn increases with decreasing A. This can be

understood as follows: as A decreases, the energy levels broadening decreases, and the DOS
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decreases in the bandgap. As a result, n(E;) decreases in the bandgap as well (n is the integral of
DOS) and its rate of change in energy (dn/dE;) decreases. The reciprocal (dE;/dn), however,

Increases.

Table 3-1 Comparison between the average rate of change in energy with respect to electron
number (dE;/dN) for 3’-C3G[CG];C3-5’(L = 1-4), A =50 and 100 meV

Strand dE;/dn (eV/electron) dE;/dn (eV/electron)
A =50 meV A =100 meV
(N=1) 9-mer 1.9773 1.9750
(N=2) 11-mer 1.9697 1.9658
(N=3) 13-mer 1.9570 1.9503
(N=4) 15-mer 1.9211 1.9109

3.5 SUMMARY

In this chapter, we use first-principal calculations coupled with Green’s function for charge
transport calculations. One prominent model includes decoherence through fictitious probes that
depend on spatially variant scattering rates. However, the built-in energy-independence of the
decoherence (E-indep) model overestimates the transmission in the bandgap and washes out
distinct and interesting features inside the valence or conduction bands. We modify the model to
have the decoherence rate energy-dependent (E-dep). This model decoherence rate is maximum at
the system’s energy levels and decays from these energies. We establish that for self-consistent
calculations, it is critical to include both the real and the imaginary parts of the decoherence self-
energy to yield the correct integration of the density of states. Our results show that the E-
dep model allows for exponential transmission decay with the DNA length and maintains features
within the bands' transmission spectra. We further demonstrate that we can obtain DNA

conductance values within the experimental range without rigorously curve fitting the decoherence
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parameters. Of course, the ultimate goal for us is to derive a direct relation between the exponential
decay term and the amount of broadening or decoherence in the system. However, this requires
further work in both experiment and theory. From the given information in the literature about
DOS broadening in molecular systems and decoherence rates reaching a few hundred meV, the E-
dep model is essential to apply such decoherence or broadening rates without yielding unphysical
results or losing important transmission features. The new model can help study and design

nanoelectronics devices that utilize weakly-coupled molecular structures such as DNA.
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Chapter 4. LIMITATIONS OF NEGF ON THE DNA SYSTEM

Non-Equilibrium Green’s Function (NEGF) formalism is a powerful tool that has been applied
to study charge transport through nanoscale devices [116], [145]. It can incorporate scattering
effects such as electron-phonon interactions. Devices such as carbon nanotube, nanoscale
MOSFTs, and nanowires are all applicable to the method. In recent years, DNA has emerged as a
strong candidate to form nanomolecular devices due to its commercially available precise structure
engineering. To better understand its electronic properties, several methods have been developed
to study charge transport through DNA structures. Such methods look at a metal-molecule-metal
system and try to incorporate the fluctuating nature of DNA and its effect on charge transport. In
this chapter, we investigate the use of the recursive NEGF method [116], [145] to study the effect
of phonons on charge transport through short double-strand nucleic acid structures (ds-DNA). A
fundamental understanding of the NEGF method is required to expand its usage to molecular
devices where atomic fluctuations (phonons) may have a dominant effect on charge transport. This
chapter is organized as follows: First, we present the governing equations and flowchart of the
method. Then we test the NEGF code on a 1D conductor (wire) as a test case for validation. Next,
we apply the NEGF method on a 1D strongly coupled semiconductor. Finally, we test it on a 1D
model Hamiltonian representing the DNA, which is a weakly coupled system (10-100 meV

hopping parameter between the bases).

4.1 METHODOLOGY

The NEGF formalism is described in detail in [116], [ 145], here, an overview of the governing
equations will be presented. The electronic Hamiltonian of a layered structure is represented as

follows:
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where the diagonal blocks H, represent the Hamiltonian of layer g, and off-diagonal blocks
T4,q+1 Tepresent interaction between layers gand g + 1. The retarded Green’s function equation

for the system with electron-phonon scattering is defined as

[EI —H -5, — 5" = X" ,,]G" =1 (4.2)

where E is the energy, H is the Hamiltonian, and ZZ(R)is the left (right) contact self-energy

which couples the left (right) contact leads to the device and determines the rate at which the charge

enters(leaves) the system. The electron-phonon scattering self-energy is X7, and G” is the retarded

Green’s function. When bias is applied, the system will be away from equilibrium, and the Green’s

function equation is split into in-scattering and out-scattering Green’s functions

[E — H — 2 — Xk — 23p]G= = 2°G¢ (4.3)

[EI - H = I} — £} — I5,]6” = £76° (4.4)

where the X<(>) self-energy matrices represent the electrons (holes) in-scattering (out-
scattering). Also, the advanced Green’s function is defined as G* = [G"]t. The self-energy X<(>)

is composed of both contact leads and electron-phonon interactions
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3<C) = g3 4 g5 4 g (4.5)
2L<(R) = —i2Im[Z] gyl fLr) (E) = il ) (E) fLr) (E) (4.6)
TRy = 2Im[Z] ) ](1 = frry(E)) = =il gy (E)(1 — frry (E)) 4.7)

where fg)(E) is the Fermi-Dirac distribution function of the left (right) contacts, and
1 — fLr)(E) is the probability of finding an unoccupied state in the left (right) contact. Unless
mentioned otherwise, I} gy represents energy broadening caused by lead-device interaction and is
treated here within the wide band limit (WBL). In the wide band limit, [} g is taken to be energy

independent and the real parts of the contact self-energy matrices are neglected, thus X7, ) are

defined as
T = irLz(R) (4.38)
As for the phonon self-energy X, where (a = 7, <,0or >), itis defined as
Zpn(E) = Zg(E) + Zjhe (E) (4.9)
o (E) = DaGgq(E) (4.10)
Ehet(E) = 5 [Ern (B) ~ Eia(E) @11)

Z'iflel (E) = Do [nB (Eph)Gc;q (E - Eph) + (nB (Eph) + 1)G;q (E + Eph)] (4~12)
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Z'iilel (E) = Do [nB (Eph)Gc;q (E + Eph) + (nB (Eph) + 1)G;q (E - Eph)] (4~13)

where zg‘l(mel) is the elastic (inelastic) electron-phonon scattering self-energy. D, and D, are
the acoustic and optical deformation potentials, respectively, and they are assumed to be energy
independent parameters. G¢, is the diagonal element of the Green’s function at layer q. The
probability of finding phonons at temperature T and at energy Ep,p, = h wpp, is assumed to be the
equilibrium Bose-Einstein factor ng = 1/exp(Ey,/kgT) — 1. The inelastic in-scattering in (4.12)
has Gg4(E — Epp) and Gg 4 (E + E,p) which are the density of occupied electronic states at E —
Epp and E + Epp, respectively. The first term of (4.12) represents in-scattering of electrons from
E — Epp, to E (phonon absorption), and the second term is the in-scattering from E + E,j, to E
(phonon emission). The opposite can be said about (4.13), as G, (E — Epp) and Gg 4 (E + Epp)
are the density of unoccupied electronic states at E — E,;, and E + Ej, respectively. Here, the
first term in (4.13) represents the out-scattering of an electron from E to E + Ep,, (phonon
absorption), and the second term is the out-scattering of an electron from E to E — E,, (phonon

emission).

The recursive algorithm for solving the NEGF equations and obtaining G",G<, and G~ is
described in [116]. The algorithm initially calculates the left-connected Green’s function and then
uses it to obtain G*, where (@ = r, <,or >). The flowchart seen in Figure 4.1 explains the method
of including the phonon self-energy in the calculations. The first iteration calculates only the
ballistic transmission, i.e. no electron-phonon scattering. Once the ballistic G* is calculated, it is
then used as input for the phonon loops. The current density flowing from layer g to ¢ + 1 can

then be calculated by
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Jaas1(E) = (2e/1) T[Ty 411G s 0 (E) = Tar1,qGaorn (ED] (4.14)

System Hamiltonian, I';, '

Recursive Algorithm
Solve Non-Equilibrium Green's Function Equations <
Output: Electron Density, Ballistic Current, G', G~, G~

Electron-Phonon Scattering
Input: Electron-Phonon Deformation Potentials (D,,, D,,) Iterate

Output: Scattering Rate, Self-Energies (X', X<, X”) C

No

liy = Iy ?

Current Density, Electron Density, and Scattering Rates

Figure 4.1 Flowchart of the recursive NEGF code.

4.2  TESTING 1D CONDUCTOR WIRE

First, we test the decoherence effect of electron-phonon coupling by evaluating if Ohm’s law
is obtained (The resistance is constant under increasing voltage, yielding the relationship V = IR,
where [ is the current). Furthermore, the resistance of the wire is proportional to its length. A
simple 1D conductor is used as a test case. The structure is a single atom unit cell repeated Ng¢om

times, connected to semi-infinite leads at its left and right ends.
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Figure 4.2 Schematic of the 1D conductor wire, orange blocks represent contact locations.

The system Hamiltonian seen in (4.1) is of size Nytom X Ngtom, composed of only off-diagonal
elements, T; ; = t = 1 eV. Therefore, the Hamiltonian has zero diagonal elements. This represents
a 1D conductor with an onsite potential of 0 eV. The transmission profile yields a band in the range

of —2t to +2t. Table 4-1 lists all the simulation parameters, where Ef, (R)is the left (right) contact

Fermi energy, and Er, = Ef, — qVp;qs. The energy range is taken to be from the lower contact
Fermi energy to the higher Fermi energy, —/+10kT, respectively. The acoustic and optical
deformation potentials, D, and D, respectively, were set as arbitrary values since this an
investigation of the overall NEGF code behavior. The phonon energy, E,j, was also chosen to be
within the biasing window. The number of phonon loops, Ny, required to reach current
convergence is dependent on the system size, but we find that 50 loops were sufficient for all cases.
It is important to note that for this section only, the leads are treated in terms of the exact surface
Green’s function g; and gy of the semi-finite 1D leads at a constant potential [145], instead of the
WBL approximation. This is found to be necessary for testing 1D conductors to mimic Ohm’s law.
The rest of the sections use the WBL approximation to replicate metal-DNA-metal types of

calculations.
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Table 4-1 Simulation parameters for 1D conductor

Parameter (units) Value

Ef, (eV) 0

Vpias (MV) 10-500

kT (meV) 25.86

D, (meV) 40

D, (meV) 60

Epp (meV) 20

Energy Range (eV) Ef, — 10KT : Ef, + 10kT
Npp 50

Number of Atoms 8, 40, 160, 320

To calculate the resistance, we apply a small bias and the derivative of the voltage with respect

to the calculated current is taken to yield the total differential resistance, as follows

RtOt == dV/dI (4.15)

Riot = Rpauistic T Raevice (4.16)

where Ry istic 1 found from quantum conductance

Ryauistic = 1/Gy = 1/(2€?/h) = 12.941 kQ (4.17)

Therefore, Ryqistic 1S subtracted from R, to get the resistance of the device. The average

R jevice value of each length over the biasing window is listed in Table 4-2. The ratio between the
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different length cases is listed in Table 4-3 in comparison with Ohm’s law. It is noticeable that for
the current bias window of 100-500 mV, as the ratio value increases so does its deviation from the
theoretical estimate. This is later demonstrated to be an artifact of the inelastic scattering, D,,. The
next step was to apply lower biases, as high biasing seems to cause higher fluctuation in the
resistance curve. When calculating the resistance for smaller biases of 10-50 mV range, the ratio

almost reaches the theoretical value.

Table 4-2 Average device resistance values

Device Length (Atoms) Rycvice(K2) = Rior — Rpantistic
8 3.0778
40 13.4213
160 49.5498
320 92.8952

Table 4-3 Average device resistance ratios for different bias windows

Ricvice1/Raevicez R320/R160 Ri160/Ra0  R4o/Rs  Rz20/ R0 Rieo/ Rg  Rz20/ Rs
(theoretical value) 2) “4) 5) 8 (20) 40)
Calculated Ratio
1.87 3.69 4.36 6.92 16.10 30.18
(Vpias = 100-500 mV)
Calculated Ratio
1.98 3.92 4.95 7.76 19.38 38.39

(Vpias = 10-50 mV)

A closer look into the biasing effect on the calculations shows that as the bias increases,
fluctuations increase in the resistance plot (Figure 4.13). Moreover, the fluctuations occur with

different trends per wire length. These different behaviors of R ... as a function of V,;, for each
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wire yield different averages, hence, lowering the calculated ratio with respect to the theoretical

values.
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Figure 4.3 Different R ;... behavior per wire length, resistance values were shifted for better
comparison.

The biasing window appears to take effect due to optical phonons (D, is in effect), as when
simulating the system with D,=0, it would yield the exact ratio irrespective of V,;,s value (see
Figure 4.4 left). And once D, is nonzero, the ratio starts deviating as Vj;, increases. Increasing
phonon loops does not remove the deviation and that proves that current convergence is not the

1ssue here.
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Figure 4.4 D, and D effects on calculated ratios of the resistances. Left: D, is zero and D, is
nonzero, constant ratio values over the whole biasing window. Middle: D,is nonzero and D, is
zero, deviation from theoretical ratio values is apparent and continuous decay as V), increases.
Right: D, and D, are both nonzero, deviation in ratio values still exists but at lower rate than the
middle case. The highest deviations appear for the highest ratios.

The inelastic electron-phonon scattering is represented in D,, which affects both electron
absorption and emission of phonons. Looking further into this, one main factor of this deviation is

the value of Ey,, within the biasing window. Therefore, in the following test I keep the simulation
parameters fixed, and only change E,,=[160 meV, 50 meV, or 10 meV] and the results are plotted
in Figure 4.5. At E,,=10 meV, it is easier for electron-phonon interactions to occur, i.e. to

emit/absorb phonons, within the biasing window. That is due to the increase in available energy

states for electrons to transfer into, which are multiples of Ey,. Thus, the Rgepice value would
resemble a textbook Ohmic conductor. With Ey,, increasing, it becomes more difficult for electrons

to emit/absorb phonons within the same energy window, yielding unphysically low R ;... Values,

hence higher deviation. The fluctuations are more apparent when comparing large ratios.
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Figure 4.5 Ej, effect on resistance values. As E,;, increases under the same bias window, the

inelastic scattering is insufficient to yield consistent results with Ohm’s law.

4.3  TESTING 1D SEMICONDUCTOR

Moving on from the 1D conductor, the next step was to test the NEGF code on a 1D
semiconductor. The system consists of a 2-atom unit cell with two coupling values t; and t,, t; is
intra-coupling and ¢, is inter-coupling, with t; > t,. Based on the value of t,, one may create a

semiconductor, or a weakly-coupled system.

Iy

. 2] 5 . 5] L2 . 5] 5
Efp Layer 1 Layer 2 Layer 3 Layer N Erp

Figure 4.6 Schematic of the 1D semiconductor, orange blocks represent contact locations.

The coupling is defined as t;=1.5 eV (strong coupling), and t,= 0.9 eV (moderate coupling),

the onsite energy is kept at 0 eV, this results in the diagonal and off-diagonal blocks to be
_[0 15 _T10 O
Ho = [1.5 0 ]'Tq'q“ B [0.9 o] (+18)

Length of the device is 50 unit cells (100 atoms), the contacts are located at left and right ends,

respectively. Contact effects are now included through the WBL approximation to better mimic
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DNA-type calculations. This system will create two minibands for electron transport. The energy
window was chosen at the first miniband (Figure 4.7), between -1.4 €V to -1.5 eV, E, = -1.4 €V,
Ey

= = Ef, — qVpiqs. Simulation parameters are included in Table 4-4, note that D, is zero in this

test because as seen from the previous section, optical phonons have the major effect on NEGF

behavior, and thus will be the focus of this investigation.
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Figure 4.7 First miniband chosen as the bias window, the fluctuating transmission is due to
using the wide band limit.



92

Table 4-4 Simulation parameters for 1D semiconductor

Parameter (units) Value

Ef, (eV) -1.4

Vhias (mV) 100

kT (meV) 25.86

D, (meV) 0

D, (meV) 100

Epp (meV) 20

Energy Range (eV) Efp- 10*KkT: Ef + 10*kT
Npp 50

Number of Atoms 100

The initial calculations converge after N, = 50 loops, and the current density profile plotted
in Figure 4.8 (right) shows the current flowing from layer 1 to layer 2, J;,, as well as the current
flowing through the right-end layer, Ji_; 5. When comparing between J;, and Jy_; y, the inelastic
scattering causes the energy-resolved current to shift its peak. However, the interesting part is seen

in the behavior of J;, curve, as the current at energy close to E¢,= -1.5 €V is almost zero. Since
the left contact Fermi energy Ef, = -1.4 €V, one would expect the electron current flowing from
layer 1 -which is connected to left contact- to have high values at all energy ranges between Ef, and

Ef,. However, the current starts decaying once the energy shifts away from Ef, value.
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Figure 4.8 Left Current converges after 50 iterations. Right Current density plot flowing
through leftmost layer (inject) and rightmost layer (extract) at room temperature, optical phonons

only.

To better understand the results, we calculate the current at zero temperature. At very low

temperature (temperature ~ 0K), the resulting current is equivalent to transmission which is a

fundamental property of any system. The calculation converges, and the current density plot shows

two features (see Figure 4.9):

1) Electrons enter and exit the device at different energies. This is due to energy dissipation

from inelastic scattering.

2) Looking at electron transmission from layer 1 to layer 2, J,,, the electrons do not travel

between the two layers at energy < -1.44 eV, and the opposite picture is seen for Jy_1 v,

which is at the rightmost end layer, where electrons only exit the system at energy < -1.46

eV.

The second observation implies that electrons entering the system from layer 1 at Ef, =-1.4 eV

tend to scatter and get reflected in the opposite direction, losing energy in the process via

spontaneous phonon emission for 0K temp (or in general, electron-phonon interaction for room
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temp). The reflected electrons now occupy lower states, preventing further injection of electrons

from the left contact reservoir at that energy level. Hence, with Pauli’s exclusion principle, /;, at

energies lower than -1.44 eV almost depletes.
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Figure 4.9 Current density plot for the 50 layers semiconductor. The ladder-effect represents

the electron-phonon emission as the steps are equal to Eyj, (only optical phonons).

The following subsections investigate different parameters such as acoustic (elastic) phonons,

and phonon energy effects on the current profile.

4.3.1 Acoustic Phonons

The initial transport calculations only included optical phonons. By setting D, to be nonzero,

the acoustic phonons effect can be studied as well. Looking at Figure 4.10, it further reduces the

current by ~50% even at the first Ep, window (-1.42 eV < energy < -1.4 V). This is because
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acoustic phonon corresponds to elastic scattering, which now allows for electrons to get scattered

at the same energy level, further limiting electron entrance from left contact at Er, =-1.4 €V.
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Figure 4.10 Current density J;, for the 50-layer device, for both systems of (acoustic + optical)
phonons and optical phonons only.

4.3.2  Phonon Energy

The decrease in current with respect to energy is shown to be dependent on Epj, steps.
Therefore, at lower Ej,;, = 10 meV, the decay becomes more spread out with respect to the energy
window when compared to E,, = 20 meV (see Figure 4.11). Reflected electrons have more states

to scatter into and move in the opposite direction.
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Figure 4.11 Change in phonon energy yields different ladder-like current decay rate.

4.4  TESTING 1D WEAKLY-COUPLED SYSTEM

After testing the NEGF code on an ohmic conductor, where the results follow Ohm’s law, and
on a semiconductor to test out the effects of acoustic and optical phonons. Here, we used a model
Hamiltonian involving a 1D weakly-coupled system to represent a DNA structure, and the results
of inelastic scattering are discussed in this section. It is important to note that we should be able to

handle transport calculations in this simple system before moving over to DNA.

A 15-layer device with a unit cell containing two atoms is used as shown in Figure 4.12. The
coupling is defined as t; = 1.5 eV (strong intra-coupling), t, = 0.1 eV (weak inter-coupling).

This system will mimic ds-DNA, where the intra-coupling (between a base-pair) is much higher
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than inter-coupling (neighboring bases) [78]. The onsite energies of either 250 meV or 700 meV
were randomly assigned in the Hamiltonian, this results in the diagonal and off-diagonal blocks to

be

_ [0.7(0.25) 1.5 70 0
Hq_[ 1.5 0.7(0.25)]'Tqrq+1_[o_1 0] (4.19)

t, i t, o t,
Egp Layer 1 Layer 2 Layer 3 Layer N Erg

Figure 4.12 Schematic of the 1D semiconductor, orange blocks represent contact locations.

For a 15-layered system, the transmission minibands are formed around -1 eV or 2 eV (Figure
4.13, left). The energy window was chosen to be the first miniband, which is between -1.05 eV
and -0.5 eV. The right plot in Figure 4.13 shows three distinct characteristics: high transmission
value (T> 107°), low value (T < 107!?), and the zeros/negative values (T<107'®). The
zeros/negative values are shown as discontinuities in the plot and are due to finite machine

precision.
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Figure 4.13 Ballistic transmission plots. left: minibands formed by the 15-layered system.
right: the chosen energy window sweep, highlighted regions have different characteristic effects
on current convergence as explained further in text.

A small bias of 50 meV was chosen for the calculations, with Ef, = Ef, — eV;qs, the left
contact Fermi energy Ef, was swept to go from peak to low transmission regions (we can think of

this as applying a gate voltage). To study inelastic scattering, we apply a deformation potential
corresponding to energetic phonons, D,, with D, set to zero. The other parameters used are listed

in Table 4-5.
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Table 4-5 Simulation parameters for 1D weakly-coupled system

Parameter (units) Value
Vpias (mV) 50
kT (meV) 25.86
D, (meV) 0

D, (meV) 10
Epp (meV) 10
Npp 1000
Device Length 15 layers

The convergence criterion is to have Iy_; y = I1,, where Iy_1 y (I12) is the exiting (entering)
current. The results in Figure 4.14 show poor convergence for three energy windows. The first
window, Figure 4.14 (a), corresponds to the current calculated at the transmission peak region
shown in Figure 4.13. The second window, Figure 4.14 (b), corresponds to the current at the high
slope region (yellow curve in Figure 4.13), and the third window is for the low slope region (red
curve in Figure 4.13). In the first window, the calculations come close to convergence but only
after 1000 phonon loops, which is unreasonably large for a 30-atom system. The divergence in the
second and third windows is higher in Figure 4.14 (b) and (c). Furthermore, at the low/negative
transmission region (bandgap region), the current yields negative unphysical values (plot not

shown).
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Figure 4.14 Divergence issues at different energy windows. (a) Energy window from -1.0 to -
0.95 eV. (b) Energy window from -0.95 to -0.90 eV. (c¢) Energy window from -0.80 to -0.75 eV.

