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Abstract

Modeling Charge Transport Through Biological Molecules with Transition Metals

William Livernois

Chair of the Supervisory Committee:
Anant M. P. Anantram

Electrical and Computer Engineering

In this work the electronic structure of nucleic acids (modified DNA) and proteins are modeled
with a focus on incorporation of transition metals. Building on previous work, experimental data
has been combined with molecular mechanics methods, density functional theory calculations, and
Green’s function methods to model charge transport through these structures as well as electronic
behavior in varying environments. Addition of transition metals poses new challenges at each one
of these steps, owing to the d-orbital interactions with coordinating ligands and the possibility of

ground states with unpaired spin, which was explored in the analysis of two different systems. The



first system was a metal-modified DNA structure, using modified base pairs to intercalate silver,
mercury, and gold ions. Electronic structure calculations show that the intercalated metals create
isolated valence states that can assist electron transport along the DNA strand. For structure
generation in this system, a combination of ab-initio methods and generated molecular dynamics
force fields were used to model interactions with the coordinated metal. The second system
modeled was the OmcS cytochrome, which contains heme-coordinated Fe centers that can exist at
multiple oxidation states. Therefore, a spin-dependent model must be used, resulting in spin-
dependence of charge transport in the oxidized state, shown in both hopping models and Green’s
function decoherent models. A non-collinear spin model was also developed, showing that the

spin-orbit coupling from the contact influences the spin-dependence of transport.
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1. Introduction

Integration of biological molecules into electronics is an emerging field of study, taking
advantage of the bottom-up fabrication approach to create nanoscale devices. These processes can
take advantage of the self-assembling nature of biological molecules with the added benefit of
greener fabrication methods compared to traditional silicon-based processing techniques.!
Modeling these systems requires atomic-level simulation, with transition metals adding unique
problems due to the variable molecular properties that are dependent on oxidation state and orbital
occupation. While purely organic systems are common in biological systems the incorporation of
transition metal ions is essential to charge transport in most biological systems, such as use of Fe
atoms in cytochromes that participate in cellular redox chemistry or the Mg site in chlorophyll.?
Applying quantum mechanics models to these systems, other properties come to light including
spin-dependent transport enhanced by unpaired spin transport. Using these models, we can better

understand the properties of these systems and fabricate a new generation of nanoelectronic

devices constructed with these metalated biomolecules.



The approach used to model the nanodevices is comprised

of three main steps as shown in Figure 1.1. Structure > VD

information can be extracted from experimental data, such as ,U,

x-ray crystallography or cryo-EM data, or generated using Hamiltonian Generation
DFT w/ Partitioning

molecular mechanics methods. While molecular dynamics

L=

(MD) packages such as AMBER (Assisted Model Building i
Transport Calculations

with Energy Refinement) or NAMD (NAnoscale Molecular Hopping Models, NEGF

Dynamics) can be used to model most biological molecules as
Figure 1.1 - Major steps involved in

. . . . modeling biomolecules as a nanodevice.
well as metal ions in solution, these force fields cannot easily &

be applied to coordinated transition metal atoms. Other methods, such as density functional theory
(DFT) or semi-empirical orbital calculation methods, must be used to calculate atomic forces for
structure minimization. The coordinates of this final structure can then be used to run a single point
DFT calculation to extract molecular orbitals and available energy levels. This Hamiltonian can
be used for electronic structure calculations or can be incorporated into Green's functions methods

to simulate current flow in a nanodevice with multiple terminals.

In my studies, I will explore the assumptions made at each step of the modeling process and
compare the results between macromolecular systems and nanodevice setups. Validation of the
model will come both from the theory used to construct the model and the experimental results

observed for the given setups. [ will propose new additions to the model to account for effects like
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spin-dependent transport and current voltage hysteresis using a combination of empirical
approximations and first principles models. The model will be applied to cytochrome proteins and
metal modified DNA structures to predict the electronic behavior of these materials. Using these
developed models, it is possible to model a biomolecular device with transition metals from the

ground up both to explain experimental results and explore new device applications.

a. Metal complexes in proteins

The basic building block of a protein is an amino acid, which varies by organic ligands, and
are held together in a polypeptide chain formed by the peptide bond between the amine and
carboxylic acid. The protein sequence determines the overall structure and function, with large-
scale structure forming based on the peptide sequence. With some exceptions, proteins that are not
active in redox chemistry are electrically insulating® while electrically active proteins contain
transition metals that participate in electron transport. These proteins typically coordinate the
transition metal ions and incorporate another organic compound, such as a heme porphyrin ring,
as part of the structure. Applying a model that includes the effects of these coordinated transition
metals is crucial to understanding the electronic properties of these proteins and using them to
construct nanoelectronic devices. Cytochrome proteins are of particular interest due to their use of
heme B porphyrins for charge transport in redox reactions. In these systems, the oxidation state of
the coordinated Fe center can influence electron transport, which can be modeled in many cases

as incoherent electron hopping to facilitate a redox reaction. Other models have also been applied,
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such as looking at tunneling with coherent transport or mixing multiple models, described in more
detail in the next section. Experimental results have shown that these cytochromes can have high
conductivity* with temperature dependence that cannot be explained by a simplified transport

model.’

In this work I have applied the developed model to the OmcS cytochrome, a nanowire chain
of six-heme cytochrome monomer units found in the Geobacter sulfurreducens bacteria, as well
as the small tetraheme cytochrome (STC), a four-heme cytochrome found in the Shewanella
oneidensis bacteria. Experimental results can be used to validate the results from the model and
predict other exciting electron properties, such as spin-dependent charge transport that can be
engineered for a new generation of nanodevices. More broadly, creating an accurate model for
cytochrome proteins will allow us to predict their behavior when used in nanoscale circuits or used

in larger heterostructures as part of a nanodevice.

b. Metal-Modified DNA

There is a lot of interest in DNA heterostructures for use in nanoelectronics due to their self-
assembly behavior, stability in solution, and customizability. The DNA structure consists of
repeating nucleotides consisting of a nucleobase bonded to a ribose sugar and phosphate group as
shown in Figure 1.2. A single strand of DNA (ssDNA) is formed when multiple nucleotides

connect via the phosphodiester bond formed between the 5 carbon of one ribose to the 3’ carbon
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of the following ribose. There are four naturally occurring bases that can form two possible base
pairs, AT and GC, that form hydrogen bonds to create double stranded DNA (dsDNA). These
complementary base pairs on the ssDNA self-assemble into dsDNA in solution, a property that
can be used to create large heterostructures known as DNA origami. These highly customizable
structures have a wide array of applications including in nanoelectronics, though these applications

typically use DNA origami as scaffolds for other molecules due to their low conductivity.®

5’-GAGA-3°
B-DNA

Adenine Guanine

Figure 1.2 - The four standard nucleotides in DNA as well as a four base pair double stranded structure in the B-
DNA conformation. The nucleobase is circled in red for each one, with the sugar and phosphate attached.

Modification of the DNA structure has been the subject of a range of studies, ranging from
modifying the backbone with addition of ligands to direct modification of the bases themselves.
Both methods have been used to add metals to the base pair, either bonded to a ligand outside of
the structure’ or intercalated between the nucleobases.® Outside of the four naturally occurring
nucleobases, many modified nucleobases have been synthesized that can be incorporated into
dsDNA to further enhance customizability.”!° The metal-modified DNA (mmDNA) structures can
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be formed through a simple experimental setup using a target base pair, such as a cytosine-thymine
(C-T) mismatch, and adding a single reagent (such as silver nitrate, AgNO3) as a single annealing
step.® The resulting mmDNA base pair can have a metal ion located right between the bases, called
intercalation, or located beside the DNA basepair, usually one of the two grooves found in the
double stranded structure, referred to as the major and minor grooves. The synthesis process has
advantages due to specificity of basepair modifications in DNA strand and the simple processing
required. This makes mmDNA devices advantageous over larger scale and more intensive silicon-
based devices, especially when fabricating complete DNA-based device using the self-assembling
DNA origami process. Such a process would allow construction of self-assembling nanodevices
with targeted “doping” sites containing metal atoms that can form interconnected circuits within

the DNA heterostructure.

c. Literature Review

The models that have been developed for charge transport in transition metals have origins in
experiments conducted with metal isotopes in the 1940s followed by detailed spectroscopic
analysis of such molecules over the following decades.!! Initial electron transport models
considered discrete electron hopping from a chemistry perspective, looking at reaction kinetics by
applying an Arrhenius model. Marcus theory, a hopping model that includes non-adiabatic
behavior, has been applied extensively to charge transport in biological systems, especially

proteins with transition metals such as cytochromes.!? Other approaches have been more recently
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developed to look at electron transport from a quantum mechanics perspective, looking at coherent
wavefunction transport through biomolecules. Both models have merit for describing

macromolecular systems, and new developments can be used to apply these models to systems.

Electron Hopping Models

Marcus theory is a semi-classical electron hopping model that uses tunneling magnitude and
reorganization energy to determine the kinetics of electron transfer. By constraining electron
transport to a discrete transition, the energetics of the system is considered before and after electron
transfer, labeling the molecules or sites of interest as donors and acceptors with the following

chemical reaction:

[D7]1+ [AT] = [D] + [A]

Marcus theory looks at the shifts in nuclear coordinates during this electron transfer reaction
and applies the Frank-Condon principle, which assumes that electron transitions happen much
faster than nuclear vibrations. Therefore, electron transfer only occurs during reorganization of the
system when the nuclear potential energy of the LHS matches the RHS of the reaction. This means
that the free energy barrier (activation energy) for this reaction is determined by the potential
energy difference across the nuclear coordinates and the pre-exponential term is determined by the
rate of electron transport between the donor acceptor states at the transition point. While it is a

challenge to calculate the exact activation energy using atomic simulations, this exponential term



is a function of the total reorganization energy and averaged free energy of oxidation with the rate

constant given by

21
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a function of A, the reorganization energy, H,j, the charge transfer integral, and AG,,, the free
energy of oxidation.!> In this equation, only H,, requires an quantum mechanical orbital
calculation, looking at the hopping term from molecular orbitals on the donor and acceptor sites.
The free energy of oxidation and reorganization energy are calculated based on calculated total
energies, either from quantum mechanics (QM) or molecular mechanics (MM) calculations, along
reaction coordinates as shown in Figure 1.3. From this figure, we can calculate the forward
reorganization energy as the difference between point A and D, the reverse reorganization energy

as the difference between B and C, and the free energy of oxidation as point C minus point D.

L [DT+[A]

Free energy

[D]+[A]

v

Nuclear Coordinate

Figure 1.3 - Marcus Theory parabolas showing the state free energy as a function of nuclear coordinates, with the
state before electron transition in blue and after transition in orange.



Marcus theory has been used extensively to provide a grounded explanation of many
experimental observations, especially redox reactions in proteins. The underlying assumptions
explain slow electron transport, where reorganization is the bottleneck to electron hopping and
hopping occurs instantaneously relative to this process. Marcus theory has been applied to explain
charge transport in several cytochrome systems recently including cytochrome STC in S.

4 as well as the OmsC cytochrome in G. sulfurreducens.’> Because of the exponential

oneidensis'
relationship to reorganization energy and free energy of oxidation, the accuracy of these energy

calculations is paramount and can impact the electron transfer rate by orders of magnitude.

Quantum Transport with Green’s Functions

As an alternative to the classical hopping-based model, a quantum-based model can be
constructed based on the interactions of electron wavefunctions. The NEGF method for modeling
quantum transport of electrons was constructed to use this approach to fully describe atomic-scale
electron transport in nanodevices.'> In the coherent limit, such a model can describe ballistic
transport of electrons in a static, adiabatic macromolecule between electrical contacts. The
Landauer-Biittiker formalism is the most prominent approach used to calculate the coherent

transport and has been applied in this form to DNA systems!®!7

with results matching up with
experimental observations. Coherent transport has also been applied to cytochrome protein

systems'®!? though only over very short length scales. Instead, for larger molecules the NEGF

coherent model has been applied in parallel®® or in series®! with hopping models because of the



projected loss of coherence between each heme site. The highly fluctuating behavior of
macromolecules in biological systems suggests that a coherent model is only accurate for short
length or time scales, while the incoherent (hopping) model incorporates non-adiabatic behavior

during change transfer including interaction with the surrounding environment.

As an alternative to mixing incoherent and coherent models, there has been significant work
on modifying the coherent NEGF model to include interactions with the environment, which can
cause dynamic energy level shifts and dephasing of electrons. As a ground-up approach, several
groups have modeled quantum transport with phonon interactions directly not only in inorganic
systems, such as quantum dots?* and carbon nanotubes? but also DNA systems.?* However, in
these cases the models are applied to simplified systems using approximate Hamiltonians to model
nearest neighbor hopping due to the complexity of these models and resulting computational
requirements. While using approximate Hamiltonians can lead to accurate structural predictions
for a variety of larger biomolecules,? the resulting energy level structure can lose accuracy due to
lack of consideration of the electron interactions.?® Instead of applying complex models, the
Biittiker/decoherence probe approach uses fictitious probes with self-energies to model
decoherence, only adding only a single term to the NEGF formulation, allowing one to use the full
DFT Hamiltonian without significantly increased computation. This model has been used to model
decoherence in many systems based on experimental data and applied in many forms to predict

electron behavior of DNA heterostructures.'”*728
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Spin-dependent Transport

Theoretical studies of spin-dependent quantum transport were published soon after the first
observations of molecular conductance in break junctions more than 20 years ago.>>** These
studies look at total electron transmission through small organic molecules with ferromagnetic
contacts, focusing specifically on the dependence of transport on the magnetic polarization of the
contacts and the contact coupling.’!*> Experimental results confirm some of these findings but
show dependence on the environment not explained by these models.** More recent models have
included corrections that account for spin-lattice interactions and spin-orbit interactions to enhance
the model use for electrical contacts,** but these models still fail to explain the mechanisms of
many observed spin-dependent effects such as chiral-induced spin selectivity.>®> Spin dependent

transport has been observed in biomolecules, such as DNA, because of such effects.*

The addition of inorganic transition metals adds further complexity to these systems due to the
presence of d-orbitals with partial occupation, resulting in electronic configurations that depend
on the element and oxidation state. Such configurations have been predicted at the Fe center found
in heme?®’ which can be found in cytochromes. There have been limited studies modeling coherent
spin-dependent transport in cytochromes with some success, although the mechanism of the

reported results are not clear."
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2. Theory and Methods

To characterize the electronic properties of the biomolecules, a procedure was followed
building on previously developed transport models.*® First, a characteristic structure was generated
based on experimental or modeling methods, followed by ab-initio DFT calculations to generate
the Hamiltonian for the full atomic structure. This Hamiltonian was then used to study electron
transport properties, either looking at the energies and tunneling rates between local orbitals in a
hopping model or using NEGF methods to calculate quantum transmission of electrons in the
system. The quantum transmission model was extended to include spin-dependent effects found

in systems with coordinated transition metals.

a. Structure generation

Investigation of a biomolecule’s electronic transport properties begins with a set of atomic
coordinates, which establish the basis for constructing electronic orbitals, calculating the electron
density, and deriving the Hamiltonian required for quantum transport calculations. The goal of this
structure is to be time-averaged to represent the atomic positions while the molecule is being used
as a nanodevice. By itself this can be an unrealistic picture of the system since biomolecules are
inherently quite floppy, but this can be corrected by adding environment interaction terms in the
transport model. With the variety of biomolecules, several different methods can be used for
structure determination. As with all modeling techniques, for a given molecule it is best to choose
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the method that is most computationally efficient and most closely follows the experimental data
available. As a general practice, all molecular structures are determined based on experimental
data or residue information for similar structures as a starting point, with modeling tools applied

to refine the model as needed.