For the weakly coupled system, the calculations do not converge and the reason for this is that

the decoherence rate due to scattering is not weak compared to the inter-base hopping.

After exploring the weakly-coupled system, it is evident that the weak inter-coupling between
the unit cells, which is equivalent to neighboring bases in ds-DNA, is causing current divergence.
The electron-phonon interaction cannot be treated by first-order approximation of perturbation
theory as it is comparable in magnitude to the inter-base hopping term in the Hamiltonian.
Therefore, the first-order approximation of the phonons self-energy used in NEGF does not hold
due to weak electronic coupling between the DNA bases comprising the strand [78]. Hence, we

conclude that the current NEGF method cannot be applied to the DNA system.

4.5 CONCLUSION

Weakly-Coupled systems have been studied by researchers in the field of organic crystals.
Their treatment has taken the main approach of using the polaron hopping model [146], in which
the deformation of the molecule caused by the charge transfer is accounted for. In this model, the
time-dependent electronic Hamiltonian is used to capture electron-phonon interaction via polaron
hopping to study charge transfer. This method is well developed for crystals [147], [148], in which

Bloch’s theorem is utilized with periodic boundary conditions, however, it cannot be applied



101
directly for the aperiodic DNA strands. Surprisingly, other groups[85], [86], [119] were able to

use NEGF on DNA to account for elastic acoustic phonons. However, they have used a simple
tight-binding model for the DNA Hamiltonian with electronic couplings that are an order of
magnitude higher than the electron-phonon coupling parameter. This assumption is unphysical in
modeling realistic DNA system as shown by studies estimating the hopping parameter between
bases [78], [122]. Therefore, in this thesis, the decoherence probe method is used to model charge

transport in DNA structures.



102
Chapter 5. SINGLE NUCLEOTIDE MISMATCH DETECTION

THROUGH DIRECT ELECTRICAL
MEASUREMENTS

5.1 INTRODUCTION

Single nucleotide mismatch detection has been an ongoing challenge for researchers. The
ability to detect minuscule changes within a nucleic acid strand in an efficient and rapid manner is
of interest, especially for genetic mutation diagnosis. Chemistry intensive methods have been
widely used for mutation and mismatch detection, but they usually require amplification via
polymerase chain reaction (PCR), and labeling of target sequences prior to sequence processing
[71]. Thus, it is of interest to develop new detection schemes. Here, we demonstrate a direct
electrical measurement method for the detection of a single nucleotide mismatch through
conductance measurements of a 15-base-pair strand [51], via a contact-molecule-contact scheme.
This method would allow for a new perspective of mismatch detection using an electrical

technique.

5.2  SYSTEM UNDER STUDY

The system under study is a DNA:RNA hybrid of 15 bps. Figure 5.1 shows the sequence, with
the location of the three mismatches denoted as X, Y, and Z. In the case of no mismatch, the RNA
strand is 5’-CGACCCUCUUGAAC-3". For the first mismatch case, the X base location has the G
substituted for an A. In the second mismatch, Y location has the C substituted for the T base. And
the third case, Z location, has A substituted for G. Biologically, each mismatch represents a

different strain found in the pathogenic species of E. Coli [51].
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In a metal-molecule-metal structure, the DNA strand is terminated with a linker group, to
enhance the coupling to the two measuring probes. A commonly used linker for gold-type contacts
is the thiol group -CH2 - CH2 - CH2 — SH [149]. In this simulation, to reduce system complexity
and computational costs, neither the gold contacts nor the linker groups are explicitly included in

the structure, but the coupling of contact effect is included as a self-energy.

The method is composed of the following steps: ab initio DFT calculations to determine the
Hamiltonian, and the Green’s function (GF) based transport calculations. We perform the ab initio
DFT calculations using Gaussian 16 with the B3LYP/6-31G(d,p) functional and basis set to obtain
the Hamiltonian (see chapter Chapter 2 for further details on the methodology). For all the
structures, the counterions are not included, and so the charge of the DNA is taken as -28. The
number -28 corresponds to a negative charge of -1.6E-19 C on each of the 28 phosphate groups in
the DNA structure. Note that there is one phosphate group per nucleotide, except at the backbone
of the left and right contact sites. Water solvent is included in the calculations via the polarizable
continuum model (PCM). This DFT calculations give us the system Hamiltonian, which will then

be used in the transport calculations.

DNA
Al — SH-3— I 5~ SH- Au
GCTGGGGAGAACTTG
O T O O e

SC ACCCCYCUUGAXC3
— I 3
RNA

Figure 5.1 Schematic of the structure under study. The green side is the DNA, terminated with
the thiol groups which are connected to gold contacts. The purple side represents the RNA
sequence, without mismatches X=A, Y=U, and Z=G. The three mismatch cases are defined as
X=@G, Y=C, and Z=A, respectively.
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Elastic (dephasing) transport is used to model charge transport through the 15-bp strands. The
decoherence probes are attached to each nucleotide (backbone + base) as shown in Figure 5.2. In
a structure consisting of N = 30 bases, the total number of decoherence probes is calculated
as N, = N — 2 = 28. We used the E-indep model with uniform coupling value of 10 meV for all
the energy levels. The contact self-energy is considered as a fitting parameter, it usually ranges
between 50 meV and 1 eV [150]. These values would represent going from weak to strong
coupling, respectively. We tested 100 meV and 600 meV values, and the overall trend was the
same, mainly showing an increase in conductance magnitude with an increase in contact coupling.

Therefore, only the results of 600 meV are presented here.

Figure 5.2 The blocking scheme for applying decoherence probes in transport calculations.
The alternating colors (red and blue) represent the 28 blocks consisting of the backbone and base.
The two yellow blocks correspond to the contact locations, both of which include the two guanines
at the two ends of the DNA strand with their backbones.

5.3 RESULTS AND DISCUSSION

It is difficult to determine the exact Fermi level of the metal-molecule-metal system, due to its
sensitivity to the contact details (the orientation and the geometry of the atoms that are in contact),
as well the metal work function, thus shifting in between the HOMO-LUMO gap [150]. Therefore,
the Fermi level is treated as a fitting parameter, where the transmission plots are focused between

-5.5 and -4.5 eV region, which is the region close to the HOMO level of the different structures.
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We first look at the coherent transmission results in Figure 5.3a. The coherent transport does
not show a clear trend. At energies lower than -4.95 eV, X-mismatch is dominant, followed by Z-
mismatch, original structure, and then the Y-mismatch. However, when the energy is between -
4.95 eV and -4.7 eV, the dominance is not conclusive as within each region a different structure
has the highest transmission probability. The conductance plot further illustrates these

observations (Figure 5.3c¢).

Looking at the decoherent transmission case (Figure 5.3b), the first thing to notice is that the
amplitude is multiple orders of magnitude higher than the coherent case. Decoherence due to the
phase-losing environmental effects tends to broaden the energy levels of the system [118] that are
primarily located at different regions of the DNA, thus, increasing the transmission probability. At
energy below -4.95 eV, the plot shows X-mismatch to be dominant with transmission probability
of 104, followed by Z-mismatch, the original structure, and ending with Y- mismatch as the lowest
transmission of less than 10-°. However, at energies closer to the HOMO levels, which is the region
of energy above -4.95 eV, the Y-mismatch begins to show dominance, and it specifically maintains
its dominance at -4.8 eV and onwards. Since molecular structures tend to be charge neutral, it is
reasonable to assume that the Fermi level lies above the HOMO level of the structures. Within this
energy range from -4.8 eV to -4.5 eV, the conductance plot shows the trend of Y-mismatch

>QOriginal structure>Z-mismatch >X-mismatch (Figure 5.3d).

An interesting result shows up when comparing the conductance plots in Figure 5.3 ¢ and d.
The coherent conductance shows X-mismatch dominating along the whole energy range. This is
due to the large regions of transmission peaks within the HOMO region (at energies lower than -
4.95 eV), which are several orders of magnitude higher than the other structures. Moreover, the

transmission in the HOMO-LUMO gap (above -4.95 eV) for all cases is ten orders of magnitude
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lower than their HOMO region. Thus, the transmission band in the HOMO region for X-mismatch
makes the conductance -which is the integral of transmission with respect to energy (see equation
(2.37)) dominate when Ef > -5.3 €V. As for the decoherent case, the plot of conductance shows a
similar trend to its transmission counterpart, which is due to the transmission amplitude not
changing drastically when going from HOMO into the HOMO-LUMO gap, thus having a

moderate contribution in the conductance calculation.
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Figure 5.3 Transmission plots, of (a) coherent and (b) decoherent transmissions. (¢) and (d) are
the corresponding zero-bias conductance plots for coherent and decoherent transmissions,
respectively. The dashed vertical lines represent the HOMO level of each structure. X, Y, and Z
represent the three mismatch cases, where O represents the original strand.

To understand the reason for the decoherent transmission trend (Y-mismatch >Original
structure>Z-mismatch >X-mismatch), we look at the contour DOS plots of the different structures
(Figure 5.4). The grey dashed lines in Figure 5.4 represent the HOMO level of each structure. And

the narrow peaks along the horizontal direction in the DOS plot show that the DOS is delocalized
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among the neighboring bases. We compare between the cases by focusing on the region closest to
the HOMO levels of the structures, and several observations can be made. First, the Y-mismatch
has the highest HOMO level, which makes it the easiest candidate for ionization. Second, the Y-
mismatch case shows the highest delocalized states above -5 eV when compared with the others,
where an almost fully delocalized level can be seen around -4.93 eV. Third, in Y-mismatch, the
highest HOMO-1 to HOMO-N levels (high DOS) are at higher energy levels than X- and Z-
mismatches (see regions -4.9 eV to -4.7 eV). As a result, it is easier for charge to move through
the Y-mismatch molecule, thus resulting in the highest transmission. The original structure comes
second in terms of energy distribution and spatial delocalization. As for X- and Z-mismatch cases,
even though X-mismatch has a better HOMO region delocalization, for energy > -4.9 eV, the Z-
mismatch has higher DOS values both spatially and energetically and it has a higher HOMO level

as well. These features make the Z-mismatch case have a larger transmission than the X-mismatch.
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Figure 5.4 Contour DOS plots for the four DNA:RNA structures. The x-axis represents the
base-pairs, the y-axis is the energy range. The dashed horizontal line represents the HOMO level
of each structure.
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5.4 SUMMARY

In this chapter, we investigated the applicability of electrical measurements to detect and
differentiate between strands with single nucleotide mismatches. The decoherent results, both
transmission and conductance, agree in showing that there is a hierarchy of transmission values
between the four studied structures. This is also confirmed by the DOS analysis, thus showing the
possibility of differentiating between the different mismatch cases through conductance
measurements. Our calculations agree qualitatively with the experimental results in [51], which
show that (Y-mismatch > Original > X-mismatch). Experiments done by our collaborator [51]
show the conductance of Y-mismatch to be ~40% higher than the original case, and the
conductance of X-mismatch is % of the original case. However, conductance of Z-mismatch was

below the detectable range (less than 1 pA).
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Chapter 6. ROLE OF ANTHRAQUINONE INTERCALATION ON

ELECTRICAL CONDUCTANCE OF DNA

6.1 INTRODUCTION

Electronic properties of DNA have attracted particular interest over the past 20 years [14] due
to its long-range charge transport and self-assembly properties, making it a desirable
nanoelectronics component. DNA consists of four main bases: guanine (G), cytosine (C), adenine
(A), and thymine (T), and the stacking and pairing of these bases form a helical structure. The m-
7 interactions of the stacked bases lead to long-range charge transport. Simultaneously, due to its
molecular recognition (exclusive base-pairing), sophisticated geometries can be precisely
fabricated, overcoming the scaling challenges with solid-state/silicon-based electronics. Thus, the
understanding of the electrical properties of DNA, theoretically and experimentally, becomes a

key factor for future device developments.

The last decade has witnessed some claims of the sensitivity of short oligonucleotides'
electrical conductance (5 nm range) to chemical modification of nucleotide [151]-[153],
conformational change [154]-[157], and single base mismatch [158]. The ability to tune and
control these factors has wide implications in electronics, sensors [78], [159]-[167] and

sequencing [168]-[170].

Intercalation is an insertion of small molecules between bases of a nucleic acid structure,
triggering structural changes such as local unwinding and elongation [171]. Small molecules called
intercalators are often used as anticancer drugs to inhibit nucleic acid replication [172] or as
fluorescent markers to visualize the structure [173]. The interaction between intercalators and

nucleic acids has been studied both experimentally and computationally [174]-[179].
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Consequently, there has been a growing interest in controlling nucleic acid conductance by adding

intercalators.

Recently, a graphene quantum dot intercalator in a 59-basepair long abasic-DNA was found to
enhance the charge transfer rate [132]. An 11-basepair DNA intercalated with coralyne showed
three times larger conductance than the native DNA at negative biases [180]. However, other
studies have shown a contrasting impact of intercalation on DNA conductance. Harashima et al.
[62] demonstrated that intercalation using ethidium bromide increased conductance by four times;
they also showed that using Hoechst-33258 as a minor groove binder did not induce an increase
in conductance on the same ds-DNA having 8 base-pairs. On the other hand, an earlier experiment
conducted by Wang et al. [181] demonstrated that the same intercalator (ethidium bromide)
decreased the conductance of 20 base-pairs long ds-DNA. Recently, Xiang et al. [182] reported
that an anthraquinone (Aq) molecule directly attached to the end of the backbone of ds-DNA via
a uracil (U) base could modify the conductance of a ds-DNA based on its redox state. In their
experiment, they showed that the Aq moiety intercalated the complementary strand between the
guanine bases, and the reduced state Aq yielded higher conductance, while the oxidized state Aq
yielded lower conductance than the unmodified DNA. Further, there have been some recent
observations that anthraquinone intercalation can change the conductance by 600 times
(unpublished). The experiments do not resolve the underlying mechanisms in a unified manner as
exemplified from the literature. A recent modelling paper by Aggarwal et al. [183] reported the
effect of ethidium and daunomycin intercalators on the conductance of 8 and 12 base-pair long
DNA strands. They used ab initio calculations and showed that upon intercalation, the conductance
increases by one order of magnitude mainly due to reducing the twist angle between the

intercalated base pairs, enhancing their structural alignment.
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In this chapter, we explore the fundamental pathways to alter the conductance of DNA upon
intercalation, which is relevant to molecular electronics. We employ density functional theory
(DFT), and Green’s function-based charge transport calculations. We focus on two different
nucleic acids, the ds-DNA and the DNA:RNA hybrid, both intercalated with Aq. We study the
impact of redox state, location, and quantity of intercalators in altering ds-DNA’s electronic
properties considering different measurement scenarios. We report a new approach to analyze the
effect of intercalations on the Fermi energy using partial charge transfer concept. Subsequently,
we demonstrate that Aq intercalation in ds-DNA can increase or decrease the conductance,
depending on the oxidation state, due to the following two reasons: 1) Intercalation decreases the
bandgap energy by inducing new energy levels within the bandgap region of the bare ds-DNA,
either close to the HOMO region (reduced Aq case) or in the middle of the bandgap (oxidized Aq
case), and 2) intercalation shifts the Fermi energy with respect to the HOMO of the intercalated
ds-DNA. We also report that the effects of Aq intercalation on both ds-DNA and DNA:RNA

hybrids are alike.

We additionally model intercalation by the anthraquinone-neomycin conjugate (AqNEO) in
DNA:RNA hybrids. Neomycin has been shown to increase the thermal stability of RNA duplexes
[184] and the binding affinity of the conjugated intercalator to DNA:RNA duplexes[185], [186].
We show that the neomycin part of the conjugate, acting as a groove binder, has a small effect on
the conductance, which agrees with the experimental findings [187],[181]. We report that this is

due to the indistinctive changes on molecular orbitals around HOMO region of DNA:RNA hybrid.

The chapter is organized as follows: first, we introduce the cases under study, we follow it by
DFT calculations to find the distribution of the energy levels and compare between the different

cases. Then, we focus on the energy levels induced by the intercalators and their impact on
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transmission. Afterward, we study the effect of having two intercalators on altering electron
transmission through DNA. After this focused analysis on the intercalator induced levels, we shift
our attention to the overall conductance. Thus, we analyze the partial charge transfer rates to
predict the Fermi energy for conductance comparisons. Finally, we study an additional case of a

structure with a shorter AT region and illustrate key differences.

6.2 SYSTEM UNDER STUDY

We study a family of three structures: 1) Aq (both oxidized and reduced states) intercalation
into a 15 base-pair ds-DNA with the sequence 3’-G3A9G3-5". 2) Aq and AgNEO intercalation into
a DNA:RNA hybrid having the same sequence, with the RNA strand formed by the purines and
the DNA formed by the pyrimidines. 3) Aq (both oxidized and reduced states) intercalation into a
ds-DNA with a shorter AT region, having the sequence 3’-G3A3G3-5". We first focus on 1 and 2
(Figure 6.1a) to understand the intrinsic effects of the intercalation on the strands. The 15 base-
pair structures are expected to be comparatively resistive due to the high number of AT base-pairs,
creating a barrier for the charge to traverse the structure to the terminal guanines. Thus, as for the

3t structure, we lowered the AT-region length from 9 to 3 base-pairs.

The exact location of intercalation is difficult to identify experimentally as Aq and its
derivatives can reside between any consecutive base-pairs depending on the molecular interactions
between the intercalator molecule and the nucleic acids [188], [189]. To account for this, we

consider intercalation between a) AT base-pairs at 7 and 8 (I, g) and b) GC base-pairs at 13 and

14 (113 14) among other possibilities (Figure 6.1).
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Figure 6.1 Schematic representation of the system: a, Simulated intercalation cases for the 15
base-pair long structures. b, Oxidized and reduced states of the Aq molecule.

For the DFT step, the water molecules and counterions are removed from the system snapshot
(for DFT convergence) and DFT calculations are then carried out using Gaussian 16 [190] with
B3LYP/6-31G(d,p) basis set. To account for water solvent effect, we use the polarizable
continuum model (PCM). Furthermore, since the counterions that neutralize the DNA backbone
are removed from this calculation, the total charge is set equal to the number of phosphate groups
in the system, which is -28 (the terminal bases do not include their phosphate groups). The total
charge for the ds-DNA system (without AQNEO) is set to -28 for both bare and intercalated cases.
For the DNA:RNA system, the total charge is set to -28 for the bare system and for the intercalated
case it is set to -22 due to the total charge of +6 on the AQNEO. After reaching convergence, the
Hamiltonian from the DFT results is used for charge transport calculations. After obtaining the

Hamiltonian from the DFT results, the charge transport calculations are performed for a system
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consisting of a contact-DNA-contact configuration (Figure 6.2). The calculation is set up as
follows: since the DNA strand in STM-BJ methods comes into contact with gold via the thiol
linker groups at its two ends, we assume contact locations to be at the guanines in 3’-end and 5°-
end. The contact self-energy is set at a portion of the backbone of the leftmost and rightmost
guanine bases (Figure 6.2). We set the left (right) contact scattering rate [}, (Ig) to 100 meV, which
resembles moderate contact-molecule coupling. The E-indep decoherence scattering rate Izp is set
at 10 meV. These values are found to be within the acceptable range [191], [192]. The calculations
are carried out at room temperature, kzyT = 0.0259 eV. The decoherence probes are applied to
each atom in the DNA system. The charge transport modeling is discussed in further detail in

chapter 3.

Figure 6.2 The contact atoms (highlighted with orange) are defined at the backbone atoms of
the guanine bases located at both 3’ and 5” ends of the same strand.
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6.3 QUANTUM MECHANICAL MODELING

An essential effect of Aq intercalation on the DNA is in the HOMO and LUMO spatial
distribution. Without intercalation, the LUMO is localized at a single Thymine (Figure 6.3a),
whereas its HOMO is delocalized on two guanines (Figure 6.3b). However, when Ox-Aq is
introduced into the system, its effect is seen as adding a new unoccupied level (LUMO) localized
at the Aq. This result is true for both the I, g and I, 3 14 cases (Figure 6.3c,e). As for the HOMO, it
is still localized at the guanines (Figure 6.3d,f). However, in the Re-Aq case, both HOMO and
LUMO are localized at the Aq (Figure 6.3g-j). Therefore, it adds two energy levels into the
bandgap as opposed to Ox-Aq. The added levels for Re-Aq (Ox-Aq) near HOMO (LUMO) are
fully occupied (empty). Hence, this is not like the conventional doping of semiconductors where

p-doping (n-doping) has unoccupied (occupied) levels induced near the HOMO (LUMO) band.



116

LUMO

HOMO

DNA:RNA
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Figure 6.3 LUMO and HOMO plots both without and with Aq (ISO value is 0.02). a and b,
LUMO and HOMO distribution of ds-DNA. ¢ and d, LUMO and HOMO distribution of ds-DNA
intercalated with Ox-Aq between 7" and 8" base pairs. e and f, LUMO and HOMO distribution of
ds-DNA intercalated with Ox-Aq between 13" and 14™ base pairs. g and h, LUMO and HOMO
distribution of ds-DNA with same intercalation position with ¢ and d using Re-Aq. i and j, LUMO
and HOMO distribution of ds-DNA with same intercalation position with e and f using Re-Aq.
From a2-j2: LUMO and HOMO plots both without and with Aq/AqQNEO for the DNA:RNA
system (ISO value is 0.02). a2 and b2, LUMO and HOMO distribution of DNA:RNA. ¢2 and d2,
LUMO and HOMO distribution of DNA:RNA intercalated with Ox-Aq between 7th and 8th base
pairs. e2 and 2, LUMO and HOMO distribution of DNA:RNA intercalated with Ox-Aq between
13th and 14th base pairs. g2 and h2, LUMO and HOMO distribution of DNA:RNA with same
intercalation position with €2 and d2 using AqNEO. i2 and j2, LUMO and HOMO distribution of
DNA:RNA with same intercalation position with e2 and f2 using AqQNEO.