X-ray crystallography has been employed for several decades to resolve the atomic structure
of biomolecules by analyzing the diffraction pattern of X-rays scattered by a crystalline lattice
array of the biomolecule, thereby reconstructing the spatial arrangement of atoms. Techniques for
x-ray crystallography have improved significantly over this time, with resolutions less than 0.5 A
reached for smaller proteins.>® More recently, single-particle cryogenic electron microscopy
(cryoEM) has emerged as a method for determining macromolecular structure without the need
for crystallization. Winning the Nobel Prize in Chemistry in 2017, the technique can generate
structures with a resolution of 3-4A even for larger proteins. Both methods generate 3D maps of
electron density, which can be fitted with atomic structures to balance predicted atomic location
with physical bonding parameters. While the resulting structure is directly extracted from the
molecule itself, the fitting methods and resolution of the structure can cause structures that may
lead to unrealistic electronic properties, especially if electronic orbitals are constrained by bonding
or inter-atomic distances. In addition, the structure is extracted from a crystal structure or at

cryogenic temperatures, which may not match the environment of the nanodevice being modeled.
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Experimental methods are not available for all biomolecules, especially for proposed structures
where synthesis or characterization techniques are not yet known. While bonding data (bond
length, bond angle, dihedral angle, partial charge, hydrogen bonding, and so on) can be applied to
structures based on rules of thumb or using data from similar structures, MM methods have been
developed for decades to determine atomic structure and look at fluctuations over time. Molecular
dynamics (MD) uses empirical force fields calculated between atoms and solves Newton’s
equations of motion to calculate atomic trajectories. Given a vector of atomic coordinates given

by r = (14, ..., 1), the equations of motion for the system are

AE;(1) i) 0%r;  Fi(r)
R0 =50 =5 iE(en), 550 =5 (2)

mg

where F;(r) is the total force on atom i and Ej; (rl-,rj) is the potential between atom i and atom
Jj.Atomic trajectories are calculated by integrating the equations of motion for each atom, usually
using the Verlet algorithm with a fixed time step.*” Numerous force fields have been developed
for different types of materials and molecules, with several different force field parameter sets
used for biological molecules.*! The AMBER force field used in this study parameterizes the total
potential energy (E) of the system as the sum of bonded and non-bonded interactions. The total
energy is expressed as

Etotal = Ebonded + Enon—bonded (3)

The bonded energy term is given by
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where 7, 8, and ¢ are the bond length, bond angle, and dihedral angle, k;, and k4 are the bond and
angle force constants, 1, and 6, are the equilibrium bond lengths and angles, and n, V;,, and y

define the dihedral parameters. The non-bonded contribution is given by

12 6
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where distances between atoms are given by 1;;, Lennard Jones parameters are given by the van
der Waals radius R,,;,; and the binding energy €; for each atom, and Coulomb interactions are
modeled with atomic charges q; and dielectric constant €. Using MD one can generate a time-
averaged structure to compute transport properties, either by force minimization across the
structure or clustering techniques of a structure along the MD simulation trajectory. Both

techniques have been used to generate protein** and DNA?’ structures for transport calculations.

Force fields may not exist for every atom in a proposed molecule, especially for coordinated
transition metals that may be introduced to an existing biomolecule. While new force fields can be
generated based on the interaction of the metal atoms with nearby atoms, fitting to a force field
may lead to loss of information about system dependent electronic behavior, especially partial

charge and metal-ligand interactions away from equilibrium. For this reason, applying quantum
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mechanical (QM) methods can be necessary to compute forces. Using multiple single point DFT
calculations (and looking at the perturbation response for each atom), atomic force can be
calculated from the energy changes. Minimization of the DFT energy by shifting atomic positions
can be used to find the energy-optimized structure. This may be a good reference structure for
electronic structure calculations, but further ab-initio molecular dynamics studies, calculating the
QM forces at each time step, can also be used to look at structure fluctuations over time. While
these methods can be computationally intensive, especially in the case of full ab-initio molecular
dynamics, it is possible to selectively apply QM methods. Partial optimization of lighter atoms
(like hydrogen) in a structure can be used to approximate a ground state structure. In addition,
hybrid QM/MM approaches have been used frequently to investigate chemical reactions and look
at structural changes in biomolecules® considering the QM and MM layers of interactions to
calculate energy differences. As a final approach, semi-empirical methods like PM6 can be used
to minimize (or partially minimize) structure with a high degree of accuracy.* In our work, these
methods have been applied based on the availability of crystal structures, force fields, and

computational limits.

b. Self-Consistent Field (SCF) Methods

Determining the electronic structure of a material using quantum mechanics is a complex
many-body problem that has been historically very difficult to solve. In fact, it is impossible to

find an exact analytical solution to the Schrodinger equation for a system as simple as the helium
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atom, due to the many interacting degrees of freedom.* Applying the Born-Oppenhemer
approximation, we can separate the behavior of the nuclei separate from the electrons to get the

following expression for the Schrodinger equation:

N N
~ —h2V?
H‘P(rl, ...,TN) = Z < 2m2 + V(r,)) + Z U(ri, r]) ‘P(rl, ...,TN)
i=0 t i<j
= El'l',(rl, ...,TN) (6)

for an N electron system, given by the multi-electron wavefunction W(ry, ..., 7y), where V (r;)
is the potential field contribution from the nuclei and U (ri, r]-) is the electron-electron interaction

energy. To simplify the problem further approximations are typically used including removing
relativistic effects or interactions, using a limited number of basis functions to constrain the system
(such as using a grid of k-points in periodic systems or an approximate subset of orbitals in
molecular systems), and applying a mean-field approximation. Self-consistent field methods
describe using trial wave function with the Schrodinger equation (Equation 6) iteratively,
minimizing the total energy to determine the ground state. This minimization occurs on the energy
functional, which has the wavefunction as an input, forming the cycle of field equations that must
be solved to generate electronic structures.

The Hartree-Fock (HF) method was the first of such self-consistent field methods,*® using a

single Slater determinant to represent the wavefunction of all electrons given by

17



Pp1(ry) P(ry) ... ¢,(ry)
‘P(Tl,...,rN)—i ¢1(r2) ({bz(rz) qbn(:rz) o

i) Do) bulr)
with normalized single-coordinate wavefunctions given by d)i(rj) and the many-body
wavefunction allowing for antisymmetric exchange of electrons according to the Pauli exclusion
principle. Applying the variational principle to Equation 6 given these constraints gives us the

single-electron operator given by

F=H+2]-K (8)
also called the Fock operator with H representing the one-electron operator given by

= —h2V2 Zl
H= + 2, €))

with the distance between atom i and the integral coordinate represented by r,;. The two-

electron operators are given by

(Wil 7 |1/J] zpkl f f i (T1)¢’k(r2)| IIIJ] ()Y (ry) dry dr;
(10)
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which are the coulomb and exchange operator respectively with density matrix elements given

by px;. In fact, each of these operators is typically solved as a matrix across finite basis given by
;. Minimizing the energy of the system gives us the eigenvalue problem

(F-€eS)C=0 (11)
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where S is the overlap matrix (where the deviation from the identity matrix represents the
nonorthogonality of the basis set), € are the energy levels (eigenvalues), and C are the coefficients
of the molecular orbitals (eigenvectors). These derived orbitals are then used to populate the
density matrix as part of the SCF. While this exact exchange term can give relatively accurate
results, it does not include electron correlation energies and the calculations do not scale well to
large systems.