The bandgap value changes as the intercalator adds new energy levels into the DNA. In the
Ox-Aq case, the LUMO induced by Aq is seen in the middle of the bandgap closer to the LUMO
region of ds-DNA (Figure 6.4a). The bandgap is reduced by more than 1.2 eV, from 3.67 eV of
bare DNA to 2.12 eV for I; g and 2.45 eV for I,3,4. The Re-Aq induces two new levels in the
bandgap region, a HOMO and a LUMO, which also decrease the bandgap compared with the bare

DNA, to 2.97 eV and 2.86 eV for I; g and I3 ;, intercalations, respectively. Similar trends are
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observed for DNA:RNA system (Figure 6.3a2-j2). We observe the LUMO localizing on the

intercalating molecule in both Aq and AQNEO cases. As for the HOMO, it remains localized on
the guanines. The bandgap is reduced by 1.48 eV for the Aq case and by 1.66 eV with AQNEO
(Figure 6.4b). We also notice that the incorporation of neomycin as a groove binding molecule
does not significantly alter the molecular orbitals of the system in the HOMO region (AqQNEO
cases in Figure 6.4b). However, the LUMO region is shifted to lower energies for the AQNEO
cases. The average shift in the induced energy between Aq and AqQNEO cases is 175 meV. Thus,
we find that the groove binder neomycin does not cause a significant effect on the molecular
orbitals of the system or the intercalator induced energy levels. In the following section, we explore

the transport calculation results for the different cases, specifically at the induced energy levels.
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Figure 6.4 Energy levels and bandgap values for different intercalation cases of ds-DNA and
DNA:RNA. a, Energy levels for ds-DNA system. Ox-Aq induces a LUMO into the bandgap of
DNA, while Re-Aq induces both HOMO and LUMO which are close to the energy levels of the
DNA, respectively. b, Energy levels for DNA:RNA system with Ox-Aq and AqQNEO cases. Both
Ox-Aq and AQNEO induce LUMO into the bandgap of DNA:RNA.

6.4 TRANSMISSION AT THE INDUCED LEVELS

The direct comparisons between the original states of ds-DNA and DNA:RNA is discussed in

prior references [77], [193]. In this work, we focus on the intercalator's effect on charge transport
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in the ds-DNA and DNA:RNA systems. The transmission is plotted as a function of energy ranging

from -6 to 0 eV in Figure 6.5.
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Figure 6.5 Transmission over a large energy window spanning HOMO and LUMO for a ds-

DNA 3°-G3A9G3’°5’,

b DNA:RNA.

Comparison of the results for intercalating Aq between the 13" and 14" base-pairs (the 113,14

case) of the ds-DNA as well as the DNA:RNA system is given in Figure 6.6. We notice that the

induced energy level by the intercalator is very similar for both cases (80 meV shift in energy),



119

and the transmission peaks only vary by less than 15%. The impact of intercalation on either ds-

DNA or DNA:RNA systems is similar as we stated previously.
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Figure 6.6 (Left)Transmission plot of ds-DNA and DNA:RNA systems with Aq intercalation
at the 1,3 14 location. (Right) Transmission peaks of the Ag-induced levels highlighted in the green
box in the left figure.

Next, we shift our focus to the transmission near the intercalator induced energy levels (Figure
6.7). The transmission increases at the Aqg-induced energy levels by 16-34% compared to bare
DNA (see transmission at the starred peaks in Figure 6.7). The Re-Aq cases (I; g and ;314 in
Figure 6.7a) show a ~16% increase, whereas Ox-I; g and Ox-I;3 ;4 increase the transmission by
23% and 34%, respectively (Figure 6.7b). Similarly, the DNA:RNA system with AQNEO (Aq)
exhibits the same trend (Figure 6.7c): the intercalator-induced peaks increase the transmission at
their respective energies compared to the bare system. It is essential to mention that the induced
peaks for Aq (or AQNEO) in its oxidized state are deep in the bandgap region of the no intercalated
cases, -2.8 eV < Energy <-2.4 eV (Figure 6.7b,c and Figure 6.5). This range is more than 1.5 eV

above the anticipated Fermi energy (Ef) location, which is assumed to be in the HOMO vicinity.

We expect that the closer the Ag-induced levels get to the high density of states (DOS) region,

the higher the transmission becomes. This is due to the enhanced coupling of Aq to neighboring
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bases. The location of intercalation has a small effect on the induced energy levels as shown in
Figure 6.4. For instance, changing the Ox-Aq location from I, g to I;3 14 induces an energy shift
of 245 meV, and the corresponding increase in transmission peak is ~14%. As for the Re-Aq, it
induces an occupied level close to the HOMO vicinity. Here, the Re-I; g has its HOMO energy
level closer to the HOMO of Re-I;3 14 by 163 meV, and results in a ~25% increase in transmission
peak (Figure 6.7). As for the DNA:RNA system with Aq, Figure 6.7c shows that by changing the
location of intercalation from I; g to I3 14, the induced level shifts by 91 meV closer to the LUMO
region, only increasing the transmission peak by 7%. On the other hand, in the neomycin conjugate
(AgNEO) case, the induced level shifts by 89 meV away from LUMO. However, this opposite
shift yields a change in transmission peak of less than 1%. We find that transmission is not affected
by the addition of the groove-binder, which is in qualitative agreement with experiments[187],
[194] that finds groove-binding molecules have an insignificant impact on DNA conductance. In
the next section, we look at the effect of having double intercalations. We also like to note that
since the effect of intercalation yields similar trends regardless of the system (ds-DNA or

DNA:RNA), the following sections will focus on the ds-DNA system.
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Figure 6.7 Transmission plots for a, ds-DNA system in the HOMO region (stars: Re-Aq
induced peaks). b, ds-DNA system in the Ag-induced region (stars: Ox-Aq induced peaks). c,
DNA:RNA system in the Ag-induced region (stars: Aq and AQNEO induced peaks). The x-axis is
energy because these results do not depend on the occupancy or Fermi factor of the electrons.
Conduction plots for d, ds-DNA in the HOMO region, e, ds-DNA in Ag-induced region and f,
DNA:RNA in Ag-induced region.

6.5 DOUBLE INTERCALATION

Multiple intercalations may occur in experiments depending on the intercalator molecule
concentration and the length of the DNA strand[195], [196]. We intercalate two anthraquinone

molecules corresponding to I g and I;3 14 positions.

The transmission results show that in the Re-Aq case, a single transmission peak occurs near
the HOMO region for double intercalators (TwoRe), which is ~83% higher than the single
intercalation cases (Figure 6.7a). However, in the Ox-Aq case, the double-intercalation (TwoOx)
yields two transmission peaks close in amplitude to the single intercalation cases (Figure 6.7b). To

understand this, we look at the contour DOS plot. The plot shows the distribution of electrons as
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a function of both space and energy. Figure 6.8a shows that the two intercalators induce two nearly
degenerate levels near the HOMO region of the DNA for the Re-Aq case. Hence, having higher
coupling with the neighboring bases of the DNA, they yield a large transmission peak. However,
in the Ox-Aq case, the energy levels are deep in the bandgap region (dark blue area in Figure 6.8b).
Therefore, they are residing in an almost isolated region with low coupling to the DNA bases.
Hence, increasing the number of Re-Aq intercalators can yield higher transmission probability at

the induced levels.
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Figure 6.8 Double-Intercalation effect on transport properties of the ds-DNA. a, the contour
DOS plot of double Re-Aq, b, the contour DOS plot of double Ox-Aq, showing the energy levels
distributions along the strand.

Although we observe energy shifts and transmission peaks can quantitatively vary, the average
percentage of transmission increase is only 25% compared to the no-intercalation case. These
results indicate that the spatial location of intercalation -alone- cannot be the reason behind the
intercalation induced conductance differences reported in the literature. In the following section,

we consider a hopping model, which also supports this conclusion.
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6.6  EFFECT OF INTERCALATION LOCATION ON TRANSMISSION

To further investigate the effect of intercalation location on the long AT region structure (ds-
DNA), we focused on the charge transport mechanism induced by the intercalators by using two-
step hopping scheme shown in Figure 6.9. The aim of this analysis is to see the impact of distance
on the transmission between Ox-Aq and the ds-DNA. The first calculation in this scheme sets the
left contact location at the leftmost guanine base, while the right contact is set at the Aq. This
yields the transmission probability for an electron to enter the DNA and hop into the Aq, T;. The
second calculation, T,, assumes the left contact is at the Aq, while the right contact is set at the
other end of the DNA strand, which is also a guanine. This will yield the transmission probability
for an electron present at Aq to traverse the structure and exit the DNA through the other end.

Then, we calculated the equivalent transmission for this system using equation (6.1).
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Figure 6.9 The two-step hopping scheme for I; g (a), I1314 (b). Tyis the transmission from
leftmost guanine to Aq. T, is the transmission from Aq to rightmost guanine. T is the transmission
from leftmost guanine to rightmost guanine as in the total transmission from left to right, which is
used in the main text. T is the equivalent transmission calculated using equation (6.1).
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The results show that the distance between contact points and intercalation molecule (thus, the
intercalation location) plays a significant role in transmission unless the strand is too long to show
the effect(Figure 6.10). As even though the second hop, T,, is two orders of magnitude higher than
T, for I3 14, the equivalent transmission is going to be lowered due to the low value of T;. This is
expected since T, has the right contact location (Guanine) very close to Aq (0.7 nm), while the
first hop requires the electron to travel a large distance of 12 base pairs (3.68 nm) to reach the Aq
which dominates the overall transmission along the system. Moreover, a similar effect is seen for
the I, g case where the electron must travel almost the same distance per hop, 2.38 nm and 2.72
nm for T; and T,, respectively. Even though the induced energy levels for I,3,, and I, g are at

different spatial locations, the equivalent tunneling through the whole molecule is weak regardless

of the location of Aq.
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Figure 6.10 a, Transmission plots of Ox-I;3 1, and Ox-I; g, showing T; and T,, with T,>>T;.
b, Comparison between T,,, showing that both cases yield similar transmission regardless of the
location of Aq.

The calculation was also carried out for the two Ox-Aq molecules intercalating the DNA. In
the sequential model, this involves three hops to go from the left contact to the right contact (Figure

6.11):
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— =ttt (6.2)

The results confirm the length effect on lowering the electronic coupling between the two ox-
Ags, where the induced energy levels are also deep in the BG which isolates them from the
molecular orbitals of the DNA. Indeed, as even though ;3 ;, would have a higher coupling to the
right contact, the low coupling between the two Ags lowers the transmission along the structure.
Hence, the lower transmission to/from I, g results in an equivalent transmission that is comparable

to single ox-Aq intercalation as discussed in the main text.
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Figure 6.11 a, Sequential hopping scheme for the two anthraquinone intercalation case, going
from leftmost guanine, to the two anthraquinones and exiting through the rightmost guanine. b
Comparison between T;, T,, and T3, showing distance effect on transmission which causes lower
equivalent transmission.

So far, we have focused our discussion on the Ag-induced levels. The calculations show that
the induced energy levels inside the bandgap cause a transmission increase of less than 45% for
this 15 base-pair long strand. At the same time, a higher percentage increase is reached with
double-intercalators. Compared with literature, in which more than three times increase was

reported, we deduce that the induced levels cannot be the only factor in increasing the DNA
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conductance. To probe other mechanisms that may influence the conductance, in the next section,

we look at the overall conductance profile of the ds-DNA cases at different energy regions.

6.7 EFFECT OF CONTACT COUPLING

The transmission trends obtained are similar when the contact self-energies are changed.
Within the range tested, the increasing (decreasing) contact self-energy increases (decreases)
transmission. Figure 6.12 displays two examples of how the transmission profile is qualitatively
maintained, while a y-axis shift is visible depending on the contact scattering rate value. The top
plot in Figure 6.12 is for the ds-DNA without any intercalators, while the bottom plot is for a case
with an intercalator. The transmission amplitude increases as we increase the contact scattering
rate, going from 50 meV to 1000 meV. However, the ratio between the amplitudes is not directly
proportional to the rate values. For instance, in HOMO (-6 to -5 eV) or LUMO (-1 to 0 eV) regions,
the transmission at 1000 meV is about 3.5 times as much as the transmission at 50 meV. While in
the region of interest (bandgap region insets of Figure 6.12), the change is lower than 14%. The
reason behind this is that the broadening due to the contacts is mostly effective at the molecular
orbitals localized at or closest to the contact locations. The main component of the resistance at
many energies of interest arises from the intrinsic resistance of the DNA. Deep inside the HOMO
and LUMO bands, the transmission can increase significantly with the contact coupling. This
corresponds to the case where states are much more extended throughout the DNA in a small
energy window. These deep lying states are however not accessible in experiments and do not

affect the observed trends (example is shown in the LUMO region insets of Figure 6.12).
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Figure 6.12 Transmission plot for ds-DNA case under different contact coupling rates. The
regions with high density of states (molecular orbitals), i.e., deep in HOMO or LUMO regions,
can have some peaks affected and become larger due to the higher broadening of these molecular
orbitals at higher coupling rates (top inset). However, the general trend seen is maintaining the
transmission peaks while observing a complete shift in transmission amplitude (y-axis shift).
Bottom figure is for the Re-I13,14 case.
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6.8 CONDUCTANCE AND FERMI ENERGY LOCATION

In this section, we present results for two types of modelling scenarios: ds-DNA is connected
in between two electrodes with and without a gate electrode system, respectively named as the
three-terminal and the two-terminal measurement scenarios. In the three-terminal case (Figure
6.13b), the Fermi energy is swept between the HOMO and LUMO energies using a gate electrode.
In the two-terminal case (Figure 6.16b) we estimate the Fermi energy location. We assumed that
the electrodes are coupled to the DNA ends via thiol linker groups in both experiments, which is
the common approach in STM-Break Junction setups.[197], [198] This assumption provides us
with the information that for small biases we operate in the linear response regime[153], [192],
[199] (where most of the potential drop occurs across the electrode-thiol linker junction). However,
we have not explicitly included the thiol linkers or the electrodes due to the enormous

computational complexity.

6.8.1 Three-Terminal Measurement Scenario (Fermi Energy Sweep)

Here, we assume a fixed small bias applied to the molecule while we sweep the Fermi energy
via a third gate electrode and calculate the conductance. The conductance plot is shown in Figure
6.13a as a function of Er, where we shifted the HOMOs of all molecules to match. If the Fermi
energy is at the HOMO for each case (or HOMO plus a few hundred meV), it is apparent that the
conductance is largest for oxidized Aq (Ox-1;3 14), followed by bare DNA and the two remaining
oxidized cases. In contrast, the Re-Aq cases have the lowest conductance values. The reason
behind this is that the HOMO of the Re-Aq cases is localized at the Aq, whereas it is localized at

the DNA strand for Ox-Aq (see Figure 6.3). Therefore, we predict that the three-terminal



129

experiments should result in this conductance trend when Ef is close to the HOMO of each

structure.
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Figure 6.13 a, Conductance plot as a function of Fermi energy for ds-DNA intercalation cases
with all HOMOs aligned (dashed line). b, three-terminal measurement scenario.

In contrast to a sweeping the Fermi energy, in the next section we explore a broader approach
by estimating the location of Fermi energy for each case using the principle of partial charge

transfer.

6.8.2 Two-Terminal Measurement Scenario (Fermi Energy Location)

The second type of measurement scenario involves two-terminal measurements (without a
gate). Here, we do not know where the contact's Fermi energy lies a priori, but it is determined
via the partial charge transfer method. In molecular junctions, it is known that the nature of the
interface (gold electrode /ds-DNA) affects the Fermi energy of the contact. The adsorption of the

molecule to the contacts causes both broadening of the molecular energy levels and partial charge
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transfer. Both the geometry and the orientation of the gold contacts may affect the amount of
broadening and charge transfer within the molecular system under study. Including these effects
in the calculations will, in principle, allow the evaluation of the Fermi energy position. This
approach has been utilized previously on small molecules resulting in a wide range of Fermi energy
locations extending from HOMO to LUMO [143]. Given this and the difficulty of including gold
contacts for studying a molecule of more than a thousand atoms [200], we take an alternate
approach proposed by Zahid and collaborators [143]. They suggested calculating the conductance

at various Fermi energies to understand experimental trends.

In the DNA-contact system, we expect a shift in the molecular energy levels with respect to
the Fermi energy of the gold contacts. Partial charge transfer occurs from the contact to the DNA,
shifting the MOs to higher energies. The Ef is in general closer to HOMO than to LUMO. Our
approach here is to estimate Ey using the rate of change in energy as we vary the number of
electrons in the system within the bandgap region. The higher the rate is, the higher the shift in the

MOs, and the closer the HOMO gets to Er. To achieve this, we first estimate the number of

electrons in the bandgap region by integrating the local density of states (LDOS) using the Green’s

function as:
1
N(E;) = ff LDOS(x,E)f(E — E;)dxdE = gff —Im[diag(G™)]f (E — E;)dxdE (6.3)
where x represents the location of the atoms in the system, and f(E — E;) is the Fermi-function,

which describes the probability of electron occupancy at energy E when Er = E;.

The electron count N (E;) is calculated at room temperature, using the same charge transport

calculations set up. It is important to mention that since the gold contacts are not explicitly included



131

in the model, the resulting Hamiltonian from DFT calculations that is used in the Green’s function
(GF) does not yield the exact electron number of the system. Thus, the GF approach requires the
Hamiltonian to be updated self-consistently while solving Poisson’s equation with the appropriate
boundary conditions to account for the contact atoms’ effect on the electrostatics, which would
yield the accurate electron count. However, in our approach, we are not solving explicitly for the
total number of electrons of the system, but rather looking at a smaller energy window (bandgap)
to investigate the amount of shift caused by partial charge transfer. Electron count for each case is
plotted in Figure 6.14, where the flat regions resemble the bandgap. We can then find the number
of electrons required to go from HOMO to LUMO by following this flat region. The first thing to
notice is that for the Ox-Aq (blue, red, and black), sudden jumps are seen in the electron count as
we pass from -3 eV to -2.4 eV. The charge increases by 1 electron (2 electrons for the two Aq
case), which is consistent with the location of the LUMO induced by the Aq. We assume the partial
charge transfer to be less than one electron, and this limits the energy sweeping for Ox-Aq cases
to energies between -4.5 and -3 eV. In this energy window, the electron count increases only by
0.4 electron (0.013 electron/base). As for the Re-Aq cases, they provide a larger bandgap (energy
window) for the energy sweep. Therefore, the electron count increases by 0.8 electron (0.027
electron/base) as energy is swept from -4.2 eV to -1.8 eV. As for the bare DNA, 0.73 electron
(0.024 electron/base) increase is seen when going from -4.5 eV to -1.5 eV. It is important to note
that the values for bare DNA and Re-Aq are to go from HOMO to LUMO, whereas in principal
this need not be the case as Fermi energy of the contacts can be assumed to be initially in the
middle of the bandgap (around -3 eV). Therefore, we calculate the electron count for energy
windows similar to the Ox-Aq cases (from -3 eV to HOMO, per case). The calculations show that

it will require a smaller amount of charge to go to the vicinity of HOMO (an average of 0.44
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electron for Re-Aq cases, and 0.46 electron for ds-DNA). These values are comparable to the

literature [201], where a thiol-conjugated hexathiophene molecule was shown to have ~0.06

electron charge transfer occurring from the electrode to the molecule. Noting that the

hexathiophene has 54 atoms, which can correspond to two DNA nucleotides. Thus, the amount of

charge required for our system (0.013-0.027 electron/base) can be reasonably supplied by the

partial charge transfer occurring from gold contacts into the molecule.

Shifted Electron Count
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Figure 6.14 Shifted electron count for each case found by integrating DOS, focused on the
bandgap region and the edges of HOMO and LUMO regions.

This difference in electron number within the bandgap region tells us that the molecular

orbitals shift by a different amount in each of the cases considered. Thus, the Fermi energy location

is not necessarily close to HOMO, as will be shown next. Figure 6.15 shows a sample of how

dE;/dN is extracted. The flat region between the two peaks resembles the bandgap in which the

average value of the inverse plot is taken to extract dE;/dN.
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Figure 6.15 The average rate of change is taken from the flat region between the peaks. The
peaks at energy <-4 eV (> -3 eV) resemble the HOMO (LUMO) of the different cases. Only three
cases are shown for clarity.

Calculating the derivative (dE;/dN) gives us the average change in energy dE; for a small
change in electron number dN. The average change per one electron for each case is listed in Table
6-1. The values show that Ox-Aq cases have the lowest rates, by an average difference of 0.81
eV/electron from bare DNA. Re-Aq cases have a higher rate than the bare DNA by an average of
0.47 eV/electron. This trend can explain how partial charge transfer affects each case: when the
same amount of partial charge is transferred from gold contact to DNA; 1) Ox-Aq has the lowest
shift of molecular orbitals, which translates to Ef being the farthest from HOMO region. 2) Re-

Aq, has the largest shift, making E the closest to HOMO. 3) Bare DNA is between Ox-Aq and

Re-Aq cases.
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Table 6-1 Average rate of change in energy with respect to number of electrons for ds-DNA
and DNA:RNA cases.

ds-DNA DNA:RNA
Molecule (e\cfl/zlie/ jxn) Change Molecule (e\cfi/fli e/ ccill'\(l)n) Change
TwoOx 2.61 -0.93 Ox-AgqNEO [ ¢ 2.57 -0.29
Ox-1; 4 2.61 093 OX-AGNEO I3, 2.62 20.24
Ox-115.14 2.97 057  Ox-Aqlyg 2.66 20.20
ds-DNA 3.54 0 Ox-Aq 1314 2.72 -0.14
TwoRe 3.75 0.21 DNA:RNA 2.86 0
Re-I 5 413 0.59

Therefore, we can estimate the location of E; by incrementing the amount of partial charge

transfer (dN), using the following equation:

dE,
B = By, — () X dN (6.4)

where Ej is the Fermi energy of the electrode before making the contact-molecule junction,
dE;/dN is taken from Table 6-1, dN is a sweeping parameter, and Ef is the expected location of

the Fermi energy after the MOs shift due to the partial charge transfer. We assumed different

starting points for Ef , and extracted the conductance of each case at their respective Er. The main
condition for dN is to be below 1 electron, and the maximum allowable shift for E; (from Ef,) is

to reach the HOMO of each case. This condition limits dN to have a maximum corresponding the

HOMO of each case .