As an alternative, density functional theory (DFT) builds on the mean-field theorem to use an
energy functional that is based on the electron density p (7). Instead of an exact exchange term, an
exchange-correlation functional is used, and the total energy is minimized with the variational
principle. This leads to the Kohn-Sham equations that can be used to solve for molecular orbitals,

given by

I b V() + f%d%«' + Vo) = Epi(r) (12)

where V,.[p(r)] is the exchange-correlation functional and V,, () is the potential given by
the nuclei and external fields. This equation can be similarly solved as the eigenvalue problem in
Equation 11, with the Fock matrix including the exchange-correlational functional instead of the
exchange term. In the simplest case the local density approximation (LDA) can be used to generate
an exchange-correlation functional, but other functionals include the gradient of the electron
density, called the generalized gradient approximation (GGA). Hybrid functionals that include a
Hartree-Fock term have emerged as a more accurate functional for describing a wide range of
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molecular properties, such as the B3LYP (Becke, 3-parameter, Lee—Yang—Parr) exchange-

correlation functional which includes GGA, LDA, and HF terms and is used in our studies.*’

c. Marcus Theory

To apply Marcus theory to calculate the rate constants given by Equation 1 ab-initio methods
were used to determine values for A, the reorganization energy and H,j, the charge transfer
integral. This replaces molecular dynamics methods typically used for such calculations, instead
using the SCF energies and orbitals for the ground states of the system as calculated by DFT. The
reorganization energy was calculated by taking differences between the minimized DFT energies
of the combined system, which create representative geometries that represent the minima of the
Marcus theory parabolas. To simplify the computational complexity of these calculations, rather
than applying minimization to full donor and acceptor pair, only the single half reaction was
considered. This reaction is given by

[D]-=[D]+e” (13)
where [D] represents the oxidized case (acceptor) and [D].” represents the reduced case (donor).
Because each donor/acceptor site is modeled using this characteristic reorganization energy, the
free energy of oxidation, AG,,, was set to zero for rate calculation. While this is an approximation
because it doesn’t necessarily include the coupling effects from surrounding groups, it eliminates

the need to repeat the calculation across multiple pairs of donor and acceptor sites, providing a
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single characteristic reorganization energy for comparison as well as an analysis of the electronic
structure changes during coordinate shifts.

The charge transfer integral, H,;,, was calculated using a local orbital basis to measure the
hopping energy between neighboring donor and acceptor sites. To capture this, the DFT
calculations are applied to the fully interacting system, which allows us to use linear
transformations to partition the Hamiltonian by fragmenting and extracting off-diagonal orbital
hopping terms. First, separated blocks of the Hamiltonian were diagonalized, and constructing a
transformation matrix for the combined Hamiltonian given by

vV, - 0
P ] (14)

0 - V

where V; is a square matrix of eigenvectors for block i. The transformed Hamiltonian is given by

H =ViHV (15)
where rows and columns represent the local molecular orbitals for each block and off-diagonal
terms represent tunneling energies between molecular orbitals. Note that an orthonormal basis
must be used for this Hamiltonian, which can be constructed from using a Lowdin transform from

the single-electron Fock matrix and overlap matrix:

(16)
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Charge transfer integrals can be calculated by averaging tunneling energies from the highest
occupied molecular orbitals (HOMOs) of the donor fragment to thermodynamically available
orbitals (AE < kgT) in the acceptor fragment at the edge of the band gap. To look at the effects of
charging and reorganization, especially when looking at electron hopping in systems, one must
consider the charge transfer integral between an occupied state of a donor site and the unoccupied
state of an adjacent acceptor site. In these cases, the charge transfer integral can be calculated from
the HOMOs of the donor to the lowest unoccupied molecular orbital (LUMO) of the acceptor
(looking at N multiple LUMOs if |E Lumo — Equmo+ 1v)| < kgT). As a comparison, charge transfer
can be calculated from the HOMOs of the donor fragment to the HOMOs of the acceptor fragment
in the donor state, including all thermally available HOMOs in both fragments (|E HOMO —
Eomo- N)| < kgT). Comparing the HOMO-HOMO and HOMO-LUMO couplings can elucidate
the effects of charging (electronic orbital re-arrangement) during electron tunneling or hopping
events. In all calculations, hopping energies must be calculated between orbitals of the same spin
(alpha or beta) except in the singlet case when alpha and beta orbitals were always found to be

equivalent.

d. Spin-dependent Model Theory

An accurate model of spin state is necessary when modeling electronic orbitals in any
molecule. In the case of organic structures with light atoms and even numbers of electrons, it is

typically assumed that spin state energy splitting is minimal, and all electronic orbitals contain
22



electron pairs. However, there are cases where spin states can split significantly, and additional
degrees of freedom must be considered during quantum mechanics calculations. For transition
metals specifically, the oxidation state and spin properties are dependent on the geometry and
symmetries of the inorganic system, where the partially occupied d and f shells can significantly
change the electrical properties of the system. Before considering this, let us first derive the energy
expression for a system where all electrons are paired and electronic spin is not a variable in the
calculation, referred to as the restricted closed-shell case. For Hartree Fock (HF) calculations, the

total energy for the restricted closed-shell case is given by

E=tr[px(ﬁ+f—%1?)] (17)
with one pair of electrons per orbital.*® Note these electron integrals can be expanded to the DFT
case by replacing the J and K matrices with the Coulomb and exchange-correlation operators that
are density functionals, but we will only consider the HF formulation for this section. The Fock
operator can be diagonalized to give the single-electron energies of the system, given by € in
Equation 11, that obey Koopman’s theorem, meaning that occupied energy levels correspond to
ionization energies and unoccupied energy levels correspond to electron affinities.*” For the cases
of unpaired spin it is necessary to treat spins separately, where the unrestricted open-shell case is
constructed by splitting the Fock operator into two arbitrary spin directions, labeled as alpha and

beta spin. This gives us two Fock operators that in the HF formulation are written as
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which resolves to Equation 8 when the alpha and beta spins are equivalent. This formulation allows
us to properly construct various spin states by modifying the number of alpha and beta electrons,
whose total energy can be compared to determine the lowest energy spin configuration. However,
these orbitals are not constrained to be eigenfunctions of the total spin operator, meaning that the
spatial parts of alpha and beta orbitals may not completely overlap, due in part to the fact that
density matrices are constructed for each spin independently. Spin contamination arises from the

loss of the total spin quantum number due to the mixing of alpha and beta spin states, with the

specific formula given by

6= Ng— ) ) I (19)

In the limit of equal numbers of alpha and beta occupied states, the self-consistent field (SCF) can
converge to the RHF formulation, with alpha and beta orbitals matching exactly and therefore no
spin contamination. Applying additional constraints to the orbital sub-spaces can ensure that the
total spin quantum number is retained, which is the framework for the restricted open-shell model.
In this formulation, rather than separating the molecular orbitals into alpha and beta spin, they are
separated into doubly-occupied, partially-occupied, and valence molecular orbitals.’® Using

operators for each shell, the equation for the total energy is given by
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which accounts for single electron energies as well as all interaction terms. Unique Fock matrices

can be constructed for the closed, open, and valence shells with the following definitions

ch_l?c +]Ao_l?o (21)

with the added constraint that doubly occupied orbitals (F.) must be filled before singly occupied
(F,) orbitals to generate the corresponding density matrices.”!

From a quantum chemistry perspective, if we do not consider spin-orbit coupling or other
relativistic terms, the spin quantum number must be retained, meaning that paired closed-shell
electrons must be constrained to the same molecular orbital. While the restricted-open formulation
ensures this by partitioning orbitals by occupation, problems arise when attempting to generate
unique molecular orbitals within each subspace. In the unrestricted case, alpha and beta Fock
operators can be treated completely independently for diagonalization, generating unique alpha
and beta molecular orbitals to represent the occupied and valence states in the system. This means
that it is trivial to form a single Hamiltonian operator combining both the alpha and beta Fock

matrices to get

E, 0 l
(22)

ﬁunrestricted = IO Fﬁ

with off-diagonal terms set to zero signifying spin-spin and spin-orbit coupling are ignored. In the

restricted open case, however, orbital occupation is interdependent between shells which leads to
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a more complicated formula for the combined Hamiltonian. This operator, called the unified
coupling operator, can be formed with complementary-to-projection operators (p') assigning
relative weights (given by variables a, b, and c) to each matrix to get

Hro = apeF.pe + bpyFopy + cpyFypy (23)
where the subscripts ‘c’, ‘0’, and ‘v’ refer to double-occupied, single-occupied, and valence shells

and p; is the projection operator complementary to the shell i and is given by

pi=1-p (24)
where I is the identity matrix.’> The density matrices p; represent the occupation within each of
the subspaces of the three shells and sum to unity. The weights a, b, and ¢ represent a rotation
between each of the subspaces to create a set of canonical orbitals, meaning that the total energy
of the multi-electron system remains constant. Therefore, the single electron energies can vary
arbitrarily and, as a result, the unified coupling operator does not follow Koopman’s theorem.