Next, we compared the conductance values with the bare DNA case, and the ratios are plotted

in Figure 6.17. For Ef, = -3.5 ¢V (Figure 6.17a), notice how at dN > 0, conductance ratios for

TwoRe and Re-I;3 ;4 become greater than 1, while Re-1; g needs dN > 0.2 electron to reach ratios
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greater than 1. As for the Ox-Aq cases, the ratios are below 1 for dN > 0. The results are consistent
for the different E cases (Figure 6.17 a-c) and show a maximum increase in conductance of ~1.6
times for Re-Aq, with an average ratio higher than bare DNA. The Ox-Aq cases have average
ratios of less than 1. We also notice that the maximum ratio value decreases at E;, = —4 eV (Figure
6.17d). This result indicates that relatively higher conductance ratios are expected if the initial
location of Fermi energy (before the contact-molecule junction is made) was more than 500 meV
away from the HOMO region (Ef, < -4 €V). The maximum, minimum, and average conductance
values for the 3’-G3A9G3-5" strand are reported in Figure 6.18. These results are at least
qualitatively consistent with the conductance measurements reported in the literature [182], which
show that G(EpR*A9) > G(EPN*) > G(E;©*"9); however, the structure in the reference is for a
different Ag-based strand. An example graph is plotted in Figure 8a for dN=0.2 ¢V and Ef = -3.5

eV values showing G(EgR*49) > G(EPN*) > G(Ef*49).

a__ 10" b

15 ¢ ;
3 dN=0.2eV

Efo = 3.5 eV

10

G (S)

Figure 6.16 a, Example of conductance plot as a function of Fermi energy for ds-DNA
intercalation cases for a chosen dN= 0.2 ¢V and Ef = -3.5 eV values, where Ef is calculated using

Eq. 2. b, two-terminal measurement scenario.
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Figure 6.17 Conductance ratios for the ds-DNA structure (3’-G3A9Gs3-5") as a function of
partial charge transfer at different initial Ef, . The cutoff seen in the ratios is due to dN causing the

maximum allowable shift to Ef, (i.e. E; = HOMO). The conductance is extracted at each Ef value

based on equation (6.4) and compared with the conductance of ds-DNA without intercalator. The
cut-off seen in some curves near 0.25 electron (Re-Aq cases) are because Ef has reached their

respective HOMO which is set as the cut-off for incrementing dN.
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Figure 6.18 The maximum, minimum, and average conductance for the 3’-G3A9G3-5’ strand
values are taken for dN range going from 0.001 electron to 0.4 electron, starting from different
E

fi

.

To summarize, the location of E; for the DNA does impact the conductance ratios between
bare DNA and DNA + Aq. The present analysis shows that E of Re-Aq intercalation cases are
closer to the HOMO region than Ef of bare DNA. As a result, the conductance can be as high as
1.6 times for DNA + TwoRe case. In contrast, we find Ef to be farther away from HOMO in Ox-

Aq cases, and the conductance are lower than bare DNA. These results indicates that there are two
mechanisms are in play in increasing the conductance of Re-Aq intercalated DNA: 1) a Fermi

energy shift, and 2) induced energy levels above the HOMO to help traverse the AT region.
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6.9 EFFECT OF AT REGION LENGTH

In this chapter, we study a strand with a shorter AT-region to investigate the effect of AT
region length on the Ag-induced energy levels and the conductance. Here, we simulate the 3’-
GGGAAAGGG-5’ strand, with Aq intercalating at I5 ¢, I5 g, and at both locations simultaneously
(two-Aq), as shown in Figure 6.19. Transport calculations in Figure 6.20 show that the increase in
transmission at the Re-Aq induced levels (-4.75 eV < Energy < -4.8 e¢V) is now higher compared
to the longer AT case (Figure 6.7). Re-I5 ¢, has two transmission peaks with more than 3x increase
and the two-Aq case having a peak of more than 5x higher transmission than the bare-DNA. The
energy of the induced level shifts by 50 meV for the Re-Aq when going from Re-I5 4, to Re-I g,
and the transmission changes by 30%. Whereas the variation in the Ox-Aq cases is 120 meV and

the transmission changes by less than 2.5%.

I7,8
(between GC bps)

(between AT bps)

Figure 6.19 the 3>-GGGAAAGGG-5’ strand, with Aq (in green) intercalating at locations I5 ¢
and 17,8'
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Figure 6.20 a, Transmission plot for the 3’-G3A3G3-5’ strand. b and ¢, show the transmission
at the Ag-induced peaks. Re-Aq induced levels increase the transmission by ~3 times compared to
DNA at the same energy. Ox-Aq induced levels increase transmission in the bandgap by 56-77%
compared to bare DNA, however, the induced levels are unoccupied levels deep in the bandgap
region and far away from the expected location of Fermi energy if no gate electrode was applied.

To further understand these results, we look at the contour DOS plots shown in Figure 6.21.
We notice that the Re-Aq in I5 ¢ location yields a shift in the HOMO of the DNA on the 3’-G;
region (see the red arrows in Figure 6.21). The delocalized HOMO in that region is now at a higher
energy level (-4.71 eV) as opposed to the original structure (without intercalation) where the

HOMO is at the G3-5" end of the strand. The Re-I5 ¢ induced level is now closer to the HOMO

region of the ds-DNA, lowering the energy separation from 500 meV in 3°-G3A¢G3-5’ (see Figure
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6.4) to less than 70 meV in 3°-G3A3G3-5°. We note that this effect is not present in the Re-I; g of

G3A3Gs and can be seen at the TwoRe case, where I ¢ 1s present simultaneously with I, g.

SIS I AR

Base Pairs

TwRe

hhdbiro2bDw
Log(DOS)

ENS

‘612345%6891234567Rc8912345Re67Re89
Base Pairs Base Pairs Base Pairs

Figure 6.21 Contour DOS plots for shorter AT region. The induced levels are closer to the
molecular orbitals of the DNA than the G3AyGs case (see Figure 6.8), with Re-Aq in [5 ¢ causing
a noticeable change in HOMO of the DNA (shown with red arrow) on the 3’-GGG side, shifting
the delocalized HOMO to be 70 meV from the Ag-induced level. This effect can be seen in the
two-Ags case, but not in the I; gwhere Aq is on the other side of the strand (5” end).

To investigate this HOMO shift occurring near the 3’-end, we used X3DNA [202] to analyze
the structural properties of the shorter AT structures (in which the HOMO is shifted to higher
energy for I5 ). Figure 6.22 shows the overlap area between adjacent bases for Is 4, I7 g, and ds-
DNA. The overlap area is an indicator of the electronic coupling strength, which is directly related
to the transmission. We notice that both I; g and ds-DNA have similar trends, whereas I5 ¢ case

displays an increase in overlap between the neighboring bases at the 3’-end, C>Cs in Figure 6.22a,

G1G2 and G3A; as seen in Figure 6.22b.
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Figure 6.22. a, Overlap area comparison for 5°’-CCT and position of the corresponding bases,
b, Overlap area comparison for 3’-GGA and position of the corresponding bases.

We also plotted the HOMO coupling for the neighboring bases, further proving that the I5 ¢
causes enhanced electronic coupling (interactions) between the bases of the 3’-end (Figure 6.23).
These results show that the location of intercalation does have a unique impact on the structural
properties of the shorter strand, hence increasing the coupling between the neighboring bases on
the 3’-end. According to this analysis, we expect that the location of intercalation causes the
HOMO of the DNA base to shift to a higher energy state, resulting in a near resonant tunneling

with the Ag-induced level, yielding higher transmission (conductance) peak.
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Figure 6.23. Electronic coupling parameters extracted from the Hamiltonian (off-diagonal
elements) at a, 5’-CCC and b, 3’-GGG. The trends show that I5 ¢ displays higher coupling between
the HOMO of the bases near the Aq location.

The Aq in I; g location in the shorter strand (G3A3G3) is equivalent to I3 14 in the longer strand
(G3A9G3). In the shorter strand, Ag-induced level is now 250 meV away from the HOMO of the

DNA as opposed to the 650 meV in G3A9G3 (Figure 6.24).

Re'|13’14 (G3A9G3) Re"|7’8 (G3A3G3)
-4.35 eV

T Re-Aq
: -4.69 eV
1650 meV f Re-Aq
! | 250 meV

sev | 4946V |

HOMO HOMO

Figure 6.24 Energy separation between Ag-induced level and nearest HOMO of the DNA. Left
Longer AT region case. Right Shorter AT region case, showing the Aq having a closer HOMO.

The structural differences caused by decreasing the length of the helix from 15 base pairs to 9
base pairs play a role in this variation. We also used X3DNA to analyze the overlap area of I, g
(G3A3G3) and 113 14 (G3A9G3) bases. Figure 6.25a shows the overlap area between adjacent bases
to the Aq, corresponding to A¢G7 (A12G13 for G3AyG3) and GgGo (G 14G1s for G3AeGs). Here, we

notice that for I g, the overlap is ~twice as much as the ;3 ;, case. This is further proven by the
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HOMO coupling parameters extracted from the Hamiltonian (Figure 6.25b). These observations
demonstrate that for the shorter strand, the overlap (and electronic coupling) between the bases is

stronger than the longer strand, thus, it creates a better path for electrons to flow along the DNA.

a Re-l; 3 Re-l4344 b Re-l; 5 Re-ly314
° ’>\ L ]
—~06 . [0)]
% 580
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As G, G Gy As G, Gy Gy
A12 G13 A14 G15 A12 G13 A14 G15

Figure 6.25. a, Overlap area comparison for I; g (G3A3Gs3) (blue) and I3 14 (G3A9Gs3) (red). b,
HOMO coupling extracted from the Hamiltonian calculated with DFT. The adenine-guanine
coupling is higher for the shorter structure.

We also carried out the Fermi energy location analysis: 1) Three-terminal scenario where Ef
is changed with a gate, and 2) Two-Terminal scenario where we estimate Ef location based on
partial charge transfer. For the first scenario, Figure 6.26 shows that the conductance for Ej at
HOMO (or at a few hundred meV higher energies), the Ox-Aq cases are higher than bare DNA.
Furthermore, Re-I5 ¢ is only marginally greater than the bare DNA at HOMO while it decreases at
higher energies, with the remaining two Re-Aq cases displaying lower conductance in general.
Again, these findings are similar to the longer strand cases, which is due to the localization of the

HOMO at the Re-Aq, while HOMO of the oxidized cases is primarily localized on the DNA bases.
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Figure 6.26. Conductance plot as a function of Fermi energy for 3’-G3A3G3-5’ intercalation
cases with all HOMOs aligned (dashed line). Inset shows a smaller energy window focused on the
HOMO vicinity.

As for the second scenario, the calculated dE;/dN values yield the same trend as the 3’-
G3A9G3-5 structure (Table 6-2). By performing the same conductance ratio analysis, we get a
maximum conductance increase of 2.2 for TwoRe, 4.0 for Re-I5 ¢, and 3.0 for Re-I; g, with an
overall average ratio greater than 1 (Figure 6.27). The ratio drops below 1.0 for different dN values
depending on the intercalation location for the oxidized cases. Figure 6.27a shows the conductance
ratios for the Ef, = -3.5 eV case. Here, TwoOx displays ratio less than 1.0 at dN > 0, Ox-I; g drops
below 1.0 at dN > 0.1 electron, and Ox-I5 ¢ drops below 1 at dN > 0.2 electron. These results
confirm that for the shorter AT-region strand, location of intercalation, number of intercalations,
and partial charge transferred have an important effect on the conductance of the DNA. The general

trend, however, is still G(EReA9) > G(E;NA) > G(E049).
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Table 6-2. Average rate of change in energy with respect to number of electrons.

Molecule dE;/dN (eV/electron) Change
TwoOx 3.62 -0.30
Ox-I g 3.80 -0.12
Ox-I5 6 3.84 -0.08
ds-DNA 3.92 0
TwoRe 5.10 1.18
Re-I5 ¢ 5.61 1.69
Re-I; ¢ 5.67 1.75
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Figure 6.27 Conductance ratio of ds-DNA intercalation cases (3’- G3A3G3-5). a, Conductance
ratio as a function of partial charge transfer for E; = -3.5 V. The conductance is extracted at each

Ef value based on equation (6.4) and compared with the conductance of ds-DNA without
intercalator. The cut-off seen in some curves near 0.2 electron (Re-Aq cases) are because Ef has

reached their respective HOMO which is set as the cutoff for incrementing dN. b, The maximum,
minimum, and average values are taken for dN range going from 0.001 electron to 0.31 electron.

In summary, the reduced state of intercalator increases the conductance more significantly as
the AT region length decreases. In the shorter case, the intercalator-induced energy levels have
lower energy separation from the HOMO level. Therefore, they help increase the coupling between

the GCs on the two sides of the DNA. This finding is consistent for any amount of partial charge
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transfer. The Ox-Aq causes the DNA conductance to decrease, and the decrease is more sensitive

to the amount of charge transfer and the intercalation location compared to the Re-Aq.

6.10 SUMMARY

In this chapter, we investigated the effect of Ag-intercalation on the conductance of nucleic
acids, ds-DNA and DNA:RNA hybrid. We find the intercalation to yield similar effects on the
DNA:RNA hybrid system. Our results show that although Aq induces energy levels in the bandgap
of the ds-DNA, this is not like the conventional doping in semiconductors. The added levels for
Re-Aq (Ox-Aq) near HOMO (LUMO) are occupied (empty). Therefore, the electrons must travel
through these induced energy levels to traverse the structure, as they do not significantly alter the
number of charge carriers in the HOMO and LUMO bands in the system. It would be a good
scientific problem to study suitable molecular species that can effectively dope DNA to create
electrons in the conduction band and holes in the valence band. In addition to the induced energy
levels in the bandgap, the contact’s Fermi energy with respect to the molecule modifies the
conductance. The Fermi energy analysis shows that Aq can either increase or decrease DNA
conductance based on its redox state. The Re-Aq was assessed to have the Fermi energy closest to
the HOMO region, with Ox-Aq having it the farthest away from HOMO. Hence, yielding the
relation G(EfRe49) > G(E;"N*) > G(E;%*"9) with maximum conductance 1.6 times higher
(TwoRe) than the bare DNA. This relation agrees with the experiment conducted in [182], where
they have shown that the DNA conductance can increase or decrease based on the state of the
anthraquinone. Furthermore, lowering the AT-region length from 9 base pairs to 3 increases the
impact of the Re-Aq, yielding a maximum conductance rise of 2.5 times for two intercalators and
more than 4.0 times increase for a single intercalator. The effect of the structural changes on the

energy levels distribution of the molecular orbitals due to intercalation are more prominent in the
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shorter strands. This means, increasing the number of intercalators does not always yield an
enhanced conductance, especially for shorter strands. Our results also show that the experimental
setup may alter the measured conductance. The three-terminal case, where the gate voltage is
swept, the Ox-Aq intercalation yields higher conductance than the Re-Aq intercalation case, when
the relative Fermi energy locations with respect to the HOMO levels are the same. Overall, we
demonstrated that one can modulate the conductance, by altering the number of intercalators, the
AT-regions length, and/or the experimental setup. An interesting application for intercalation
would be to utilize multiple intercalators with different redox potentials (such as using both
Ethidium Bromide and Anthraquinone as intercalators) to modulate the nucleic acid conductance
in a multilevel mode instead of the two levels of high and low conductance. This realization can

potentially help create a multilevel molecular device.
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Chapter 7. QUANTUM TRANSPORT IN DNA

HETEROSTRUCTURES

7.1 INTRODUCTION

The natal function of storing and transmitting information of DNA by pairing and stacking
characteristics of its bases kindles the idea that it can also carry electrical signals. DNA offers
precise self-assembly and molecular recognition at the nanoscale, which can drive the fabrication
of molecular devices based on quantum interference [156], [203], [204]. Therefore, it is appealing
to use such features to design devices capable of processing information and signals [205]-[207].
The emergence of 2D and 3D DNA structures will also instigate ideas for the 3D integration of
DNA-based electronics. Apart from this, these devices offer biocompatibility [208] and the
possibility of electronics beyond lithography limits [203]. Better understanding and prediction of
a given DNA molecule's electronic conductivity would further expedite the engineering of DNA-

based electronic systems and sensors.

Heterostructures are basic building blocks in electronic devices, therefore DNA
heterostructures are key to DNA-based nanoelectronics. The distinct electronic properties of the
different DNA bases lead to the idea of nanostructured wells, barriers, and superlattices [156],
[203], [204]. Since the AT (GC) base pair has a higher (lower) ionization potential than GC (AT),
it can be treated as a 'barrier' ('well') for hole transport [156], [204]. Therefore, one can think of
quantum 'wells' and 'barriers' constructed by engineering DNA sequence. We can expect DNA-
based heterostructures exhibiting transmission-resonances akin to double barrier resonant
tunneling diodes and superlattices built from conventional semiconductor heterostructures. Adessi

et al. [156] and Qi et al. [204] reported resonant tunneling and found a length-independent
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maximum transmission in the purely coherent regime. Additionally, coherent effects play a key
role in charge transport in DNA [209]. However, decoherence may wash out these quantum
interference effects. Therefore, quantum interference phenomena in electronic barriers and wells

where decoherence plays a role need to be investigated.

Concerning charge transport through DNA (hence through DNA-based heterostructures), most
investigators seem to agree that the inter-base -  coupling in DNA could provide a pathway for
charge transport along the bases [14], [156], [203], [204], [210], [211]. Accordingly, B-DNA is
expected to conduct better among all the DNA conformations. However, recent studies have
challenged this understanding [13], [212] where higher conductance is observed in conformations
other than B-DNA, despite having relatively weaker inter-base -  coupling [14]. These studies
indicate distinct and/or additional charge transport pathways in conformations other than B-DNA.
Additionally, the backbone and its environment can influence DNAs' electronic behavior, such as
solvent and counterions [81], [213], [214]. Therefore, it would be interesting to probe the charge
transport mechanism in DNA heterostructures considering the effect of conformation, backbone,

and solvent.

Against this backdrop, we present a critical study of quantum transport (where interference is
significant) in electronic 'barriers' and 'wells' formed by sequence engineering in DNA. Mainly,
we investigate the influence of the width of the 'barrier' and 'well'. Apart from the most common
B-conformation, we also study quantum transport in the A-conformation of DNA heterostructures,
as dry (relatively dehydrated) DNA exhibits A-conformation [215]. The chapter is organized as
follows. We first present an overview of the system under study. Next, we present and discuss the
conductance variation for ‘barriers' and 'wells'. We conclude the chapter by discussing the

significance of the results and the main findings.
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7.2  SYSTEM UNDER STUDY

The sequences 3’-CCCTNCCC-5' (CTnC) and 3’-TTTCNTTT-5"' (TCnT) are considered as
'barrier' and 'well' sequences for hole transport, where N defines the width of the 'barrier' and 'well'
regions, respectively. We used DFT and charge transport calculation method as reported in detail
in chapter Chapter 2. We note that we included the counterions that neutralize the DNA backbone
in this chapter. For B-DNA strands, we used the PCM model to include the water solvent effect.
As for the A-DNA strands, we used a mixture of ethanol-water as the solvent. The dielectric
constant of the ethanol-water mixture (€,,) is determined by considering only the linear
dependence on mole fractions in the Jouyban-Acree model [216], i.c. €, = ¢p€,, + (1 — P)€ptn-
In this equation, ¢ is the mole fraction of water in the mixture, €, is the dielectric constant of
water and €., is the dielectric constant of ethanol. For the 85% ethanol + 15% water mixture, we
used an effective dielectric constant of 32.877. In this study, we employ the atomic partitioning
scheme for the decoherence probes that treats each atom in the system as a block. We consider a
uniform energy-independent decoherence rate of 10 meV at each site/block. We choose this value
because it is consistent with estimates for decoherence from Parsons' quantum molecular dynamics
simulations [217] and reference [81]. The contact-DNA self-energy, 2 gy =100 meV is added to
the ends of the DNA, i.e., at 5' (3') end at the backbone-base atoms to inject and extract electrons

from the left (right) contact.
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Figure 7.1 The 3-terminal setup having a gate electrode that can sweep the Fermi energy from
HOMO to LUMO. The bottom figure is a schematic of how the DNA sequences can create
heterostructures that act as wells or barriers.

In this study, we assumed that the Fermi energy shifts similarly for all strands with respect to
their respective HOMO energy. This scenario can occur if we have a 3-terminal setup (see Figure
7.1): it consists of two electrodes across which conductance is calculated and the gate electrode

that can sweep the Fermi energy from HOMO to LUMO energies.
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7.3  RESULTS AND DISCUSSION

In presenting the results in Figure 7.2a-e we assumed that the Fermi energy is gated such that
it is at the HOMO of each strand and a small bias is applied across the left and right electrode. The

trend in conductance obtained for Ef = HOMO (Figure 7.2¢) also holds when E; = HOMO+100

meV (Figure 7.2f). Figure 7.2a-d shows conductance variation with Fermi energy, while Figure
7.2e shows conductance variation at respective HOMO energies for DNA as a function of the
width of the 'barrier' and 'well' regions (N=0 to 5). We also list the HOMO energy levels in Table

7-1.



153

B-DNA Barriers A-DNA Barriers

10% a) —B-CT,C_—B-CT,C - b) —ACT,C—ACTC ]
B-CT,C —B-CT,C A-CT,C —A<CT,C
1 B-CT,C —B-CT,C IR A-CT,C —A-CT,C

-6 -5 -4 -3 -2 -1 0

Energy (eV) Energy (eV)
7x10° B-DNA Wells A-DNA Wells
c) —B-TC,T —B-TC,T ) —ATC,T—ATC,T

B-TC,T —B-TC,T A-TC,T —A-TC,T

B-TC, T —B-TC_.T - -
10-7 4 5 A TC4T —A TCST
n
0]
107
6 5 -4 3 2 -1 0
Energy (eV)
e f

107 ) - 108 ) ‘
& ©B-CT\C &ACT,C R ©B-CT,C ©ACT, (]
) S, £ B-TC T & ATC, T I ©B-TC, T 9A-TC, T

108k E

o -9
&5 10
109 N O = O N P R N e ;
------------ ; Tm—
- 4

1070 - - : ; 10710 : : : ; 4

0 1 2 3 4 5 0 1 2 3 4 5
No. of AT/GC base pairs (N) No. of AT/GC base pairs (N)

Figure 7.2 Conductance variation with Fermi Energy for a) B-DNA 'barriers', b) A-DNA
'barriers', ¢) B-DNA 'wells', and d) A-DNA 'wells'. ¢) Conductance at HOMO of B- (blue) and A-
(orange) DNA 'barriers' (solid) and 'wells' (dashed) as a function of 'barrier'/'well' width N. Shorter
B-DNAs conduct better than that of A-DNA while longer A-DNAs conduct better than B-DNAs.
f) Conductance trend at HOMO+100 meV.

These DNA molecules exhibit conductance within the range of 0.2 nS to 80 nS, which lies
within the broad range of reported experimental values of 10!* S and 10~ S [41], [63], [133],

[210], [218]. A prior modeling study [204] on a DNA strand without a backbone also showed that
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the conductance decreases monotonically with increasing N for 'barriers'. However, the work did
not consider the effect of DNA conformation, backbone, solvent, and counterions. Reference [81]
considered the backbone but failed to include the impact of the solvent around the DNA. We also
note that the experiments with increasing AT base pairs found that the conductance decreases with
an increase in N [41], [133], [212]. In general, we also find that DNA conductance decreases with
increasing N. However, there are important exceptions differing from prior studies. We find that
for B-CTnC, the conductance surprisingly increases from 41 nS to 54 nS as N changes from N=0
to 1. (in Figure 7.2e). That is, the inclusion of a single AT barrier increases conductance. Also,
note that the longer A-DNA heterostructures conduct better than B-DNAs. The crossover point
occurs upon introducing a GC base pair for 'well' sequences, as against two AT base pairs for
'barrier' sequences. We confirmed that these observations are consistent even in the vicinity of
HOMO level to account for variation in the Fermi energy in experiments (see in Figure 7.2f). Next,

we explain these observations one by one.

Table 7-1 HOMO energies (Eyomo) of all the DNA molecules under study (in eV)

Contormation  PPYA A-DNA
CToC 526 514
CTiC 519 514
CT.C 524 509
CTsC 525 521
CT.C 526 512
CTsC 518 -5.08
TCoT 58 545
TC/T 531 522
TC,T 523 517
TCsT 527 -5.04
TC,T 52 5

TCsT -5.19 -5.11
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7.3.1 Well Structures
First, we look at the HOMO-LUMO energy levels and the DOS along the DNA length for the
'well' sequences (Figure 7.3). For brevity, we are restricting our discussion to N=0, 1, 3, and 5
cases. In general, the HOMO-LUMO gap for B-DNA (A-DNA) decreases with the increasing
number of GC base pairs, from 5.80 eV (5.45 eV) for N=0t0 5.19 eV (5.11 eV) for N=5, see Figure
7.3a. When we introduce the GC base pairs, additional energy levels are introduced in the HOMO
band (-5.1 eV to -5.5 eV), since the HOMO in DNA mainly lies on Guanines [14], [219]-[221].
In Figure 7.3b-1, we plot DOS as a function of energy along the DNA length. Although the HOMO
orbitals primarily reside on GC base pairs, i.e., in the middle of these molecules, a smaller orbital
component is on the nearby AT base pairs. This localization is true for both conformations, which
we can see for N=1, 3, and 5. However, in A-DNAs (Figure 7.3c, d and e), the HOMO orbital
localization on AT base pairs is considerably higher (Figure 7.3g, h, and i). The HOMO wave

functions plotted in Figure 7.4 further support this observation.
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Figure 7.3 a) HOMO-9: HOMO and LUMO: LUMO+9 energy levels for A and B-DNA for
'well' sequences. DOS along the length of b-e) A-DNA and f-i) B-DNA. B-DNA HOMO orbitals
are localized mainly on central GC base pairs while A-DNA HOMO orbitals are relatively more
delocalized (extended to nearby AT base pairs). The left and right ends of the sequences are 3' and
5' ends respectively.

In Figure 7.4, we see that in B-DNA, the HOMO is mainly localized in the middle of the
molecule, whereas in A-DNA HOMO localization extends beyond the central GC base pairs. That
is, in A-DNAs HOMO localization on AT base pairs is higher than in B-DNA. For N=1I and 3, the

figures clearly show HOMO for A-DNA is more delocalized than for B-DNA (compare Figure 7.4
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(a) and (d)) for N=1 and Figure 7.4 (b) and (e) for N=3). For N=5, only HOMO localization is not

conclusive enough. Therefore, we plot HOMO, HOMO-1, and HOMO-2 together, which shows

higher delocalization for A-DNA.

b) A-TC,T

Figure 7.4 HOMO distribution for ‘well” sequences, a-c) A-DNA and d-f) B-DNA (ISO value
= 2x10*. For N=5, i.e., ¢) and f) additionally HOMO-1 (orange) and HOMO-2 (purple) are also
plotted. B-DNA HOMO is mainly localized in the middle of the molecule when compared to the
A-DNA for which HOMO extends further along the length of the molecule.

We also explore the HOMO 'band' of 'well' sequences by plotting the decoherent transmission
Tep variation in the HOMO band in Figure 7.5. The HOMO 'band' of ‘well' structures shows that
the number of transmission peaks is consistent with the number of GC base-pairs between the AT
'barriers'. As the 'well' width increases, the overall structure length increases, increasing scattering

and lowering the transmission (conductance) by small amounts. The small amount of variation
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indicates that the quantum interference phenomena of resonant tunneling remain effective.
Another interesting observation is that B-DNA displays a relatively uniform distribution of
transmission peaks, whereas A-DNA looks disordered (Figure 7.5a,b). The transmission peaks are
better resolved in coherent transmission plots as presented in Figure 7.5¢,d, where the number of
transmission resonance peaks are due to the guanines. The maximum transmission probability
through a system with symmetric barriers is unity. However, the barriers created by the thymine’s
have an intrinsic asymmetry, as these structures are not geometrically identical due to rotation of

bases along the DNA helix.

While it is tempting to think that the transmission spectrum for A-DNA is due to decoherence,
we believe that the primary reason is its structure, which makes the energy levels nonuniform when
compared to the B-DNA case. We can also see from Figure 7.3a) that the HOMO levels are
energetically more closely spaced for A-DNA than B-DNA. For N=5 (3), Enomo — Enomo-2 is 59
meV (75 meV) for A-DNA but 96 meV (120 meV) for B-DNA. These observations and relatively
more delocalized HOMO orbitals support our finding that A-DNA heterostructures conduct better

than B-DNA.
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Figure 7.5 Transmission in HOMO band regions for different 'well' widths. a) and c) are B-
DNA decoherent and coherent transmission, respectively. b) and d) are A-DNA decoherent and

coherent transmission, respectively. HOMOs are aligned to N=1 case.
7.3.2  Barrier Structures

Next, we explain the 'barrier' case. Increasing the number of AT

base pairs decreases the

conductance (Figure 7.2¢) since AT base pairs function as a 'barrier' for holes. However, for the

B-DNA, an exception arises at N=1/, which we will address shortly. Figure 7.6a shows that the

HOMO-LUMO gap decreases as N changes from 0 to 5. In contrast to the 'well' case, Figure 7.6a

shows that when we introduce the AT base pairs, a corresponding number of energy levels are

introduced deeper in the HOMO band (between -5.7eV to -5.9¢V, also see Figure 7.6b-1).
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Figure 7.6 a) HOMO-9: HOMO and LUMO: LUMO+9 energy levels for A and B-DNA
'barrier' sequences. DOS along the length for b-e) A-DNA, f-i) B-DNA. The A-DNA HOMO band
extends further along the length of the molecule as against B-DNA.

The B-DNA ‘barrier’ with N=1/ conducts better than N=0, i.e., longer DNA with a 'barrier’
conducts better than shorter DNA without a 'barrier'. Upon introducing a single AT base pair, the
HOMO and HOMO-1 energy levels almost become degenerate around -5.2 eV (Figure 7.6a) and
the gap between them has reduced from 60 meV to 18 meV. This observation is also reflected in

coherent transmission plots for ‘barriers’ in Figure 7.7a. The coherent transmission at HOMO for
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N=1 (red) is smaller than that of N=0 (black) case. Upon the introduction of a single AT base pair,

the HOMO and HOMO-1 energy levels almost become degenerate, the gap between them has
reduced to just 18 meV. One of the significant effects of decoherence is to broaden energy levels.
Hence, applying the 10 meV decoherence helps overcome the 18 meV separation between the two
levels [81]. In other words, the presence of decoherence makes these energy levels accessible for
holes to traverse through. The DOS plots along the B-DNA length are shown in Figure 7.6f and
Figure 7.6g, respectively for N=0 and /. The DOS is more uniformly distributed in the case of
N=1 of B-DNA. Also, at the injection site, DOS is higher for N=1/ than N=0. For A-DNA, the
relatively smaller DOS with nonuniform distribution for N=1 supports the expected smaller
conductance than the N=0 case. The DOS in the HOMO band as shown in Figure 7.6b and Figure

7.6¢ also substantiates this.
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Figure 7.7 Coherent transmission for a) B-DNA barriers b) A-DNA barriers

For N=3, the HOMO ‘band’ of A-DNA (Figure 7.6d) is more delocalized than B-DNA (Figure
7.6h). For N=5, we see that the HOMOs are mainly localized on the GC base pairs (Figure 7.6e
and 1). HOMO distributions presented in Figure 7.8 also support this. The HOMO orbitals are

mainly localized on GC base pairs. For N=1, clearly B-DNA HOMO is highly delocalized when
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compared to that of A-DNA. Whereas for N=3, HOMO of A-DNA is more delocalized. For N=35,

HOMO localization looks similar for both the conformations. However, if we extend this further
by comparing HOMO, HOMO-1 and HOMO-2 localization together, we find that A-CTsC and B-
CTsC exhibit comparable delocalization, however these orbitals are energetically closer in A-
CTsC. Like the ‘well’ case, we find that HOMO levels are energetically more closely spaced in A-
DNA than B-DNA. For N=5 (3), Enomo — Enomo-2 1s 62 meV (33 meV) for A-DNA and is 152

meV (95 meV) for B-DNA.

b) A-CT,C

Figure 7.8 HOMO distribution for ‘barrier’ sequences (ISO value = 8e-4) a-c) for A-DNA, and
d-f) for B-DNA. HOMO for B-CTC (ACT3C) is more de-localized as compared to A-CT;C (B-
CT;C). For N=5 i.e. ¢) and f) (ISO value = 2x10%), additionally HOMO-1 (orange) and HOMO-2
(purple) are also plotted to confirm better localization in A-DNA.
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7.4  SUMMARY

In this chapter, we studied quantum transport through DNA-based quantum wells and barriers
using a combination of atomistic simulations and Green’s function-based charge transport
calculations including decoherence. We formed the DNA-based quantum well and barrier with
sequences 3'-TTTCyTTT-5'and 3'-CCCTNCCC-5', respectively, where N varies from 0 to 5.
Overall, we find that the strands’ resistance is large and varies by over 2 orders of magnitude. We
showed that these heterostructures complement their semiconductor-based counterparts.
Increasing the well width (V) shows a small decrease in conductance. On the other hand, the
decrease in conductance with the increase in barrier width is substantial. Our model, which
includes decoherence, shows that these heterostructures exhibit robust quantum interference, as
seen by clear peaks in the transmission resonance. It also shows that the conductance depends
significantly on barrier width. The role of DNA conformation is also investigated. We find that B-
DNA’s conductance decreases more sharply with barrier width than does that of A-DNA, which
experiments should be able to verify. In deviation from conventional expectation, the smallest
barrier (N= 1) shows a conductance higher than that of the no barrier case in B-DNA.B-DNA
quantum wells have large electronic coupling between consecutive GC base pairs. As a result, B-
DNA quantum wells have a uniform distribution of conductance peaks, whereas they are
disordered for A-DNA. In A-DNA, we find that the HOMO levels are energetically more closely
spaced, and the HOMO orbitals are spatially more delocalized. Therefore, we conclude that the
energetically closer HOMO levels and the larger spatial delocalization of density of states in the
conduction energy window may lead to higher conductance in A-DNA heterostructures. These
two properties of A-DNA can overcome its relatively weaker n—n coupling between orbitals on

neighboring bases. This observation presents a new understanding of charge transport particularly
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in DNAs in addition to the idea of charge transport dominated by the n—n interactions of stacked
bases. We attribute these properties to the structural differences between DNA conformation in
otherwise identical strands. The analysis and computational results demonstrate that DNA-based
hetero-structures complement the solid-state semiconductor counterparts and exhibit robust

quantum interference, where the DNA conformation can play a significant role.
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Chapter 8. PERPENDICULAR CHARGE TRANSPORT THROUGH

DNA

8.1 INTRODUCTION

The advances in DNA Origami and sequencing techniques have prompted the study of DNA
interaction with inorganic substrates. In DNA sequencing, a Scanning Tunneling Microscopy
(STM) [222] technique has been developed to sequence DNA lying on a gold substrate. In this
technique, the tip is brought into contact to form a single nucleobase junction as shown in Figure
8.1a. The conductance is then measured and based on the value, the nucleobase is determined.
Another sequencing technique uses Scanning Tunneling Spectroscopy (STS) [33] in which they
scan for the density of states by taking the first derivative of the I-V curve. In this technique, they

relate the HOMO, LUMO, and bandgap information to determine the base.

DNA Origami shows a promising aspect of building complex 3D structures using bottom-up
approach. However, several technological and fundamental advances are required to develop
nanoelectronics devices beyond the conventional photolithography techniques. Understanding
how these DNA structures interact with substrates and how electron transports through them is
essential to facilitate the development of this field. Quantum tunneling current which flows both
along and perpendicular to the helical axis is essential to describing DNA-based materials. For
molecular electronics applications involving double strand DNA (ds-DNA), current flow along the
helical axis is important. However, for the emerging sequencing applications and origami-based

nanostructures, tunneling both along and perpendicular to the helical axis are crucial.
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Figure 8.1 Quantum point contact single nucleotide conductance sequencing method [222].
The same setup can be used to apply the STS technique and sequence the strand [33]. The single
strand is lying between gold surface and the tip, the tunneling current is measured and sequence is
determined based on the reading value.

In this chapter we focus on the molecular interactions between ds-DNA and gold (111)
substrate and the transmission perpendicular to the molecule. We modeled three different 9 base-
pair long ds-DNAs having additional 3-base single-strand extensions on both ends on top of gold
surface using molecular dynamics simulations (as shown in Figure 8.2). We then extract a
representative structure from MD and remove the gold atoms to run DFT calculations on the
resulting ds-DNA conformation. We use the resulting Hamiltonian for charge transport
calculations to model the effect of contact location on the tunneling current. We employ the contact
self-energies within our model to simulate DNA lying on a gold surface, which also forms the first
electrical contact. The second electrical contact is a gold tip that is perpendicular to the substrate.
We vary the contact tip location along the strand and study the electron tunneling path as it travels

perpendicular to the DNA.
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8.2 METHODS

We model three separate ds-DNA that are 9 base-pair long each. The sequences considered
are: ss-C3A3Cs-ss, ss-C3T3Cs-ss and ss-G3A3Gs-ss as shown in Figure 8.2. For simplicity, we will
refer to them as CTC, GAG, and CAC, respectively. Three adenines are attached to the ends of the
strands at the 3’- and 5’- ends (without complementary base-pairs to help bind the sequences to
the gold, see Figure 8.2)substrate. It is known in literature that adenines and guanines have higher

affinity to bind to gold surface[223], [224].

\.J‘w" 3

NS

Figure 8.2 Overview of the modeled system, color represents the different nucleobases. Color

sl

5’ -CCC cC-3’
AARCICAAR JICAAA)

codes: blue is adenine, yellow is guanine, orange is cytosine, and purple is thymine.

To investigate the differences in electronic properties due to sequence and thus conformational
changes in DNA, we extracted representative structures from the >40 ns MD simulations. The gold
substrate, water molecules and counterions are removed from the representative structures that
come from the MD simulations because DFT calculations at this time are limited by the number
of atoms in the system. The DFT calculations are carried out using the B3LYP/6-31G(d,p) basis
set with the polarizable continuum model to account for solvent dielectric constant (see
Methodology). We use the Green’s function method with E-indep 10 meV decoherence to
calculate the transmission. We setup the calculations to have the electrons flow perpendicular to
the DNA helix, flowing from the backbone of one of the nucleotides to the substrate, via the DNA.

In this calculation scheme, we only include contact self-energy (2, (g)) to the system Hamiltonian



168

to represent contact coupling. The top contact self-energy location is chosen to be at the backbone
of the middle nucleotide of each segment as shown in Figure 8.3 and we choose three different
locations for the analysis. The substrate acts as the bottom contact. We set the self-energy for the

bottom contact at the DNA atoms closest to the gold substrate within 5 A range.

Side View

Top View

Figure 8.3 Structures used in quantum mechanical calculations. Top row shows molecules
from the side view and position of gold substrate represented in dashed yellow line. Bottom row
shows the molecule from the top view, gold substrate is removed for the clarity. Highlighted
regions with bubbles show the contact self-energy locations chosen for the calculations. While
bottom contacts fixed, the top contact location is changed and named as location I, location II and
location III as shown at the top row.

8.3 RESULTS AND DISCUSSION

The sequence consists of three GC base-pairs at both the 5°- and 3’-ends, separated by three AT
base-pairs in the middle. This causes the highest occupied molecular orbitals (HOMOs) of the
structures to be spatially separated as shown in CAC case in Figure 8.4. We varied the sequence
by flipping the order of the three base-pair segments to change which bases are interacting with
the gold substrate and which bases are accessible to the top contact. In CAC and CTC cases, the
guanines at the 5’-end are accessible to the tip, while at the 3’-end, the cytosines are accessible to

the tip (see tip locations I and III in Figure 8.3).The middle segment has adenines (thymines)
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accessible to the tip for CAC (CTC). In GAG, the tip accessible bases are cytosines on the 5’-end,

guanines on the 3’-end, and adenine in the middle segment as shown in Figure 8.3. We set top
contact location I and location III to be at opposite sides with respect to the the 5’- and 3’-ends of
the strand (see Figure 8.3). For location I, we set the contact self-energy to be at the (a) backbone
atoms of the middle guanine from the 5’-end in CAC and CTC, and (b) backbone atoms of the
middle cytosine from the 5’-end for GAG. As for location III, the contact self-energy is set at the
(a) middle cytosine from the 3’-end for CAC and CTC, and (b) middle guanine from the 3’-end
for GAG. Location II is set at the backbone atoms of the middle base in the AT segment for all

strands. That is, for CAC and GAG, location II is at an adenine, and it is at a thymine for CTC.

Figure 8.4 The highest and the second highest occupied molecular orbitals (HOMO and
HOMO-1, respectively) isosurface plots for CAC case with ISO value = 0.005. The plot shows
how the highest occupied energy levels are localized at the GCs of the two ends while the middle
AT region is empty.

8.3.1 Transmission Trends for Top Contact Location

The transmission versus energy close to the HOMO is shown in Figure 8.5 for the three locations
of the contacts considered. We notice that for all strands, the transmission versus energy is different
when the tip is at either location I or III (see the darkest and brightest colors in Figure 8.5a-c) .
This is because the spatial distribution of the molecular orbitals is playing a role here. For instance,
HOMO is localized on the right GC base-pairs, which are located at location III, and HOMO-1 is

localized on the left GC base-pairs, which are near location I (vertical dashed lines in Figure 8.5a-
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c represent the HOMO). Therefore, the injected charge on location I (IIT) primarily flows through

the HOMO-1 (HOMO) energy level, yielding the different transmission profiles. The transmission
profile when the tip is located at location II follows location III because: 1) the DOS is more
delocalized on location III side, and 2) the closest bottom contact atoms are near location III (see
Figure 8.6). The direct distance between location II and the bottom contact atoms nearest to
location I and location III is about 1.7 nm and 1.3 nm, respectively. The reason for this asymmetry
in the DNA-substrate interface is due to the chirality and helicity of the DNA (rotation of bases
along the DNA helix). The helical structure causes major and minor grooves to form in the DNA.
We notice that for the middle AT segment, the closest bottom contacts are near the minor groove
(see Figure 8.3). These observations show that for each sequence, the location of the top contact,
nearest molecular orbitals, and the closest bottom contact points determine the path of the electrons
as they travel from the tip to the substrate through the DNA. Another outcome of this analysis is
the importance of the lower occupied molecular orbitals when using this setup for sequencing
DNA. For instance, the variation between location II and location III appears in lower molecular
orbitals (as they have almost the same transmission values at the HOMO). Therefore, focusing on

the HOMO alone is not enough to distinguish if the tip was located at an adenine or a guanine.
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Figure 8.5 Transmission versus energy for the different ds-DNA cases. (a-c) Each case with
its different top contact location. (d-f) Replotting the curves based on the contact location to view
sequence effect on transmission, g) energy levels diagram, colors indicate corresponding strands.

The results obtained for location II are important because they encompass different aspects of
designing DNA nanodevices: 1) Nearest neighbor impact: location I is at an adenine/thymine,
which normally does not have the HOMO localized on it. Therefore, designing the sequence to
have nearby GC base-pairs helps maintain large tunneling current to flow, even if the electron was
injected at an adenine/thymine. 2) Minor grooves effect: bottom contact atoms dictate the electron
path in the perpendicular charge transport. Designing the strand with the minor grooves location

in mind can help control the expected path of the electron injected in the middle region.
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Figure 8.6 CAC strand displaying the ISO surface plot of HOMO and HOMO-1 that are
spatially located on the GCs near top contact location I (left side) and III (right side), respectively.
The transmission at location II follows location III due to higher delocalization of HOMO-1 and
the shorter direct distance to the bottom contacts.

8.3.2 Sequence Impact on the Transmission

Our simulations show that changing the sequence by switching the orientation of the bases
influences the resulting conformation of the strand lying on the substrate. One possible reason is
due to the orientation and order of the purine (adenine and guanine) and pyrimidine (thymine and
cytosine) bases at the DNA-substrate interface for each case. We know that purines consist of two
carbon rings whereas pyrimidines have one carbon ring. Thus, the surface area of the bases at the
interface can change per sequence. We notice that CAC has cytosine-thymine-guanine as the three
segments that are at the interface (from left to right, color coded as orange-purple-yellow in Figure
8.2). CTC has cytosine-adenine-guanine (color coded orange-blue-yellow in Figure 8.2), and GAG
has guanine-thymine-cytosine (color coded yellow-purple-orange in Figure 8.2) as the three
segments at the interface. Therefore, CTC has more purines at the interface than CAC and GAG.
Our results show that CTC is more deformed than the others, and its impact on the transmission is

discussed next. We notice that changing the top contact location for CTC from location III to
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location II lowers the transmission at HOMO by 38 times (lighter colors in Figure 8.5b). For GAG

and CAC, however, the transmission at the HOMO for location II only decays by 16% with respect
to location III (Figure 8.5a,b). To understand this result, we compare between CAC and CTC
structures, where only the middle AT segment is flipped. In the CAC case, the minor groove that
is at the interface starts forming at the thymines of the middle segment (purple region below
location II in Figure 8.3). This interaction constructs a balanced adsorption to the gold substrate
by the two single-strand adenines at the ends, which are fully adsorbed onto the substrate (see
Figure 8.3). The balance in adsorption makes adjacent guanines near location III have less
interaction with the substrate. Thus, the lower interaction reduces the structural deformation, so
the DNA maintains its rt- 7 stacking in the middle region. This is not the case for CTC, where the
minor groove starts to form at the guanines of the right segment (yellow segment below location
III in Figure 8.3). Moreover, in the CTC case, only two of the left side adenines are adsorbed,
which causes an additional asymmetry in the structure. We attribute the asymmetry in the DNA-
substrate interface to causing an imbalance on the molecule and inducing larger deformation to the
middle region. We expect that the deformation of the m- 7 stacking in the middle region shown in
the top view of Figure 8.3 to be the main factor for decreasing the location II transmission at
HOMO, as it lowers the hopping parameter between the thymine and nearby CG base pairs. We
can further see the impact of the large deformation in CTC on the HOMO energy as it shifts to -
4.732 eV, which is higher than the CAC by 332 meV (Figure 8.5g). This new energy can be seen

as a transmission peak in Figure 8.5f.