As an alternative approach, the restricted open method can be written in terms of the
unrestricted alpha and beta matrices, applying constraints to the orbitals to eliminate spin
contamination while giving separate alpha and beta Fock matrices. These can be written as a
function of the restricted open-shell doubly occupied and singly occupied Fock operators, with the

transformation given by

)

(25)
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Because these matrices also satisfy the unrestricted open-shell equations (Equation 3), they form
a set of unique orbitals whose eigenvalues satisfy Koopman’s theorem.> In practice, due to the
nature of the convergence criteria, the spin contamination of these orbitals is non-zero but greatly
reduced from the unrestricted case. The combined Hamiltonian can thus be created using Equation
22 for quantum transmission calculations. This Hamiltonian assumes collinear spin, meaning that
the spin operator commutes with the Hamiltonian and there is no mixing of spin states.

Modeling higher order effects, such as spin-orbit coupling and spin-spin interactions within
the structure require additional terms, either fully solved within the SCF or as a perturbation to the
calculated Hamiltonian. To include these cases, all restrictions on spin direction must be removed
and a spinor basis must be defined for each molecular orbital. Building on Equation 22 we can

include the off-diagonal terms to get the full generalized open-shell Hamiltonian, H;;, given by

. E, F
A, = lA“ f”’l (26)
oo F

which includes spin-spin interactions.>* Including these non-collinear interactions, spin direction

must be defined for the a direction, with all other spin directions set accordingly.
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e. Green’s Function Transport Calculation

System (H )

Left Contact A A Right Contact

(1) Biittiker Probes (Z B) Zr)

Figure 2.1 - A demonstration of the NEGF method applied to a four-atom system, with a left contact applied to the
left-most atom, right contact applied to the right-most atom, and decoherence probes applied to all other atoms.

To measure decoherent transport in a nanodevice, Green’s functions were used to model the
system and contacts as shown in Figure 2.1. In this Figure, the ¥ matrices are diagonal matrices of
self-energies, with the left and right contacts having non-zero values for the orbitals in atom 1 and
atom 4 respectively. This model allows us to consider the quantum transmission of electrons as a
function of energy based on all molecular orbitals of the molecule and including contributions
from the device contacts and decoherence (modeled as decoherence probes). The NEGF method
was applied to the system Hamiltonian generated from the Fock and Overlap matrices using a
Lowdin transformation as defined in equation 16. The transmission spectrum was determined
using the Green’s function method, starting with the retarded Green’s function given by

[ET— (A +5, + 5p + 5,)]67 =1 @7
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where E is the energy, H is the system Hamiltonian (from equation 16), £, /g 1 the left/right

contact self-energy, and £ is the self-energy of the phase breaking decoherence probes that are
used to model decoherence in the system.?® Note that the retarded Green’s function is a matrix that
spans the orthonormal orbital basis, as are the self-energy matrices. For each of these self-energy
matrices, the wide-band limit approximation is used, which ignores the real part of the matrices
¢ 55

and treats them as energy-independent parameters defined at each atom/orbital at the contac

—lrL/R

The left and right contact energies are given by X} /g = for diagonal matrix elements at
orbitals connected to the left and right contacts and the decoherence probe self-energies are defined
similarly as X5, = %F” for diagonal matrix elements corresponding to each of the n probes. The
Green’s function can be directly used to calculate the local density of states (LDOS) at an energy,
given by

LDOS(y, E) = ——Im[GR(i,i, E)] (28)

where 1; is the i-th basis orbital and G® (i, i, E) is the diagonal element of the Green’s function
at that energy. This can be used to look at local density of states for different fragments of the
system, summing across orbitals in each molecule fragment. The diagonal components can be

summed to give the total density of states (DOS) as a function of energy:

DOS(E) = —=tr [Im[GR(E)]] (29)
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Rather than having discrete states, which could be represented as delta functions at each energy
level, the broadening contribution from the contacts creates a continuous DOS spectrum across
energies. A transmission spectrum can also be obtained from the Green's function, and we can

define the transmission at energy £ between probe n and m to be

oA 5 ora t
T (E) = tr | F,G7(E)E,[G7(B)]'] (30)
where probe n and m are inclusive of electrical contact or Biittiker probes. Plugging this into

the Landauer equation gives a general equation for current through a given probe as

by = =23 [ Tum B foa(B) — fon (EDAE (31)
where f,(E) =1+ exp (EI_(E; n) is the Fermi distribution defined at probe n. Since the total
b

current at each Buttiker probe is zero and current only flows between the left and right contacts,

the transmission term can be simplified and combined to give

Teff =Tir + Zn Zm(TLan_rr}TmR) (32)

where n and m are summed over the decoherence probe sites and W} is the inverse of W, =
Cnzt Tn)0nm — Tum (1 — 8,un), an operator that propagates scattering at each probe site.
Therefore, the first term in Equation 32 defines the coherent transport while the second accounts
for decoherence. From this transmission the zero-bias conductance by taking the derivative of

Equation 31 with respect to the chemical potential difference and plugging in equation 32 to get

G(E) =L Teff(E)@dE (33)
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which can be directly compared to experimental results. Note that in the low temperature limit
the effective transmission is proportional to the zero-bias conductivity at that energy.
Adding spin to these calculations can be done using the full spin Hamiltonian, H;, defined in

equation 26 and building the full overlap matrix given by

SAspL'n = (g 2 ) (34)

showing that the basis functions are the same for orthogonal spin directions @ and f. For the
unrestricted open-shell cases, I:"a,g = I:",ga = 0, indicating that spin treatment is fully collinear and
the spin a direction has arbitrary spatial direction.

To add non-collinear effects, the unconstrained generalized open-shell model was used, which
allowed modeling of spatial spin direction as well spin interactions. This allows us to replace spin
directions a and B with set spin up and spin down directions, usually aligned to the z-direction
(the default in G16). While ferromagnetic contacts were not explored in this work (Fermi energy
was set independent of electron spin), spin-orbit coupling was applied to the contact atoms in the
device (Figure 7.2) for the Au case using spin-orbit coupling coefficients applied to the
pseudopotential. To model the effect of spin on transmission and electron density, the Green’s
function was similarly separated into four quadrants, using the operators from equations 26 and

34 to get

~ ~ ~ ~ _1 ~ ~
cr_(pe g (% EN\_ (% = _ (G} GR 35)
soin = He =\ gir gn )7\ gu gu GRGR



where £!T, £}7 $}T and £} are the spin-dependent self-energy matrices (usually £!" = £}" =
0,81 =8 =35,) for contacti € {L,R} and GE, GR, GR, and G are the corresponding four
quadrants of the retarded Green’s function G¥. Using these operators, we can calculate four
separate transmission values from each quadrant

T = tr [FTGEEL (GR)']

— . [p1 AR AU ARYT
Ty = tr [[['GAiTR"(G) |

(el AR AT ARYT] (36)
Ty = tr [['GATR(G) |
4]
Tu =tr FLuGﬁFI%l(Gﬁ) |
as derived previously, using the formula for [ given by
. o ~apt
0 =57 -577) (37)

with spin directions a, 8 € {{,T}. In this formulation, T}; and T}, represent the transmission of
electrons from spin up to spin down and vice versa, which are directly a result of non-collinear

spin behavior. In the absence of spin-orbit coupling, the T;; and T); are zero.
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3. Metal Modified DNA Library Development
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Figure 3.1 - Structural library of all the crystallized mmDNA base pair modeled in this study. Nucleobase carbon
sine (C): green; 5-methyl-isocytosine (S): cyan; 5-methyl-cytosine (C*): yellow; thymine
(T): orange, uracil (U): lavender; 5-iodo-uracil (iU): white) with heteroatoms displayed (O: red, N: blue). Ag* (grey),

atoms are color coded (cyto
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Hg* (pink) and Au* ions (gold) are shown with their respective occupancies (italic numbers). Further detailed
structural information shown in Figure 3.3 (4) and (B) The chosen base pairs are shown down the helical axis (top
image in each pair) and along the radial axis from the viewpoint of the minor groove (bottom image in each pair).