Next, we look at the effect of switching the sides of cytosines and guanines in CAC and GAG on
the resulting conformation and transmission. We notice that both CAC and GAG have the same

HOMO-1 energy (-5.172 eV, see Figure 8.5d). The transmission peak for location I at this energy
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is 20 times higher for GAG (Figure 8.5d). The reason for this difference is that a direct tunneling

between the guanine of the top contact and the adenine on the interface is possible because they

are almost perpendicularly aligned (top view in Figure 8.3) with a direct distance of about 1 nm.

However, for the CAC case, such alignment is not observed, and the distance is about 1.8 nm.

From these observations of sequence and contact location impact on the transmission profile,

we can highlight the main guidelines for designing DNA - Gold (111) interfaces for use in

nanoelectronics applications:

e Tunneling current does not necessarily diminish if the contact location is shifted: This

gives room for the trade-off between contact location and structure stability when designing
DNA origami for nanoelectronics applications (e.g., location II is similar to location III).
Sequence and minor groove location in ds-DNA affect structure deformation and bottom
contact points. The careful design of the sequence can help reduce the deformation and control
the desired location of minor groove formation within the strand.

Current direction can be controlled. Electrons can be directed to go to the right side (left side)
based on where we inject the electrons (contact location) into the strand and by suitably
designing nearby molecular orbitals and bottom contacts to be at the right side (left side).
DNA sequencing: The accessible molecular orbitals to the tip location and the nearest neighbor
effect show us that we cannot rely on the transmission near HOMO alone to distinguish between
the bases. Obtaining more information by studying different permutations of a sequence and
applying bias sweeps to access the lower occupied molecular orbitals can help develop the

sequencing using this approach.
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8.4 CONCLUSIONS AND FUTURE WORK

In this chapter, we modeled 9 base pair long ds-DNAs with different sequences on top of a
gold (111) substrate. We examined charge transport properties in a setup where electrons flow
perpendicular to the DNA helix and into the substrate. Our results show that the direction of the
tunneling current can be controlled based on the location of top contact, nearby molecular orbitals,
and the shortest path to the bottom contacts (atoms at the DNA-substrate interface). We further
observe that electrons injected in AT base-pairs can maintain large tunneling current at HOMO
energy as if they were injected directly into the GC base-pairs where HOMO is localized. We also
show that flipping the complementary strands can affect the resulting conformation and the amount
of deformation in the strand. Hence, the design requires a careful consideration of the sequence
and its orientation with respect to the substrate. We expect this study to help design futuristic DNA
nanodevices beyond lithography techniques- like DNA Origami- that exploit the control of charge

transport path in three-dimensions.
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Chapter 9. CONCLUSIONS AND FUTURE WORK

9.1 SUMMARY

This thesis modeled quantum charge transport through nanoscale nucleic acid structures. The

topics are summarized as follows:

In Chapter 1, we go over the structure and composition of the nucleic acids and the properties
that make them appeal to nanoelectronics applications. We also review the challenges, potential

applications, and previous work in modeling charge transport for such a system.

In Chapter 2, we go through the methodology of our work. We briefly review MD, DFT, and
Green’s function with Biittiker probes for including decoherence. We also investigate the

difference in results between elastic and inelastic scattering in the transport model.

In Chapter 3, we introduce the energy-dependent decoherence model. The decoherence rates
of this model are dependent on the molecular orbitals of the system and decay away from
resonance. This treatment is more physical as it allows the transmission to decay with strand length
near the midgap. Further, it allows us to apply higher decoherence rates without washing out
interesting transmission features in HOMO and LUMO bands. We also demonstrate that both the
real and the imaginary parts of the decoherence self-energy are required to yield the correct

integration of the DOS, which is essential for self-consistent calculations.

In Chapter 4, we investigate the usage of the well-known NEGF approach to include inelastic
scattering through phonons. We review the underlying formulas and test the approach on a model
Hamiltonian representing a DNA. We find that the calculations do not converge. The approach is

not applicable for systems where the phonon scattering rates are comparable to the hopping
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parameters between the bases in the Hamiltonian. The results of this chapter motivated us to apply

the Biittiker probes for modeling decoherence.

In Chapter 5, we explore the possibility of detecting single nucleotide mismatch in a 15 base-
pair long DNA:RNA strand through electrical conductance measurements. We studied three
different locations for a single mismatch. The results show that there is a hierarchy of transmission
values between the original strand and the three mismatch cases. This is also confirmed by the
DOS analysis, thus showing the possibility of differentiating between the different mismatch cases

through conductance measurements.

In Chapter 6, we investigated the impact of DNA doping through anthraquinone (Aq)
intercalation. The modeled strand sequence is 3’-G3A¢G3-5". Our results show that although the
intercalator induces energy levels in the bandgap of the ds-DNA, this is not like the conventional
doping in semiconductors. The added levels near HOMO (LUMO) are occupied (empty).
Therefore, the electrons must travel through these induced energy levels to traverse the structure,
as they do not significantly change the occupancy of HOMO (valence) and LUMO (conduction)
energies that are primarily located at the DNA. It would be a good scientific problem to study
suitable molecular species that can effectively dope DNA to create electrons in the conduction
band and holes in the valence band. We further find that intercalation changes the expected location
of the contact Fermi energy (Ef) with respect to the HOMO of the DNA. The reduced state of the
Aq showed Ef to be closest to the HOMO, while the oxidized Aq yielded the farthest E; value
away from HOMO. The intercalation increased the conductance by 1.6 times the bare DNA. This
increase can further be enhanced by shortening the length of the strand to 3’-G3A3G3-5’ to reach
more than four times increase in conductance. Our results further show that the conductance trend

can vary depending on the experimental setup. In the three-terminal setup, where a gate voltage is
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added, the oxidized Aq intercalation yields higher conductance than the reduced Aq intercalation

case when the relative Fermi energy locations with respect to the HOMO levels are the same.

In Chapter 7, we investigate modulating the DNA conductance by engineering the sequence to
create tunneling wells and barrier structures, with sequences 3'-TTTCyTTT-5"and 3'-CCCTA¥CCC-
5', respectively (V varies from 0 to 5). We find that the conductance varies by over two orders of
magnitude. Our results show that the conductance decreases substantially with increasing barrier
width and only by a small amount with increasing well width. We further explore the impact of
conformation by comparing the trends in A- and B-DNA forms. We find that B-DNA’s
conductance decreases more sharply with barrier width than A-DNA’s. We attribute this result to
A-DNA having energetically closer molecular orbitals that are spatially more delocalized than B-
DNA. These properties of A-DNA help overcome the weaker m-  stacking that was originally

thought to lower the conductance of A-DNA compared to B-DNA strands of the same sequence.

In Chapter 8, we modeled three 9 base-pair long ds-DNA with additional single strand bases
of adenines (ss) on a gold substrate and studied the charge transport perpendicular to the DNA
helix. We modeled ss-C3A3Cs-ss, ss-C3T3Cs-ss, and ss-G3A3Gs-ss; the ss adenines are added to
enhance the surface adsorption. We investigated the impact of the top contact tip location by
varying the contact self-energy location along the strands. Our results show that we can control
the expected path of the electron tunneling perpendicularly by carefully designing the sequence,
groove binding formation sites, and the location of the contact points. These results can help
facilitate the future development of DNA nanoelectronics. For instance, the top contact can be an
actual electrode tip, a charge injecting molecule, or even a crossover between DNA Origami
structures. The DNA Origami technique can build complex 3D structures interconnected through

short bases-pairs known as crossovers. The results of this study may provide design ideas for
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transport across helices in DNA Origami structures. The controlled path of electron transport paves
the way for devices beyond photolithography that can exploit charge transport past the

conventional planar motion of electrons.

9.2 FUTURE WORK

The theoretical research proposed here aims to capture and explain the physical principles of
the transport mechanism and design devices in the emerging DNA nanostructures. Modeling DNA
charge transport has its challenges. The non-rigid nature of the molecule due to the solvent
environment adds more uncertainties to realizing the expected conformation, which impacts the
energy levels and charge transport. MD simulations have shown that energy levels of the DNA
fluctuate and are accompanied by fluctuations of the electronic coupling. The time-averaged
behavior of these fluctuations is expected to be similar to the energy broadening effect obtained
by the decoherence probes. Since current models in DNA transport do not include off-diagonal
electronic coupling fluctuation, incorporating this feature adds more degrees of freedom in

modeling the floppy molecule.

In addition, Integrating DNA-based devices with current semiconductor technology requires
further study of the interface between the biomolecules and solid-state materials. These contact
details alter the expected transmission profile as the contact self-energy needs to be applied
carefully. Adding a few layers or atomic clusters of the contact to represent the contact-DNA
junction in the DFT calculation can help generate a more accurate contact self-energy, better-

simulating experiments.
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Furthermore, DNA structures can be synthetically fabricated and chemically manipulated to
form complex origami structures. DNA Origami opens endless possibilities in forming 3D
structures that can potentially serve as electronic devices. However, to reach this potential, we
need to be able to model these large systems. As a result, we need to develop methods to model
larger structures, which can be at least 4x the current system size, increasing the computational
complexity. A potential solution is to discover new ways to segment the structure into smaller

blocks, in which transport calculations are performed.
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APPENDIX: CODE DEVELOPMENT

The MATLAB codes developed in this work.

1. Code for generating the input file

%%% Reads gjf file, extracts the structure atoms and

%%% generates the number of orbitals and number of electrons per atom based
%%% on the (b31lyp/6-31g(d,p)) basis set. Then finds the sum_Orbitals &

%%% sum_electrons. This code assumes no Na (outputs # of Phosphates to get
%%% correct HOMO eigenvalue) ——> set num_P = @ if Na = # Phosphates

%%% Different Buttiker Probes values per group of

%%% atoms can be set (see bProbe variable)

cle

clc

Parameters GammalL, GammaR, and Lambda can each be given multiple values.
Each combination of parameters generates a unique parameters .txt file.

ser Input: Set Run Parameters %%%%
MPORTANT: If BB+Base partitioning, make sure to have Inject and
xtract Sites to correspond to the full BB+Base.

o of of
o
mHC

structure_name = 'BTCT1';
energy_range = [-6:0.001:0];
InjectSite =[1:33] ;
ExtractSite =[192:225];

lambda = [50]/1000; %for Exp-decay: Gamma_BP *x exp[-(E-
eig)/lambdal

GammaL = [0.1 0.5 1]; % eV

GammaR = [0.1 0.5 1]; % eV

Broadening = 0; % eV (for DOS)

mix_contact_coupling = false;

%% Manual Input

%%%% Last element is always kept 0

%%%% Last cell block is bprobe value for the remaining atoms (specified by
)

S o o

bProbe = {100e-3 0}; % manual input { eV atoms; eV atoms;..; eV 0 }
partitioning = 0; %if 1: create BB+Base partitioning file, otherwise no
file and transport code assumes atomic blocking

manual_input = 1; % set to 1 for bProbe defined above, 0: automated (uses
db file for BB and Base atoms)

%% If the manual_input variable is 0, then

%% Automated BP: Base & BB are extracted from pdb file

%% Enter Decoherence per Nucleotide in this order: [G C A T(U)]

P_base = [0.1 0.1 0.1 0.1];

P_bb = [0.1 0.1 0.1 0.1];

% Import data from gjf

amel=[structure_name '.gjf'];

Z 0% 0 P o T
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Name2=[structure _name '.com'];

if exist(Namel, 'file') == 2
filename=Namel;
elseif exist(Name2, 'file') == 2
filename=Name?2;
else
disp('Gaussian File Not Found')
end

startRow = 2;formatSpec = '%2s%[~\n\r]';fileID = fopen(filename, 'r');
textscan(fileID, 'Ss[™\n\r]', startRow-1, 'WhiteSpace', '', 'ReturnOnError',
false, 'EndOfLine', '\r\n');
dataArray = textscan(fileID, formatSpec, 'Delimiter', '', 'WhiteSpace', '',
'ReturnOnError', false);
dataArray{1l} = strtrim(dataArray{1});fclose(filelD);
read_loc = contains(dataArray{2}, ' (PDBName=");
%%%%%%%% 1T gjf file does not contain (PDBName=) format:
if ~read_loc

for LL=1:10

Lngth(LL) = length(dataArray{2}{LL});

end

start_loc = find(diff((diff(Lngth)==0))==1,1, 'last')+1;

for LL=1length(dataArray{2})-5:1length(dataArray{2})
Lngth(LL) = length(dataArray{2}{LL});
end
end_loc = find((diff(Lngth)<@), 1, 'last' ); %assumes last line
contains text that is different from coordinates of last atom

read_loc = zeros(length(dataArray{2}),1);
read_loc(start_loc:end_loc)=1;
read_loc=1logical(read_loc);

learvars filename startRow formatSpec fileID dataArray ans;
%% Generating Orbital Numbers per Atom (H,0,C,N,P,X=Na)
Atoms = cell2mat(Atoms);

num_P=0; %snumber of Phosphates, to find net charge (assuming no Na)
Orbitals=nan(length(Atoms),1); %-1 because last value of Atoms is removed
('eps"')

electrons=0rbitals;
%first and last values of Atoms variable are removed
for i=1:1length(Atoms)
switch Atoms(1i)
case 'H'
Orbitals(i)=5;
electrons(i)=1;
case '0'
Orbitals(i)=15;
electrons(1i)=8;
case 'C'
Orbitals(i)=15;
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electrons(i)=6;
case 'N'
Orbitals(i)=15;
electrons(i)=7;
case 'P'
Orbitals(i)=19;
electrons(i)=15;
num_P = num_P+1; %number of Phosphates, to find net charge
(assuming no Na)
case 'X' %X=Na, rename in gjf file
Orbitals(i)=19;
electrons(i)=11;
end
end

%% Setting up BProbe Values and their Corresponding Atoms %%
if manual_input ==
%%% Automated Buttiker Probes
[BB,Base,Nucleotide]l=bb _base_extract(structure_name); %extracts info from
PDB file

Nucleotide = strrep(Nucleotide, 'ANT','1"); %Assuming Anthraquinone (ANT in
pdb) has high decoherence

Nucleotide = strrep(Nucleotide,'G','1"');
Nucleotide = strrep(Nucleotide,'C','2"');
Nucleotide = strrep(Nucleotide, 'A','3");
Nucleotide = strrep(Nucleotide,'T',"'4"');
Nucleotide = strrep(Nucleotide,'U',"'4"');
Nucleotide = str2double(Nucleotide);

ProbeSite=setdiff(1:length(Atoms), [InjectSite ExtractSite]);
bProbe=100xones(1, length(ProbeSite)); %initialization, after the for loop
no element is 100

if length(Base)==1ength(BB)
for ii=1:1length(Base)
[~,bl=intersect(ProbeSite,Base{ii}); %get intersect location of Base
in ProbeSite
bProbe(b)=BP_base(Nucleotide(ii));
[~,bl=intersect(ProbeSite,BB{ii}); %get intersect location of BB in
ProbeSite
bProbe(b)=BP_bb(Nucleotide(ii));
end
else %Sometimes (if Aq) Base>BB
for ii=1:1length(Base)
[~,bl=intersect(ProbeSite,Base{ii}); %get intersect location of Base
in ProbeSite
bProbe(b)=BP_base(Nucleotide(ii));

end
BB{1length(Base)} = []; %for partitioning (Base>BB)

for ii=1:1length(BB)
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[~,bl=intersect(ProbeSite,BB{ii}); %get intersect location of BB in
ProbeSite
bProbe(b)=BP_bb(Nucleotide(ii));
end
end

%%% BB+Base partitioning
for k = 1:length(Base)

Partition{k} = sort([BB{k} Base{k}]);
end

else
a=bProbe;
clearvars bProbe
ProbeSite=setdiff(1:length(Atoms), [InjectSite ExtractSite]);
bProbe=a{end, 1}xones(1, length(ProbeSite));
for i=1l:size(a,1)-1
[~,bl=intersect(ProbeSite,a{i,2}); %get intersect location in ProbeSite
if isempty(b)
disp('incorrect bprobes input format, please make sure only last element
is 0')
end
bProbe(b)=a{i,1};

end

%% Generating the Parameters file %%
mkdir Parameters_Folder
if mix_contact_coupling
for u = 1:1:1length(lambda)
for i = 1:1:1length(GammalL)
for j = 1:1:1length(GammaR)

param_file_index = j + (i-1)*length(GammalL) + (u-
1)xlength(GammaL)*length(GammaR)

param_filename = sprintf('Parameterssd.txt",param_file_index)

fileID = fopen(strcat('Parameters_Folder/',param_filename),'w');
fprintf(fileID, [structure_name '\r\n'l);
fprintf(fileID, '%f\n', [num_P sum(electrons)]);
fprintf(fileID, 'Orbitals set\r\n');

fprintf(fileID, 'sf\n',0rbitals);

fprintf(fileID, '\r\nEnergy Range\r\n');

fprintf(filelD, '%f\n',energy_range);

fprintf(fileID, '\r\nInject Site (atoms number)\r\n');
fprintf(fileID, 'sf\n',InjectSite);

fprintf(fileID, '\r\nExtract Site (atoms number)\r\n');
fprintf(fileID, 'sf\n',ExtractSite);

fprintf(fileID, '\r\nGammalL\r\n');

fprintf(filelID, 'sf\n',GammaL(1i));

fprintf(fileID, '\r\nGammaR\r\n');

fprintf(filelID, 'sf\n"',GammaR(j));

fprintf(fileID, '\r\nProbes Site (atoms number)\r\n');

N o~ =~ =~ o~ o~
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fprintf(fileID, 'sf\n',ProbeSite);
fprintf(fileID, '\r\nBroadening (for DOS)\r\n');
fprintf(fileID, 'sf\n',Broadening);
fprintf(fileID, '\r\nLambda (exp-decay)\r\n');
fprintf(filelD, 'sf\n', lambda(u));
fprintf(fileID, '\r\nProbe (for Decoh)\r\n');

fprintf(filelID, 'sf\n"',bProbe);
fclose(fileID);
disp('Parameters file is ready!')

if partitioning ==1

%%%% Create Partitioning File (e.g. BB+Base)

fileID = fopen([structure_name '_partitioning.txt'],'w");
for k=1:1length(Partition)

fprintf(filelD, '%3G, ',Partition{k});

fprintf( fileID, '\r\n\r\n' ) ;

o

end
fclose(filelID);
disp('Partitioning file is ready!')
end
end
end
end
else
counter = 0;
for u = 1:1length(lambda)
for i = 1:length(Gammal)

param_file_index = counter + 1;
counter = counter + 1;
param_filename = sprintf('"Parameterssd.txt",param_file_index);

fileID = fopen(strcat('Parameters_Folder/',param_filename), 'w');
fprintf(fileID, [structure_name '\r\n'l);
fprintf(fileID, 'sf\n', [num_P sum(electrons)]);
fprintf(fileID, 'Orbitals set\r\n');
fprintf(fileID, 'sf\n',0rbitals);
fprintf(fileID, '\r\nEnergy Range\r\n');
fprintf(filelD, 'sf\n',energy_range);
fprintf(fileID, '\r\nInject Site (atoms number)\r\n');
fprintf(fileID, 'sf\n',InjectSite);
fprintf(fileID, '\r\nExtract Site (atoms number)\r\n');
fprintf(fileID, 'sf\n',ExtractSite);
fprintf(fileID, '\r\nGammalL\r\n');
fprintf(fileID, 'sf\n',GammaL(1i));
fprintf(fileID, '\r\nGammaR\r\n');

fprintf(filelID, 'sf\n',GammaR(1i));

fprintf(fileID, '\r\nProbes Site (atoms number)\r\n');
fprintf(fileID, 'sf\n',ProbeSite);

fprintf(fileID, '\r\nBroadening (for DOS)\r\n');
fprintf(filelID, 'sf\n"',Broadening);

fprintf(fileID, '\r\nLambda (exp-decay)\r\n');
fprintf(filelD, 'sf\n', lambda(u));

fprintf(fileID, '\r\nProbe (for Decoh)\r\n');
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fprintf(filelID, 'sf\n"',bProbe);
fclose(fileID);
disp('Parameters file is ready!')

if partitioning ==1

%%%%% Create Partitioning File (e.g. BB+Base)

fileID = fopen([structure_name '_partitioning.txt'],'w");
for k=1:1length(Partition)
fprintf(filelD, '%3G, ',Partition{k});

fprintf( fileID, '\r\n\r\n' ) ;

end
fclose(fileID);
disp('Partitioning file is ready!')
end
end
end

end

2. Code for extracting backbone and base atoms

function [BB,Base,Nucleotide]l=bb_base extract(structure_name)
%%% This function generates bases from PDB file
%%% Note: Bases should be numbered sequentially (edit in notepad++ if not
sequential)
Name=[structure_name '.pdb'];
filename=Name;
disp('Loading from PDB")
%% Import data from PDB file.
% Read columns of data as text:
formatSpec = '%45%75%45%15%35%15%25%45%125%85%85%65%65%s%[~\n\r]"';
fileID = fopen(filename, 'r');
dataArray = textscan(fileID, formatSpec, 'Delimiter', '', 'WhiteSpace', '',
'TextType', 'string', 'ReturnOnError', false);
fclose(fileID);
% Replace non-numeric text with NaN.
raw = repmat({''},length(dataArray{1}), length(dataArray)-1);
for col=1:length(dataArray)-1
raw(1l:length(dataArray{col}),col) = mat2cell(dataArray{col},
ones(length(dataArray{col}), 1));
end

AtomType = join([raw{l:end,3}; raw{l:end,4}],1)"'; %Extracts AtomType (e.g.
H5' or C4 ..)
AtomType = erase(AtomType,' '); %Removes spaces

nucleotide = join([raw{l:end,5}; raw{l:end,6}],1)"'; %Extracts Nucleotide

name (GCAT) [string variabale]
nucleotide = erase(nucleotide,' '); %Removes spaces

% a=cellfun(@(x) ismember(x,"' '),nucleotide);
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% if length(nucleotide(a))/length(nucleotide) > 0.5

% nucleotide = raw(:,5); %Sometimes extra space exists between
columns, need to shift to correct column
% end

numericData = NaN(size(dataArray{1},1),size(dataArray,2));
for col=[2,4,6,8,9,10,11,12,13]
% Converts text in the input cell array to numbers. Replaced non-numeric
% text with NaN.
rawData = dataArray{col};
for row=1:size(rawData, 1)
% Create a regular expression to detect and remove non-numeric
prefixes and
% suffixes.
regexstr = '(?<prefix>.%*?)(?<numbers>([-
Ix(\d+[\,]I*)+[\.1{0,1}\d*[eEdD]{@, 1} [-+]*\d*x[i]{0,1}) | ([-
Ix(\d+[\, Ix)*[\.1{1,1}\d+[eEdD]{0, 1} [-+]+\d*[1]{0,1})) (?<suffix>.*)"';

try
result = regexp(rawData(row), regexstr, 'names');
numbers = result.numbers;
% Detected commas in non-thousand locations.
invalidThousandsSeparator = false;
if numbers.contains(',")
thousandsRegExp = '\d+?(\,\d{3})*\.{0,1}\d*$";
if isempty(regexp(numbers, thousandsRegExp, 'once'))
numbers = NaN;
invalidThousandsSeparator = true;
end
end
% Convert numeric text to numbers.
if ~invalidThousandsSeparator
numbers = textscan(char(strrep(numbers, ',', '")), '%f');
numericData(row, col) = numbers{1l};
raw{row, col} = numbers{1};
end
catch
raw{row, col} = rawData{row};
end
end

end
rawNumericColumns = raw(:, [2,4,6,8,9,10,11,12,13]);
rawStringColumns = string(raw(:, [1,3,5,7,14]1));

R = cellfun(@(x) ~isnumeric(x) && ~islogical(x), rawNumericColumns); % Find
non—-numeric cells
rawNumericColumns(R) = {NaN}; % Replace non-numeric cells

for catIdx = [1,2,3,4,5]
idx = (rawStringColumns(:, catIdx) == "<undefined>");
rawStringColumns(idx, catIdx) = "";

end

%%% Create output variable
TABLE = table;
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TABLE.NAME = rawStringColumns(:, 1);

TABLE.AtomNum = cell2mat(rawNumericColumns(:, 1));

% Cleaning file from TER and END rows (keeping only ATOM)
A = ismember(TABLE{:,1}, 'ATOM');

A = A(:,end);

AtomType = AtomType(A,1);

nucleotide = nucleotide(A,1);

%%% Locating Base Number (ResNum)
R = cellfun(@(x) ~isnumeric(x) && ~islogical(x),raw); % Find non-numeric

raw(R) = {NaN}; % Replace non-numeric cells
PDB = cell2mat(raw);
clearvars formatSpec fileID dataArray ans raw col numericData rawData row
regexstr result numbers invalidThousandsSeparator thousandsRegExp me R;
Group_no=PDB(1:end,8);
Group_no(A==0)=[];
loc=find(diff(Group_no)~=0);
BB_Base = [1 loc(1)];
for i=2:1length(loc)
BB_Base=[BB_Base loc(i-1)+1 loc(i)];
end
BB_Base = [BB_Base loc(end)+1 length(Group_no)]l;
%%% Extracting BB & Base atoms
for ii=1:2:1ength(BB_Base)
range = BB_Base(ii):BB_Base(ii+1);

bb=range(contains(AtomType(range),''"'"));
bb = [bb range(contains(AtomType(range), 'P'))]1;
bb = [bb range(contains(AtomType(range), 'H5T'))]; %Terminal Nucleotide

in CHARMM
bb = [bb range(contains(AtomType(range), 'H3T'))]; %Terminal Nucleotide
in CHARMM

BB{ii} = sort(bb);
Base{ii} = setxor(range,BB{ii});
Nucleotide(ii)=nucleotide(range(2)); %any value within range is ok
end
BB = BB(~cellfun('isempty',BB));
Base = Base(~cellfun('isempty',Base));
Nucleotide = rmmissing(Nucleotide);

%%%%% 1T 'CHARMM', Nucleotide Names are different
Nucleotide = strrep(Nucleotide, 'CYT','C"') ; %CYT = C
Nucleotide = strrep(Nucleotide, 'THY','T"') ; %STHY = T
Nucleotide = strrep(Nucleotide, 'GUA','G") ; %GUA = G
Nucleotide = strrep(Nucleotide, 'ADE','A') ; %ADE = A
Nucleotide = strrep(Nucleotide, 'URA','U") ; %URA = U
%%%%%% Cleaning

Nucleotide = strrep(Nucleotide,'D',"'") ;

Nucleotide = strrep(Nucleotide,' ',"'") ;

Nucleotide = regexprep(Nucleotide, '\d',"'"') ;

end
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3. Code for main function to calculate transmission

fpath is the path to the functions directory, e.g.:
'/gscratch/stf/hashemm/EdepBP/functions/"

mpath is the path to the matrices dir, e.g.:
'/gscratch/stf/hashemm/EdepBP/matrices/"

d° o of of
o° o° o° o°

%
%
%
%

function main_code(run_num, Edep,D0S, fpath,mpath,Vbias, linVdrop,Vprcnt)
if nargin < 8

Vprcnt = 0.4;

end

addpath(fpath);

if DOS ==1
dosBlock_calc(run_num,mpath,Edep,Vbias, linVdrop,Vprcnt)
else
if Edep ==1
DNATransmission_Decoherence_EBP(run_num,mpath,Vbias, linVdrop,Vprcnt)
else

DNATransmission_Decoherence_Eindep(run_num,mpath,Vbias, linVdrop,Vprcnt)
end

end

4. Code for DOS calculation

%D0S Calculation for the Molecule

%Notel: if GammalL=GammaR = @, code assigns bprobe values instead (assumes
%bprobe values for all locations).

%Note2: this code uses fine energy mesh (6000 points) from Energy(1l) to
%Energy (end), see line 90.

function dosBlock_calc(run_num,mpath,Edep,Vbias, linVdrop,Vprcnt)
%% Initialization (Loads Parameters from subdir run_num)
format long

apath = strcat(pwd,'/"');
addpath(apath)

d=['run' num2str(run_num)];

dir_path= strcat(apath,d,'/"); %loads subdirectory
addpath(dir_path)

workdir = dir_path;

FNAME = dir([workdir '/' 'Parametersx.txt']l);

x=fopen (FNAME. name) ;
dataArray=textscan(x, '%s', 'WhiteSpace', '\r\n');
locl=find(~cellfun(@isempty,strfind(dataArray{1,1}, 'Energy')));
strand=char(dataArray{1,1}(1));

num_P = dataArray{1,1}(2);

num_P = str2double(cell2mat(num_P));
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sum_e
sum_e

dataArray{1,1}(3);
str2double(cell2mat(sum_e));

Orbitals=dataArray{1,1}(5:locl-1);
Orbitals=cellfun(@str2num,Orbitals)";

loc2=find(~cellfun(@isempty,strfind(dataArray{1,1}, 'Inject')));
Energy=dataArray{1,1}(locl+1: loc2-1);
Energy=cellfun(@str2num,Energy)";

locl=1loc?2;

loc2=find(~cellfun(@isempty,strfind(dataArray{1,1}, 'Extract')));
Lsite=dataArray{1,1}(locl+1:loc2-1);
Lsite=cellfun(@str2num,Lsite)"';

locl=1loc2;

loc2=find(~cellfun(@isempty,strfind(dataArray{1,1}, 'GammalL')));
Rsite=dataArray{1,1}(locl+1:loc2-1);
Rsite=cellfun(@str2num,Rsite)';

locl=1loc?2;
loc2=find(~cellfun(@isempty,strfind(dataArray{1,1}, 'GammaR')));
gammaL=dataArray{1,1}(locl+1:loc2-1);
gammalL=str2double(cell2mat(gammaL))"';

locl=1loc2;

loc2=find(~cellfun(@isempty,strfind(dataArray{1,1}, 'Probes')));
gammaR=dataArray{1,1}(locl+1:loc2-1);
gammaR=str2double(cell2mat(gammaR));

locl=1loc?2;

loc2=find(~cellfun(@isempty,strfind(dataArray{1,1}, 'Broadening')));
Dsites=dataArray{1,1}(locl+1:loc2-1);
Dsites=cellfun(@str2num,Dsites)"';

lambda=dataArray{1,1}(loc2+3);
lambda=str2double(cell2mat(lambda));

bprobe=dataArray{1,1}(loc2+5:end);
bprobe=cellfun(@str2num,bprobe)';

fclose(x);
clearvars locl loc2 dataArray x

o®
o°

%%%%%%%%L0ad Mat rices%%%%%%%%%%%%%%% %% %% %% %%%%%
['load ',mpath, strand, '.mat'];
(Fm);
eval(strand);
if linVdrop ==1
HO = bias_drop(workdir,strand,H0,0rbitals,Vbias);
else
HO = bias_drop_nonlin(workdir,strand,H@,0rbitals,Vbias,Vprcnt);
end

I D TP o
3
I~ 1l o°



[H,Lsite,Rsite,Dsites,Orbitals,HOMO] =

partitionH(H@, Lsite Rsite,Dsites,Orbitals,num_P,sum_e,workdir); %U"'HOU,

blocklng [dia
51 eH = size i
disp(['Si S
%%%%%%%%%6Using Fine Energy Gr1do9%%%%%%
Energ Energy(1) :(Energy(end)-Energy(
eta=0; %defining eta as zero, broadenin
Nsite = length([Lsite Rsite Dsites]);
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switch Edep
case 1 %Edep
%% E—dep Decoherence Loop Initialization %%
=1

NE ength(Energy) ;

%%%%%%%% Check available files from Checkpoint %%%%%%%%%%%

Dn m =strcat(workdir,strand,'_Edep_DO0S_Vbias',num2str(Vbias),'.mat');
mat=dir(Dname);

if length(mat)~=0
load(mat.name);
qq=find(D0S~=-1, 1, 'last' )+1;
else
qgq=1;
DOS = -1xones(1, NE);
DOSBlock = —1xones(Nsite, NE);

end
6%6%6°6%6°6°6°6°6°6°6°6°66°66°6°6°6-6-6-6-6-66-6°6-66-6-6-6-6°6-6°6-66-66-66°6-6-6-6°6
%% Entering the loop to calculate E-dep DOS %%
EV = diag(H);
for nE = qq : NE

nE

E = Energy(nE)
%6%%%%%%%%Set SUMS1Q %%%%%%%%%%%%6%%% %% %%
GAMMA = zeros(sizeH, sizeH);

%% Contacts Coupling S%%%%%%%%%%%%%%

Lsite Rsitel;

if any(gammal)

%If contact coupling is included for DOS calculation

gamma = [gammalLxones(1,length(Lsite)) gammaRxones(1,length(Rsite))];

w0
=-
—~+
(0]
7]
1l

for ii = 1 : length(sites)
isite = sites(ii);
%%%% locating cooridnates in H corresponding to isite
TempLenl = sum(Orbitals(1 : isite)) - Orbitals(isite);
TempLen2 = sum(Orbitals(1 : isite));
range = TempLenl + 1 : TemplLen2;
Len = length(range);
GAMMA(range, range) = gamma(ii) * eye(Len);

9%%%%%%%%%%% Buttiker Probes %%%%%%%%%%%%%%
Dsites;
bprobe;

209
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%If no contact coupling, apply bprobe value for all atoms
sites = [Lsite Dsites Rsite];
gammaL = bprobe(1);
gammaR gammal;
gamma = [gammalxones(1,length(Lsite)) bprobe gammaRxones(1, length(Rsite))

end

for ii = 1 : length(sites)

isite = sites(ii);

TempLenl = sum(Orbitals(1 : isite)) - Orbitals(isite);
TempLen2 = sum(Orbitals(1 : isite));

range = TempLenl + 1 : TemplLen2;

Len = length(range);

%exp decay per Atomic/Molecular Orbital (EV of H{block(ii)})
f_bp= exp(-abs(E-EV(range))/lambda);

%exp decay per Atomic/Molecular Orbital (HOMO cutoff)
range2 = EV(range) > HOMO(1) & EV(range) <= mean(HOMO);
f_bp(range2) = exp(-abs(E-HOMO(1))/lambda);
%exp decay per Atomic/Molecular Orbital (LUMO cutoff)
range2 = EV(range) < HOMO(2) & EV(range) > mean(HOMO);
f_bp(range2) = exp(-abs(E-HOMO(2))/lambda);

f_bp(f_bp<107-20)=0; %cutoff for BP=0 is <10"-20

GAMMA(range, range) = gamma(ii) * f_bp .* eye(Len);
end

sumSig = -1i * GAMMA / 2;

Gr = ((E + 1i * eta) * eye(sizeH) - H - sumSig) \ eye(sizeH);

%6%%%%%% %6 %% %6 %% %% %% %% DO0S %%%%%%%%%%%%%%%%%%%%%% % %% %%%%%
tempM = imag(diag(Gr));
DOS(nE)=-sum(tempM) / pi;
t1 = 1;
t2 = Orbitals(1);

for nOrbitals = 1 : Nsite
DOSBlock(nOrbitals, nE) = —sum(tempM(tl : t2)) / pi;
if nOrbitals < Nsite
t1 = t1 + Orbitals(nOrbitals);
t2 = t2+0rbitals(nOrbitals + 1);

end
end
%%%%%%% Save after every iteration %%%%
save(Dname, 'Energy', 'DOS"', 'DOSBlock"');
end

otherwise % Eindep
%% E—indep Decoherence Loop Initialization %%
NE = length(Energy);
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o°
o°
o°
o°
o°
o°
o®
o®
o°

%%%%%%%% Check available files from Checkpoint %%
Dname=strcat(workdir,strand,'_Eindep_DO0S_Vbias',num2str(Vbias),'.mat');

mat=dir(Dname);

if length(mat)~=0
load(mat.name);
qq=find(D0S~=-1, 1, 'last' )+1;
else
qq=1;
DOS = -1xones(1, NE);
DOSBlock = —1xones(Nsite, NE);

n

%6%%%%%%%%Set SUMS1Q %%%%%%%%%%%%%%% %% %6 %%
GAMMA = zeros(sizeH, size

%% Contacts Coup

sites = [Lsite Rsite];
if any(gammalL)
gamma = [gammalLxones(1,length(Lsite)) gammaRxones(1,length(Rsite))];

for ii = 1 : length(sites)
isite = sites(ii);
TempLenl = sum(Orbitals(1 : isite)) - Orbitals(isite);
TempLen2 = sum(Orbitals(1 : isite));
range = TempLenl + 1 : TemplLen2;
Len = length(range);
GAMMA(range, range) = gamma(ii) * eye(Len);

end
%%6%%%%6%%%6%% Buttiker Probes %%%%%%%%%%%%%%
sites = Dsites;
gamma = bprobe;
else
sites = [Lsite Dsites Rsite];
gammaL = bprobe(1);
gammaR = gammal; %sassuming the same bprobe value for all atoms
gamma = [gammalxones(1,length(Lsite)) bprobe gammaRxones(1, length(Rsite))
1;
end

for ii = 1 : length(sites)
isite = sites(ii);
TempLenl = sum(Orbitals(1 : isite)) - Orbitals(isite);
TempLen2 = sum(Orbitals(1 : isite));
range = TempLenl + 1 : TemplLen2;
Len = length(range);
f_bp = 1;

GAMMA(range, range) = gamma(ii) * f_bp .* eye(Len);
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end

[%2]
c
3
wn
-
(o]
|

= =11 x GAMMA / 2;

Gr = ((E + 1i * eta) * eye(sizeH) - H - sumSig) \ eye(sizeH);

%6%%%%%% %% %% %% %% %% %% DO0S %%%%%%%%%%%%%%%%%%%%%% % %% % %%%%
tempM = imag(diag(Gr));
DOS(nE)=-sum(tempM) / pi;
t1 = 1;
t2 = Orbitals(1);

for nOrbitals = 1 : Nsite
DOSBlock(nOrbitals, nE) = —sum(tempM(tl : t2)) / pi;
if nOrbitals < Nsite
tl = t1 + Orbitals(nOrbitals);
t2 = t2+0rbitals(nOrbitals + 1);
end
end
%%%%%%% Save after every iteration %%%%
( )

’

disp('Finished DOS!")

5. Code to calculate transmission with energy-independent decoherence

function
DNATransmission_Decoherence_Eindep(run_num,mpath,Vbias, linVdrop,Vprcnt)
%% Initialization (Loads Parameters from subdir run_num)

format long

apath = strcat(pwd,'/"');
addpath(apath)

d=['run' num2str(run_num)];

dir_path= strcat(apath,d,'/"); %loads subdirectory
addpath(dir_path)

workdir = dir_path;

FNAME = dir([workdir '/' 'Parametersx.txt']l);

x=fopen (FNAME. name) ;
dataArray=textscan(x, '%s', 'WhiteSpace', '\r\n');
locl=find(~cellfun(@isempty,strfind(dataArray{1,1}, 'Energy')));
strand=char(dataArray{1,1}(1));

num_P = dataArray{1,1}(2);

num_P = str2double(cell2mat(num_P));



sum_e
sum_e

dataArray{1,1}(3);
str2double(cell2mat(sum_e));

Orbitals=dataArray{1,1}(5:locl-1);
Orbitals=cellfun(@str2num,Orbitals)";

loc2=find(~cellfun(@isempty,strfind(dataArray{1,1}, 'Inject')));

Energy=dataArray{1,1}(locl+1:loc2-1);
Energy=cellfun(@str2num,Energy)";
locl=1loc?2;

loc2=find(~cellfun(@isempty,strfind(dataArray{1,1}, 'Extract')));

Lsite=dataArray{1,1}(locl+1:loc2-1);
Lsite=cellfun(@str2num,Lsite)"';
locl=1loc2;

loc2=find(~cellfun(@isempty,strfind(dataArray{1,1}, 'GammalL')));

Rsite=dataArray{1,1}(locl+1:loc2-1);
Rsite=cellfun(@str2num,Rsite)"';

locl=1loc?2;

loc2=find(~cellfun(@isempty,strfind(dataArray{1,1}, 'GammaR')));

gammalL=dataArray{1,1}(locl+1l:loc2-1);
gammalL=str2double(cell2mat(gammaL))"';
locl=1loc2;

loc2=find(~cellfun(@isempty,strfind(dataArray{1,1}, 'Probes')));

gammaR=dataArray{1,1}(locl+1:loc2-1);
gammaR=str2double(cell2mat(gammaR));
locl=1oc2;

loc2=find(~cellfun(@isempty,strfind(dataArray{1,1}, 'Broadening')));

Dsites=dataArray{1,1}(locl+1:loc2-1);
Dsites=cellfun(@str2num,Dsites)"';

eta=dataArray{1,1}(loc2+1);
eta=str2double(cell2mat(eta));

lambda=dataArray{1,1}(loc2+3);
lambda=str2double(cell2mat(lambda));

bprobe=dataArray{1,1}(loc2+5:end);
bprobe=cellfun(@str2num,bprobe)';

fclose(x);
clearvars locl loc2 dataArray x

o o of

S © o° o° P

%% L

%% variable name.

val(['Fm = load(''',mpath, strand, '.mat'')'l);
emp = fieldnames(Fm);

HO = eval(['Fm.' temp{:} ';']);

~+ D

0000000000 : ; 0.0000000000000000000000000
%6%6°6°6°%6°%6%%%° P repare Hami 1t on 1an%%%%%%%%%%%%%%%%%%%%% %% %% %

oad the matrix file as a struct in case filename is different from
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if linVdrop ==1

HO = bias_drop(workdir,strand,H0,0rbitals,Vbias);
else

HO = bias_drop_nonlin(workdir,strand,H@,0rbitals,Vbias,Vprcnt);
end

[H,Lsite,Rsite,Dsites,Orbitals,~] =
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partitionH(H@,Lsite,Rsite,Dsites,Orbitals,0,0,workdir); %U'HOU, H-blocking

= size(H, 1); % size of Hamiltonian
['Size of the Hamiltonian = ' num2str(sizeH)])

Norb = sum(Orbitals); %total size of H,total number of orbitals
if(Norb ~= sizeH)

disp(['sum(Orbitals) = ' num2str(Norb)])

disp('Total size of H =/= number of Orbitals, please check your input
files')

return;
end
Nb = length(Dsites);
Nsite = length(Orbitals); %total number of atoms

%% Loop Initialization %%
NE = length(Energy);

%%%prepare the output name before entering the loop%%%
Tname=strcat(workdir, 'Teff_',strand,'_gammalL_"',num2str(gammalL),' gammaR_',num
2str(gammaR),'_bias_',num2str(mean(Vbias)),'_',num2str(run_num),'_Eindep','.m

at');

%%%%%%%% Check available files from Checkpoint %%%%%%%%%%%
r(Tname) ;

if length(mat)~=0
load(mat.name);
qq=find(T~=-1, 1, 'last' )+1;
else

T=-1xones(1,NE);

qgq=1;
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for ii = 1 : length(sites)
isite = sites(ii);
TempLenl = sum(Orbitals(1 : isite)) - Orbitals(isite);
TempLen2 = sum(Orbitals(1 : isite));
range = TempLenl + 1 : TemplLen2;
Len = length(range);
GAMMA(range, range) = gamma(ii) * eye(Len);

end

%%%%%%%%%%% Buttiker Probes %%%%%%%%%%%%%%
sites = Dsites;

gamma = bprobe;

for ii = 1 : length(sites)
isite = sites(ii);
TempLenl = sum(Orbitals(1 : isite)) - Orbitals(isite);
TempLen2 = sum(Orbitals(1 : isite));
range = TempLenl + 1 : TemplLen2;
Len = length(range);
f_bp= 1;

GAMMA(range, range) = gamma(ii) * f_bp .* eye(Len);
end

%% Checking BP(A0i/M0i) = @ to update Orbitals and Dsites and remove from
decoherent transport calculations
a=diag(GAMMA);
ao_nz = find(a~=0); %locates AO(MO) with BP=/=0
stransform orbital into its atom number( or block number, depending on the
%partitioning scheme)
idx = zeros(size(ao_nz));
z= cumsum(Orbitals);
for ii=1:1length(ao_nz)

k=1;
while ao_nz(ii)>z(k)
k=k+1;
end
idx(ii)=k;

end

trunc_Dsites = setdiff(unique(idx), [Lsite Rsitel)';

if ~isempty(trunc_Dsites)

ao_nz = [ao_nz idx]; %add corresponding atom numbers (or block number) per nz
orbital

%% Preparing Gr for Transport Calcuations %%

sumSig = -1i * GAMMA / 2;
Gr = ((E + 1i * eta) * eye(sizeH) - H - sumSig) \ eye(sizeH);
Ga = Gr';

T(nE) = decoherent_transport_f(Gr,Ga,GAMMA,Lsite,Rsite,trunc_Dsites,ao_nz);

else %Coherent Transport if all BP = 0



sumSig = -1i * GAMMA / 2;
Gr = ((E + 1i * eta) * eye(sizeH) - H - sumSig) \ eye(sizeH);
Ga = Gr';

T(nE) = coherent_transport_f(Gr,Ga,Lsite,Rsite,0Orbitals,gammal,gammaR);

disp('Finished Decoherent Transmission!')