Recently, significant advances have been made in the synthesis and characterization of dSsSDNA
with intercalated transition metals. Upon the discovery of electronic functionality in DNA
oligomers containing mmDNA base pairs,”” many other metal-modified base pairs have been
synthesized, a subset of which have been selected for this study and are shown in Figure 3.1. This
library of base pairs shows variability in binding modality, either intercalated, in the major groove,
or both, categorized by ion identity and base pairing as shown in the left panel. Using the self-
assembly property of DNA, the presence of ions was controlled by changing the sequence, making
it possible to design materials that exploit this embedded molecular electronics strategy in
development of new electronic devices. Combining our models with x-ray crystallography
structures derived from experiment, the electronic properties of each base pair could be established

and paired to shed light on integration into nanodevices.

We worked with collaborators who synthesized triangular dsDNA origami structures, building
on their previous work,’® which could accommodate metal-modified base pairs using an added
linker (see Figure 3.3A). Macroscopic self-assembly was not observed in the absence of metals,
demonstrating the requirement, as well as the success, of intercalation of Ag*, Hg?*, and Au” in
the trangular structures. X-ray diffraction data from the crystals grown from these structures were

used to generate density maps that were used to generate sets of atomic coordinates, referenced
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here by their PDB ID. Ab-initio DFT methods were used to minimize the structure and calculate

orbitals, followed by Green’s function methods to examine electron density across each structure.

a. Modeling Methods

The electronic structure of the various DNA configurations was determined by analyzing the
molecular orbitals generated from DFT calculations, with a focus on the HOMO and LUMO
energy levels used to calculate the band gap of the molecule. All DFT calculations were conducted
on Gaussian 16 software package® using a mixed gaussian orbital basis set and the B3LYP hybrid
functional. The mixed basis set was used to accurately model different sets of atoms across the
periodic table, with the LANL2DZ basis set®® applied to Ag, Au, and Hg atoms and the 6-31G**

Pope basis set®!

applied to all other lighter atoms. A fully paired (no-spin) ground state was
determined to be the ground state based on the fully populated d-orbital of the Ag*, Hg*", and Au*
ion and confirmed with a comparison of DFT energies in the triplet state (splitting energy > 10eV).
Solvation was applied to the model using the polarizable continuum model,** setting the dielectric
constant of water to 78.4 (relative to vacuum). Further studies of the local density of states were

performed using Green’s function methods on the generated Hamiltonian, following the methods

outlined previously?’ to generate the two-dimensional DOS plots partitioned by base pair.

While most structure information was extracted from the residue information and x-ray

crystallography structure, partial optimization of the metal modified base pairs was used to
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generate a stable structure for transport calculations. A seven base pair structure was extracted
using 3 base pairs on either side of the modified base pair with OH termination on the 3’ and 5’
ends (Figure 3.2A). All non-hydrogen atomic coordinates were extracted directly from the PDB
structure and hydrogens were added by the GaussView program. For unmodified nucleobases, that
is without ligands or metals, all coordinates determined from residue information were unmodified
during the optimization process. Due to the nature of the modified base pairs, for instance the
halogen (iodine) modified Uracil bases, some manual manipulation of bond lengths and bonding
angles were needed to generate a stable structure. As a final step, added hydrogens near the metal
atom and their connected groups were optimized to ensure the intercalated metal atoms had
minimal force. These partial optimizations were conducted by unfreezing single atoms or ligands
and minimizing B3LYP DFT energy of the structure. As a final check, force calculations were
conducted for all structures to ensure stability (Figure 3.2B), comparing the maximum forces to

that of the baseline metal-free structure.

Force calculations on analyzed crystal structures resulted in atomic forces as high as 5
eV/Angstrom for all atoms, with highest forces occurring on the base pair structure itself rather
than the modified ligands or metal atoms. While these calculated forces are relatively high, they
are comparable to the modeled forces on the seven base pair segment of an unmodified DNA

triangle structure (PDB ID: SW6W) as well as a standard B-form DNA duplex of the same length.®
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Density functional theory calculations all converged with a mean-square density difference of less

than 1e-8, the default “tight” convergence criterion set for Gaussianl6.

Figure 3.2 - Hg2+-modified DNA structure (dC:Hg2+:dT, PDB ID: 7SD7) used for density functional theory
calculations shown in the GaussView software: A) the x-ray crystallography structure with the 7 base pair segment
highlighted; B) the isolated 7 base pair segment w with green highlighting to represent atomic forces.
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b. Electronic Structure Results

Energy level calculations were carried out on the triangle core using DFT to elucidate an
electronic fingerprint of the different classes of structures in our mmDNA library (Fig 5D). We
found that all mmDNA pairing modes (N3, N4/04, Hg2+, Ag+, methylated, halogenated) add
levels to the LUMO, akin to the conduction band in a bulk material. Even the addition of a single
mmDNA pair causes a distinct lowering of the energy gap in these structures. A comparison of
dC:Hg?":dT, dC:(Ag")>:dT and dC:dG shows similar addition of LUMO states and reduction of
the energy gap from 3.90 eV to 3.35-3.42 eV for both metals. Using the extra, unassigned Ag"
sites found during dU:Ag":dS structure refinement, we observed a dramatic decrease in the gap to
2.45 eV for the three-metal base pair case, versus 3.35 and 4.31 eV for the one and zero metal
cases, suggesting that harnessing and optimizing this multi-ion effect may lead to further electronic
enhancement. A comparison of N3- and N4-bound Ag" and Hg?* carried out by analyzing the
methylcytosine analogs to dC:Ag™:dS and dC:Hg?":dT. Surprisingly, we observed a large
reduction in energy gap through a single LUMO state in the major-groove-bound mmDNA
structures relative to N3 ones (3.35 eV to 1.86 eV for Hg*"; 3.29 eV to 2.22 eV for Ag"), likely a
result of tilting the nucleotides together at the top toward the metal. This offers the possibility of a
processing metal chain, rather than the traditional straight, 1D chain of N3 metals that might
conduct efficiently along the double helix.** Finally, we analyzed dT:Hg?":dT against similar base
pairs with one and two 5-position iodines replacing the thymidine methyl groups. Each iodine

added more states to LUMO, dropping the gap from 3.76 to 3.32 to 3.11 eV for zero, one and two
38



iodines, respectively. We anticipate that increasing the number of mmDNA pairs and the tuning

of these electronic effects will allow for the design of electrically-active DNA nanomaterials.
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Figure 3.3 — Topology and structure of mmDNA outlined with electronic structure from ab-initio DFT calculations.
A) The 3D triangular structure used to generate crystals containing mmDNA basespairs, with detail on the modified
bases and metal intercalator location. B) The structure of the non-standard bases used to create mmDNA structures.
C) Energy gap calculations of the middle seven base pairs of energy-minimized mmDNA crystal structures from our
library are carried out using DFT: Hg?" vs. Ag* vs. WC (red); number of metals per base pair from 0-3, using extra
sites from the dU:Ag" :dS refinement (blue); N3 vs. major groove N4/04 metalation (green); and iterative replacement
of methyl groups with iodine atoms (purple). Pictoral representations of each base pair are drawn below, with Hg2+
(pink), Ag+ (silver), iodine (purple), unfilled sites (empty circles) and WC pairs (—) indicated. Metal-mediated energy
levels are observed in LUMO.
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To investigate the effect of mmDNA base pairs on DNA conductivity, we calculated the DOS
as described above on the seven base pair edges of triangle crystal structures with Watson-Crick
pairing, Ag"* pairing, and Hg?" pairing at the fourth position (see Figure 3.3A and Figure 3.4). The
generated DOS spectra demonstrated that the added metal ions created states at the modified base
pair with broadening that impacted their surroundings.