6. Code to calculate transmission with energy-dependent decoherence

function
DNATransmission_Decoherence_EBP(run_num,mpath,Vbias, linVdrop,Vprcnt)
%% Initialization (Loads Parameters from subdir run_num)

format long

apath = strcat(pwd,'/"');
addpath(apath)

d=['run' num2str(run_num)];

dir_path= strcat(apath,d,'/"); %loads subdirectory
addpath(dir_path)

workdir = dir_path;

FNAME = dir([workdir '/' 'Parametersx.txt']l);

x=fopen (FNAME. name) ;
dataArray=textscan(x, '%ss', 'WhiteSpace', '\r\n');
locl=find(~cellfun(@isempty,strfind(dataArray{1,1}, 'Energy')));
strand=char(dataArray{1,1}(1));

num_P = dataArray{1,1}(2);
num_P = str2double(cell2mat(num_P));
sum_e = dataArray{1,1}(3);
sum_e = str2double(cell2mat(sum_e));

Orbitals=dataArray{1,1}(5:locl-1);
Orbitals=cellfun(@str2num,Orbitals)";

loc2=find(~cellfun(@isempty,strfind(dataArray{1,1}, 'Inject')));
Energy=dataArray{1,1}(locl+1: loc2-1);
Energy=cellfun(@str2num,Energy)";

locl=1loc?2;

loc2=find(~cellfun(@isempty,strfind(dataArray{1,1}, 'Extract')));
Lsite=dataArray{1,1}(locl+1:loc2-1);
Lsite=cellfun(@str2num,Lsite)’;
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locl=1oc2;

loc2=find(~cellfun(@isempty,strfind(dataArray{1,1}, 'GammalL')));
Rsite=dataArray{1,1}(locl+1:loc2-1);
Rsite=cellfun(@str2num,Rsite)"';

locl=1loc?2;
loc2=find(~cellfun(@isempty,strfind(dataArray{1,1}, 'GammaR')));
gammaL=dataArray{1,1}(locl+1:loc2-1);
gammalL=str2double(cell2mat(gammaL))"';

locl=1loc?2;

loc2=find(~cellfun(@isempty,strfind(dataArray{1,1}, 'Probes')));
gammaR=dataArray{1,1}(locl+1:loc2-1);
gammaR=str2double(cell2mat(gammaR));

locl=1loc2;

loc2=find(~cellfun(@isempty,strfind(dataArray{1,1}, 'Broadening')));
Dsites=dataArray{1,1}(locl+1:loc2-1);
Dsites=cellfun(@str2num,Dsites)"';

eta=dataArray{1,1}(loc2+1);
eta=str2double(cell2mat(eta));

lambda=dataArray{1,1}(loc2+3);
lambda=str2double(cell2mat(lambda));

bprobe=dataArray{1,1}(loc2+5:end);
bprobe=cellfun(@str2num,bprobe)';

fclose(x);
clearvars locl loc2 dataArray x

0000000000 : ; 0.0000000000000000000000000
%6%%%%%% % %% P repare Hami 1t on 1an%%%%%%%%%%%%%%%%%%%%%%%%%%

%%% Load the matrix file as a struct in case filename is different from
%%% variable name.

eval(['Fm = load(''',mpath, strand, '.mat'')'l);

temp = fieldnames(Fm);

HO = eval(['Fm.' temp{:} ';']);

if linVdrop ==1

HO = bias_drop(workdir,strand,H0,0rbitals,Vbias);
else

HO = bias_drop_nonlin(workdir,strand,H@,0rbitals,Vbias,Vprcnt);
end

[H,Lsite,Rsite,Dsites,Orbitals,HOMO] =
partitionH(H@,Lsite,Rsite,Dsites,0rbitals,num_P,sum_e,workdir); %U'HoU,
blocking [dia
eta = 0;

sizeH = size(H, 1); % size of Hamiltonian
disp(['Size of the Hamiltonian = ' num2str(sizeH)])

o

o°
o°
o°
o°
o°
o®
o®
o°
o°

[X)
676
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Norb = sum(Orbitals); %total size of H,total number of orbitals
if(Norb ~= sizeH)
disp(['sum(Orbitals) = ' num2str(Norb)])

disp('Total size of H =/= number of Orbitals, please check your input
files')
return;
end
Nb = length(Dsites);
Nsite = length(Orbitals); %total number of atoms

%% Loop Initialization %%

NE = length(Energy);

%%%prepare the output name before entering the loop%%%

Tname=strcat(workdir, 'Teff_',strand,'_gammalL_"',num2str(gammalL),' gammaR_"',num
2str(gammaR),'_bias_',num2str(mean(Vbias)),'_',num2str(run_num),'_BP(E)',"'.ma
t');

%%%%%%%% Check available files from Checkpoint %%%%%%%%%%%
r(Tname) ;

if length(mat)~=0
load(mat.name);
qq=find(T~=-1, 1, 'last' )+1;
else

T=-1xones(1,NE);

%% %% g %

sites = [Lsite Rsitel;

gamma = [gammalxones(1,length(Lsite)) gammaRx*ones(1,length(Rsite))];
for ii = length(sites)

isite = sites(ii);

TempLenl = sum(Orbitals(1 : isite)) - Orbitals(isite);
TempLen2 = sum(Orbitals(1 : isite));

range = TempLenl + 1 : TemplLen2;

Len = length(range);

GAMMA(range, range) = gamma(ii) * eye(Len);

end

%%%%%%%%%%% Buttiker Probes %%%%%%%%%%%%%%
sites = Dsites;

gamma = bprobe;

for ii = 1 : length(sites)
isite = sites(ii);
TempLenl = sum(Orbitals(1l : isite)) - Orbitals(isite);
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TempLen2 = sum(Orbitals(1 : isite));

range = TempLenl + 1 : TemplLen2;

Len = length(range);

%exp decay per Atomic/Molecular Orbital (EV of H{block(ii)})
f_bp= exp(-abs(E-EV(range))/lambda);

%exp decay per Atomic/Molecular Orbital (HOMO cutoff})
range2 = EV(range) > HOMO(1) & EV(range) <= mean(HOMO);
f_bp(range2) = exp(-abs(E-HOMO(1))/lambda);
%exp decay per Atomic/Molecular Orbital (LUMO cutoff})
range2 = EV(range) < HOMO(2) & EV(range) > mean(HOMO);
f_bp(range2) = exp(-abs(E-HOMO(2))/lambda);

f_bp(f_bp<107-20)=0; %cutoff for BP=0 is <10"-20

GAMMA(range, range) = gamma(ii) * f_bp .* eye(Len);
end

%% Checking BP(A0i/M0i) = @ to update Orbitals and Dsites and remove from
decoherent transport calculations
a=diag(GAMMA);
ao_nz = find(a~=0); %locates AO(MO) with BP=/=0
%transform orbital into its atom number( or block number, depending on the
%partitioning scheme)
idx = zeros(size(ao_nz));
z= cumsum(Orbitals);
for ii=1:1length(ao_nz)

k=1;
while ao_nz(ii)>z(k)
k=k+1;
end
idx(ii)=k;

end

trunc_Dsites = setdiff(unique(idx), [Lsite Rsitel)';

if ~isempty(trunc_Dsites)

ao_nz = [ao_nz idx]; %add corresponding atom numbers (or block number) per nz
orbital

%% Preparing Gr for Transport Calcuations %%

sumSig = -1i * GAMMA / 2;
Gr = ((E + 1i * eta) * eye(sizeH) - H - sumSig) \ eye(sizeH);
Ga = Gr';

T(nE) = decoherent_transport_f(Gr,Ga,GAMMA,Lsite,Rsite,trunc_Dsites,ao_nz);

else %Coherent Transport if all BP = 0
sumSig = -1i x GAMMA / 2;
Gr = ((E + 1i * eta) *x eye(sizeH) — H - sumSig) \ eye(sizeH);
Ga = Gr';

T(nE) = coherent_transport_f(Gr,Ga,Lsite,Rsite,0Orbitals,gammal,gammaR);
end
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disp('Finished Decoherent Transmission!')

7. Code for the function to calculate decoherent transmission

= decoherent_trans

Transmission %%%%%
transmission between every 2 probes %%%%%%%%%%%%%
site Rsite Dsites];

ort_f(Gr,Ga,GAMMA,Lsite,Rsite,Dsites,Orbitals)

° T

for i1 = 2: Nsite
rangei = Orbitals(Orbitals(:,2)==sites(ii),1)"';
Gammai = GAMMA(rangei, rangei);

for jj =1 : (ii - 1)
rangej = Orbitals(Orbitals(:,2)==sites(jj),1)"';
Gammaj GAMMA(rangej, rangej);

Tmat(ii, jj)
Ga(rangej, rangei)));
Tmat(jj, ii)

end

real(trace(Gammai * Gr(rangei, rangej) * Gammaj

Tmat(ii, jj);

LL = length([Lsite Rsite]);

TL = [];

TR = []l

for ii = LL+1 : Nsite %include only Bprobe sites (no GammalL/GammaR)

TL = [TL Tmat(1l:length(Lsite), ii)]; %Lsite-to-Bprobe coupling
TR = [TR; Tmat(ii, length(Lsite)+1:1length(Lsite)+length(Rsite))]; %Rsite-
to-Bprobe coupling

Wmat = zeros(Nb);
for ii =1 : Nb
Wmat(ii, ii) = sum(Tmat(ii + LL, :));

for jj=41ii+1 : Nb
Wmat(ii, jj) = -Tmat(ii + LL, jj + LL);
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end
end

Wmat = Wmat' + Wmat;
for i1 =1 : Nb
Wmat(ii, ii) = Wmat(ii, ii) / 2;

end

6565665656766 676666 6666666666666 6-6-6-6-6-6-6-6-6-6-66°6-6-66-6-6-6-6-6-6°6-6-66°6-6°6-6-6°66-6°6-6-6-6-6-6-66-6-6°6-6-6°6-6-66
Td = Tmat(1:length(Lsite), length(Lsite)+1:1length(Lsite)+length(Rsite)) + TL
* (Wmat \ eye(Nb)) x TR;

T = sum(sum(Td));

end

8. Code for the function to calculate coherent transmission

function T= coherent_transport_f(Gr,Ga,Lsite,Rsite,Orbitals,gammalL,gammaR)

ransmission %%%%%%%%%%%%%

T %%%%
% transmission between Left and Right contact atoms %%%%%%%%%%%%%
ros(length(Lsite), length(Rsite));

for ii = 1: length(Lsite)
isite = Lsite(ii);
TempLenil = sum(Orbitals(1 : isite)) - sum(Orbitals(isite));
TempLeni2 = sum(Orbitals(1 : isite));
Leni = TempLeni2 - TemplLenil;
Gammai = gammalL * eye(Leni);

for jj = 1 : length(Rsite)
jsite = Rsite(jj);
TempLenjl = sum(Orbitals(1 : jsite)) - sum(Orbitals(jsite));
TempLenj2 = sum(Orbitals(1l : jsite));
Lenj = TempLenj2 - TempLenjl;
Gammaj = gammaR *x eye(Lenj);

Tmat(ii, jj) = real(trace(Gammai * Gr(TempLenil + 1 : TemplLeni2,
TempLenjl + 1 : TempLenj2) * Gammaj * Ga(TempLenjl + 1 : TempLenj2, TempLenil
+ 1 : TempLeni2)));

end
end

T = sum(sum(Tmat)); %Ballistic Transmission is the sum of all Tij
end

9. Code to apply linear bias drop across the Hamiltonian

function [H@] = bias_drop(workdir,strand,H@,0rbitals,Vbias)
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Load Partitioning File

This part uses the partitioning (e.g. base-pairs) to apply the voltage
drop accross the molecule

drop = true;

Name=[workdir '/' strand '_Vbias_sx.txt'];

Name = dir(Name);

try C = csvread(Name.name);

catch

disp('ERROR: Partitioning file not found, assuming no bias drop')

vdrop = false;

end

if vdrop

disp('Bias partitioning file found, applying bias using the defined blocking
scheme...")

b=cell(size(C,1),1);

sum_orbitals = zeros(size(b));

BlockSite = size(C,1); %number of blocks partitioning the system
basel_range = zeros(BlockSite,?2);

compbase_range = basel_range;

d° of of
o° o° of
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Find the two bases making the basepair and save their atom sites. This
helps call the correct indices H(range,range) when modifying the

onsite potential per base-pair.

ii=1:BlockSite

b{ii}=nonzeros(C(ii,:))";

compbase = find(diff(b{ii})>1); %change in atom number at complementary
base

basel_range(ii,:)=[b{ii}(1) b{ii}(compbase)];
compbase_range(ii,:)=[b{ii}(compbase+1) b{ii}(end)];

o
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0
o
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S 00 o o°

(0]

%%% Applying Voltage Drop %%%%%%

ositive bias: EfL < EfR

egative bias: EfL > EfR

t: En = En + (Vbias *(n-1)/(N-1)); linear drop
u = EfL:Vbias/Nsite-1:EfR

o® o of
o°
5 O

for ii=1:BlockSite

%%% Base 1 of the base-pair

TempLenl = sum(Orbitals(1 : basel_range(ii,1))) -
Orbitals(basel_range(ii,1));

TempLen2 = sum(Orbitals(1 : basel_range(ii,2)));

range = TempLenl + 1 : TempLen2; %Matrix indices (to check:
length(range) must equal to
sum(Orbitals(basel_range(ii,1):basel_range(ii,2)))

HO(range, range) = H@(range,range) + eye(length(range))*(Vbias x(ii-
1)/(BlockSite-1));

%%% Complementary Base of the base-pair

TempLenl = sum(Orbitals(1 : compbase_range(ii,1))) -
Orbitals(compbase_range(ii,1));

TempLen2 = sum(Orbitals(1l : compbase_range(ii,2)));
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range = TempLenl + 1 : TempLen2; %Matrix indices (to check:
length(range) must equal to
sum(Orbitals(basel_range(ii,1):basel_range(ii,2)))

HO(range, range) = H@(range,range) + eye(length(range))*(Vbias x(ii-
1)/(BlockSite-1));

end
end

end

10.Code to apply nonlinear bias drop across the Hamiltonian

function [HO] = bias_drop_nonlin(workdir,strand,H0,0rbitals,Vbias,Vprcnt)

%%% Load Partitioning File

%%% This part uses the partitioning (e.g. base-pairs) to apply the

%%% nonlinear voltage drop (default: 40%:20%:40%) accross the molecule
vdrop = true;

Name=[workdir '/' strand '_Vbias_sx.txt'];

Name = dir(Name);

try C = csvread(Name.name);

catch

disp('ERROR: Partitioning file not found, assuming no bias drop')
vdrop = false;

end

if vdrop

disp('Bias partitioning file found, applying nonlinear bias using the defined
blocking scheme...')

b=cell(size(C,1),1);

sum_orbitals = zeros(size(b));

BlockSite = size(C,1); %number of blocks partitioning the system
basel_range = zeros(BlockSite,?2);

compbase_range = basel_range;

Find the two bases making the basepair and save their atom sites. This
helps call the correct indices H(range,range) when modifying the

onsite potential per base-pair.

ii=1:BlockSite

b{ii}=nonzeros(C(ii,:))";

compbase = find(diff(b{ii})>1); %change in atom number at complementary
base

basel_range(ii,:)=[b{ii}(1) b{ii}(compbase)];
compbase_range(ii,:)=[b{ii}(compbase+1) b{ii}(end)];

o
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end

%% Applying Voltage Drop %%%%%%
positive bias: EfL < EfR

negative bias: EfL > EfR

uation for Shifting onsite potential:
= { En,n=1

o
0
o
0
o
0
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%
%
%
E
E

q
n
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En+qV_biasx(Vprcnt+1-2xVprcntx(n-2)/(N-3)), for 2=nsN-1
En+qV_bias, for n=N }

o o°

for ii=2:BlockSite-1

%%% Base 1 of the base-pair

TempLenl = sum(Orbitals(1 : basel_range(ii,1))) -
Orbitals(basel_range(ii,1));

TempLen2 = sum(Orbitals(1 : basel_range(ii,2)));

range = TempLenl + 1 : TempLen2; %Matrix indices (to check:
length(range) must equal to
sum(Orbitals(basel_range(ii,1):basel_range(ii,2)))

HO(range, range) = H@(range,range) + eye(length(range))*(Vbias x Vprcnt) +
eye(length(range))*(Vbias * (1-Vprcntx2) x (ii-2)/(BlockSite-3));

%%% Complementary Base of the base-pair

TempLenl = sum(Orbitals(1 : compbase_range(ii,1))) -
Orbitals(compbase_range(ii,1));

TempLen2 = sum(Orbitals(1l : compbase_range(ii,2)));

range = TempLenl + 1 : TempLen2; %Matrix indices (to check:

length(range) must equal to
sum(Orbitals(basel_range(ii,1):basel_range(ii,2)))

HO(range, range) = H@(range,range) + eye(length(range))*(Vbias x Vprcnt) +
eye(length(range))*(Vbias * (1-Vprcnt*2) * (ii-2)/(BlockSite-3));
end

After the for loop, set potential shift at last site (BlockSite) to
Vdrop
ii = BlockSite;
TempLenl = sum(Orbitals(1 : basel_range(ii,1))) -
Orbitals(basel_range(ii,1));

TempLen2 = sum(Orbitals(1 : basel_range(ii,2)));

range = TempLenl + 1 : TempLen2; %Matrix indices (to check:
length(range) must equal to
sum(Orbitals(basel_range(ii,1):basel_range(ii,2)))

W)
“6°6°6
000
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HO(range, range) = H@(range,range) + eye(length(range))* Vbias ;

%%% Complementary Base of the base-pair of the last block

TempLenl = sum(Orbitals(1 : compbase_range(ii,1))) -
Orbitals(compbase_range(ii,1));

TempLen2 = sum(Orbitals(1l : compbase_range(ii,2)));

range = TempLenl + 1 : TempLen2; %Matrix indices (to check:

length(range) must equal to
sum(Orbitals(basel_range(ii,1):basel_range(ii,2)))

HO(range, range) = H@(range,range) + eye(length(range))* Vbias ;
end

end

11.Code to partition the Hamiltonian
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%%% This function Partitions H into Blocks based on the partitioning scheme
%%% defined by the user.
function [H,Lsite,Rsite,Dsites,Orbitals,HOMO] =
partitionH(H@,Lsite,Rsite,Dsites,Orbitals,num_P,sum_e,workdir)
FNAME
try C
catch

disp('no *partitioning.txt file was found, running atomic-partitioning
calculations')

block_flag=false;
C=I[1;

dir([workdir '/*_partitioning.txt']);
csvread (FNAME. name) ;

end

if ~isempty(C)
block_flag=true; suser—defined partitionning
b=cell(size(C,1),1);

sum_orbitals = zeros(size(b));
for i=1:size(C,1)
b{i}=nonzeros(C(i,:))";
sum_orbitals(i)=sum(Orbitals(b{i})); % number of orbitals per block
end
disp('Partitioning file found, using the defined blocking scheme')

HO = rearrange_H(HO@,b,0rbitals); %Re-arrange HO to have the atoms in serial
order per block definition

end
if block_flag
%%% L defines element range of H per partition (e.g. BB+Base) based on the
%%% number of orbitals per block.
L(1,1) = 1;
L(1,2) = sum_orbitals(1);
for i = 2:length(sum_orbitals)

L(i,1) = L(i-1,2)+1;

L(i,2) = sum(sum_orbitals(1:1i));
end
%% Re-Define the Orbitals and Sites if block_flag is true (if not atomic
partitioning)

1i=0;

idx = 0;

while ~diag(idx)

ii=ii+1;
idx= diag(b{ii}==Lsite') ;

end

Lsite = ii;

1i=0;

idx = 0;

while ~diag(idx)
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ii=ii+1;
idx= diag(b{ii}==Rsite') ;
end
Rsite = ii;
Dsites = setdiff(1l:1length(L), [Lsite Rsite]);

Orbitals = sum_orbitals;

else
%%% L defines H element range per atom
L(1,1) = 1;
L(1,2) = Orbitals(1);
for i = 2:length(Orbitals)
L(i,1) = L(i-1,2)+1;
L(i,2) = sum(Orbitals(1:1));
end
end

Transform HO Into Blocked Matrix H
s each partition is defined as per 'sxpartitioning.txt' or per atom
disp('Partitioning the Hamiltonian by applying [H=U''HoOU]"')

\O

%% Create U matrix per layer(i), then transform HO to H
zeros(size(H0));

ig_Mat = U;

or i=1:1length(L)

temp = HO(L(i,1):L(i,2), L(i,1):L(i,2));

[EVec,EVal]l = eig(temp); % eig(block(i)), EV is not sorted by default
% sorting Evect and Eval

[~,ind] = sort(diag(EVal));

EVal = EVal(ind,ind); %sorted EVal

EVec EVec(:,ind); %sorted EVec

u(L(i,1):L(i,2), L(i,1):L(i,2)) = EVec;

Eig Mat(L(i,1):L(i,2), L(i,1):L(i,2)) = EVal;

clear temp

end

H=U"'"* HO x U;
%% Extracting HOMO and LUMO
%%% For Edep decoherence cutoff
HOMO = zeros(1,2);
if sum_ e > 0

EV = sort(eig(H));

homo_loc = ceil((sum_e+num_P)/2);
HOMO(1) = EV(homo_loc); %HOMO
HOMO(2) = EV(homo_loc+1); %LUMO
end
end



12.Code to rearrange the Hamiltonian

function [H_new] = rearrange_H(H,blocks,Orbitals)

%%% onsite potential as well as the coupling to other bases. This helps
%%% reorganizing added atoms' location to be in between the correct bases
instead of

ote: the variables 'layers' and 'orbitals' do not need to be updated

N
r
re-arrangement of H
Extract corresponding layers from the Hamiltonian %%%
1st, get atoms location inside the Hamiltonian %%%
Define range of H to be updated per block number
blockN = [blocks{:}];
%%% Range of Orbitals (H elements) per atom
r ii=1:1length(blockN)
temp_lcnl(ii) = sum(Orbitals(1 : blockN(ii)))-

sum(Orbitals(blockN(ii)))+1;

temp_1lcn2(ii) = sum(Orbitals(1l : blockN(ii)));
end

for ii=1:1length(blockN)
row_loc = temp_lcnl(ii) : temp_lcn2(ii);
for jj=1:length(blockN)

col_loc = temp_lcnl(jj) : temp_lcn2(jj);

H_new{ii,jj} = H(row_loc(1):row_loc(end),
col_loc(1):col_loc(end));

end

end

H_new=cell2mat (H_new);

end
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