The DOS contour plot in

Figure 3.4 shows that, even with just one modified base pair, the density of states within the
bandgap increases by several orders of magnitude, increasing the possibility of conduction for the
full seven base pair structure. This will increase the expected transmission throughout the structure,
showing that the metal modified base pairs can be used to modulate conductivity across a DNA

strand for electronics applications.
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Figure 3.4 - A contour plot showing the DOS spectra across the unmodified and metal modified seven base pair
segments, with the y-axis representing the spatial dimension partitioned by base pair and the x-axis representing
energy grid, showing DOS as a function of energy. From left to right the structures depicted are the unmodified
structure (PDB ID: 5W6W), the Ag*-modified structure (dC:(Ag*),:dT, PDB ID: 78DS) and the Hg**-modified DNA
structure (dC:Hg?*:dT, PDB ID: 7SD7). Structures are directly shown above each plot.

c. Molecular Orbital Analysis and Results

The molecular orbitals were calculated for dT:Hg?":dT, diU:Hg?":dT and diU:Hg?":diU to
determine the effect of halogenation on the density of states in the mmDNA base pair (Figure 3.5).

The heavy atoms were seen to be adding energy levels to LUMO, closing the energy gap for the
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molecule. For all three base pairs, the lowest LUMO state remains localized to Hg?", while the
LUMO+1,2 states are localized closer to the iodine atoms. From this, it can be inferred that the
addition of halogens does not overpower the effect of Hg?*, but rather contributes to the

delocalization of the molecular orbitals in the conduction band.

Energy (eX)

Figure 3.5 - Energy gap determination in Hg?" base pairs with 0,1 and 2 halogens replacing methyl groups at the 5
position of nucleotidyl ring. An isosurface (|y/|<0.01) was generated for the HOMO and LUMO orbitals are calculated
for each structure, using red and green surfaces to represent positive and negative orbital lobes. The HOMO appears
largely unaffected by the heavy atoms, while LUMO states are added upon addition of mercury and iodine.

Energy gap calculations for the gold base pair, T:Au":T were carried out with reduced thymine
(simulating pH > pKa = 9.5) and oxidized thymine (simulating neutral pH). All thymines in the 7
bp stack were addressed. Protonation of the mmDNA thymines was carried out at the O2 site,
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which was calculated to have the lowest overall force, while other thymines were protonated at
N3. Three cases were investigated: the mmDNA base pair with both gold sites, the pair with only
the N3 Au" site, and the empty mismatch, all derived and energy minimized from PDB structure
7ULS reported here (Fig. S7). The two-metal pair showed a single LUMO state corresponding to
the orbital around the O4 Au". The localization of this state to the ion suggests that a hopping
transport mechanism might be most accessible at this energy level. More states were apparent in
the conduction band for the oxidized molecule. Elimination of the O4 Au" removed this LUMO
and slightly rearranged the bands. LUMO for these structures was localized to the N3 Au" ion.
Energy levels between the structures at this stage were consistent with other modeled mmDNA

and unfilled base pairs. pH may play a moderate role in energy gap formation.
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Figure 3.6 - Energy gap calculation and select molecular orbitals for reduced (~ pH 11.0) and oxidized (~ pH 8.0)
T:Au*:T base pairs (original structure from PDB ID: 7ULS). An isosurface (\w|<0.01) was generated for the LUMO
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orbitals are calculated for each structure, using red and green surfaces to represent positive and negative orbital
lobes.

d. Discussion

DNA is a choice material for construction of a new generation of nanoelectronics created from
the ground up, using self-assembled heterostructures that can be programmed with nucleotides.
But the high band gap and resulting low conductivity poses a challenge for DNA-based electronics,
such as interconnects between each DNA circuit component.® Incorporation of transition metals
as intercalators in modified base pairs opens up a new set of possibilities for modifying the
electronic properties of the device, lowering the band gap and creating a localized charge carrier
site that can increase electron transport. The use of crystallography data to generate the DNA
structure was crucial for determination of the location of metal binding, which have yet to be
included in molecular mechanics models for nucleic acids. Therefore, partial DFT minimization
was used to minimize the structure, ensuring any large inaccuracies in structure due to imaging
resolution were resolved. Future work combining QM methods to model interactions within the
mmDNA base pairs, combined with MM methods for modeling the DNA strand, will be crucial
for looking at the dynamics of the mmDNA system in an aqueous environment, especially for

helicity information and conformation in an unconstrained system.

For the mmDNA base pairs modeled in this study, containing Ag*, Hg**, and Au", the fully
occupied d-orbitals create a stable state without spin dependence, the unoccupied valence orbital
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forming an antibonding valence orbital with the nearby bases. Spin-orbit coupling was not
considered in these models, which would likely have a non-negligible effect due to the high atomic
weight of the metals, especially with nanowire geometries that contain multiple ions. Initial
calculations suggest that larger mmDNA chains can create large, delocalized orbitals for electron

transmission, which can be investigated with decoherent transport models in a nanodevice.
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4. Metal Mediated DNA Force Field Development

The programmable self-assembly characteristics of DNA render it an optimal platform for
fabricating nanoscale architectures with precise spatial control and structural versatility.%® Further
customizability has been demonstrated with modification of the nucleotides themselves, ranging
from modification of the bases’ to incorporation of custom functional groups.®” Such modifications
exploit the inherent Watson-Crick hydrogen bonding patterns to generate stable scaffolds. As an
alternative, a transition metal can be used to mediate bonding between bases, initially observed
between complementary bases®® as well as between pairs of matching bases.®® ! The incorporation
of metal centers has enabled the development of DNA nanowires with higher measured
conductivities than their non-metallated counterparts.’’ The library of metal-mediated DNA
(mmDNA) basepairs has been expanded and extensively characterized, with recent work
demonstrating that the electronic properties are highly dependent on the metal location and ligand

modification.”?

While the synthesis and characterization of mmDNA has been studied extensively over the past
20 years, knowledge gaps remain in the structural properties of mmDNA heterostructures.”® X-ray
crystallography has been used in previous works to determine the structure of DNA bases, with
resolutions ranging from 2-5A.%4727* These methods generate 3D maps of electron density from

the periodic structure, which are fitted to the known DNA base sequence to predict the structure.
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However, the crystal structure itself can physically constrain atom movement, leading to strained
bonding across the structure. Additionally, the temperatures used for crystallization may not match
the environment of a constructed nanostructure or device. To address these gaps, ab initio methods
have been applied to mmDNA, with initial studies focusing on the electronic properties of metal-

nucleobase interactions on single basepairs’>’

and more recent studies extending this analysis to
look at charge transport in a nanodevice.”” The dynamics of such structures have been previously
studied, ranging from molecular dynamics (MD) modeling treating the coordinated metal as a lone
ion” or directly parameterizing the metal-base bonds” to more complex hybrid quantum
mechanics/molecular mechanics (QM/MM) treatment.’*3! As the range of mmDNA basepairs
continues to grow,’**? developing adaptable force fields for modeling complex mmDNA

heterostructures has become essential, particularly for future innovations in nanodevices and

biomaterials.

To address this need, we present an automated ab initio modeling approach that generates
bonded terms for MD force fields, enabling efficient scaling to larger heterostructures. Rather than
relying on structures generated from X-ray crystallography in a highly constrained environment, a
custom force field can be constructed to allow for simulation at ambient conditions. This work
builds on the method introduced by Seminario ef al. to use a projection of the atomic Hessian
matrix to generate force constants for bond and angle interactions.®* To accomplish this, we have

built a tool that modifies the existing pyMSMT software package®* to allow parameterization of
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mmDNA basepairs. In this work, we have tested this tool on the recently characterized cytosine-
thymine mismatch basepairs, with two metallic coordination setups: Ag atoms coordinated in two
locations (referred to as C-Ag>-T, PDB ID 7SDS) and a single coordinated Hg atom (referred to
as C-Hg-T, PDB ID 7SD7).”? These were chosen due to their use of standard Watson-Crick
nucleobases that are well characterized and they both contain similar metal binding sites (N3
nitrogen of Cytosine and Thymine). In addition, the C-Agz-T base contains metal in the major
groove of the DNA, a metal modification that has not been modeled previously. For comparison,
we have considered the complementary case with an A-T basepair, similarly characterized by X-
ray crystallography (PDB ID SW6W),% and a C-T mismatch case, without metals (referred to as
the CT mismatch strand, initial structure based on PDB ID 7SDS).”* Using the developed force
fields allowed us to analyze the mmDNA electronic behavior in ambient conditions to better
understand the electronic properties of constructed mmDNA nanodevices, applying the force fields

to structures with more than one metal-modified DNA basepair.

a. Modeling Methods

The experimentally obtained X-ray crystallography tensegrity triangles were considered as the
starting point for force field generation.”” A flow chart for the process flow is shown in Figure 4.1,
starting out with generation of the custom residue input files for the DFT calculation. First, seven
basepair structures were extracted from these large PDB structures for analysis. Then, hydrogens

were added based on the modified parmBSC1 force field, following the procedure used in previous
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work.%¢ These structures were used as the input file to the modified MCPB.py tool,®” which
constructed Gaussian input files for calculations. After running these generated input files in the
Gaussian DFT package, the output files were again plugged into the modified MCPB.py tool to

generate the force field parameters. The modified MCPB.py tool has been released with this work

as a Python package building on previous implementations. 8
Add water and counter Generated Force | Add Amber DNA Modified Force
TBP Structure - > . -« - — .
ions Field parameters Field Parameters
7 1
Use MCPE. Construct Hessian
t .
¢ pyto Matrix to get

locate metals and

Remove other di spring constants
el coordinating .
residues, residu RESP charge
use Amber to add esic "'b ;

hvdr Nucleobase + Metal Analysis
aneens —Y| Minimized Structure
Metal Bonded DF T
Residues I\Ilnlmlzatlon
PDB (Crystal , \ N.u(fle(.)tlde +Metal | | MK Populfitlon
Structure) 1 s Minimized Structure Analysis

Figure 4.1 - The flow chart for generation of the force fields, starting with the X-ray crystallography reference
structure and using the patched MCPB.py to generate parameters.

Ab initio DFT calculations were conducted using the Gaussian 16 software package to minimize
the metallated basepair, calculate the Hessian matrix, and determine atomic charges with the MK
population method.”® The B3LYP functional was used for all calculations with a mixed basis set,
using the 6-31G** Pope basis set’! for non-metal atoms and the LANL2DZ basis set with effective
core potentials’ for metal atoms. A polarizable continuum model with a dielectric constant of 78,

which is representative of water, was used in the DFT calculations to find the atomic charge and
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generate the force field parameters.”® After DFT optimization on the metallated nucleobase and
nucleotide structures, the optimized atomic coordinates were used for the frequency calculation

and atomic charge calculation respectively.

In this study, the bonded parameters were derived from DFT calculations using the proposed
modified MCPB.py workflow. Specifically, the values for k,,, kg, 1y and 8, shown in equation 4
(see chapter II) were parameterized between the coordinated metals and DNA atoms (e.g., N3 of
cytosine and thymine), which were incorporated into the modified parmBSC1 force field. Dihedral
parameters were not parameterized and set to zero for ligand-metal bonds. The Coulomb charges
in equation 5 (see chapter II), q; and q;, were parameterized by calculating charges on the metal
atom and coordinating residues. The LJ parameters were assigned from previously published
values fitted to the OPC water model, using parameters for the monovalent Ag" ion, which are
Rmin = 1.316 A and € = 0.00602547 kcal/mol,** and for the divalent Hg?" ion, which are
Ronin = 1.305 A and € = 0.00523385 kcal/mol.”” By focusing on the bonded terms for key metal-
DNA interactions and leveraging non-bonded terms for long range effects, the generated force
field achieves accurate modeling of structural stability of metallated DNA systems and, by

extension, their electronic behavior.

Equilibrium bond lengths were extracted from the nucleobase DFT minimization and force

constants were derived from the generated Hessian matrix, which is given by the tensor

50



[ 0%E 0°E 0°E
axlax] axlay] axlazj
b 0°E 0°E 0°E 38
0%E 0°E  0%E
_aZian (?Zlay] aZl'aZj_

in cartesian coordinates for atoms i and j, which are projected onto the internal coordinate system
specified by bonds and angles. The atomic charges used in the Coulomb term of equation 2 were
calculated using the Merz-Singh-Kollman scheme to calculate atomic charges and fitting them
using the restrained electrostatic potential (RESP) approach.”® As a final step, the MCPB.py
program generated a tleap input file that was used to generate the parameter and topology files

used for AMBER simulations.

To compare the performance of the generated force field, the initial structures were optimized
with a partial DFT energy minimization procedure used in a Chapter 3.”> This method is referred
to in this work as the partial minimization method and exclusively uses DFT calculations to
generate a structure. In this method, a force calculation was conducted to locate atoms that
exceeded the specified force threshold, 5 eV/A. Then, the energy minimization DFT calculation
was applied to these unrestrained atoms, keeping the rest of the structure frozen. The final structure
was subjected to a force calculation applied to all atoms, and the cycle was repeated until all atoms

were below the 5 eV/A cutoff.
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This study built on the current version of the MCPB.py toolbox,’” which contains force field
parameters for proteins as well as the GAFF parameters for small organic molecules. The existing
MCPB.py toolbox was modified to include parameters for the DNA, a key contribution of this
work. The parmBSC1 force field was added to the toolbox and updated to include the modified
thymine residue (residue label DTM) that coordinates with the metal. A comprehensive mol2 file
containing the structure of each DNA residue was generated to be read by MCPB.py as a library
of atom types within each residue. Using the modified force field files, the MCPB.py tool was able
to locate which specific residues contain metal-bonding atoms (within the specified cutoff

distance) to generate DFT input files.

Two different sized structures, the metallated nucleobase and nucleotide structures, were used as
input files for Gaussian calculations. In the updated software package, the nucleobase structure is
generated without the backbone and is labeled as the “small” structure, to be used for unconstrained
DFT minimization and Hessian matrix generation. The nucleotide structure containing the full
backbone is used for the “large” case, which was used for DFT minimization constraining the
phosphate atoms before charges were read using the Merz-Kollman-Besler population method.”
For this “large” case, the 5* and 3’ ends of the residue are capped with hydrogens and the system
charge was calculated based on the number of phosphates and oxidation state of the metal atoms..
A full list of files as well as changelogs with specific changes made to the pyMSMT package are
available in the GitHub Github repository.®” A summary of the modifications made to each file are

given below:
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File Modification

lib.py e Added the modified parmBSC1 force field information
element.py e Added the modified parmBSCI1 force field information
gauio.py e Modified the atom counting method to allow for

hydrogen/ligand capping of the residues before
e Changed default basis/options for gaussian input files

amber_modeling.py e Added backbone connection to tleap input file for modified
bases
gene model files.py e Added carbon bond option

e Updated residue counter to not conflict with DX3 and DX5
residue names

e Added methods for constructing base and base+backbone
fragment structures for DFT analysis (both with proper
hydrogen/oxygen termination)

mol.py e C(reated basepair terminus classification for residue object
pdbio.py o Added “TER” keywords for DNA strands
MCPB.py e Added “include_ carbon” option for force field generation

The AMBER 20 software package was used to run MD simulations using each of the generated
force fields for the seven basepair structures. The MD simulations were conducted in five stages.
First, the system underwent a constrained minimization, relaxing the solvent and ions while
constraining the DNA and metal atoms (restraining force constant set to 50 kcal mol™! A2). Then,

a second minimization stage was applied to the entire system removing restraints. Both
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minimizations used a non-bonded cutoff of 10.0 A and ran for 5000 cycles each. The third heating
stage raised the system's temperature from 0 K to 300 K over 1 ns under constant volume (NVT)
conditions, with restraints applied to the DNA and metal atom’s structure. Following heating, the
system was further relaxed in a fourth equilibration stage with gradually reduced restraints
conducted under constant pressure (NPT). The fifth (and final) stage was a production run,
conducted under constant pressure (NPT) conditions without restraints for 100 ns. The SHAKE
algorithm®® was applied throughout to constrain bonds involving hydrogen atoms, and the Particle
Mesh Ewald (PME) method®® was used for long-range electrostatics. To analyze the structural
dynamics of the DNA and metal atoms structures, we measured the RMSD using VMD!® to

observe the conformation changes during the MD simulation.

MD minimization was also used to conduct the “restrained minimization” cases applied to the
single C-Ag,-T and C-Hg-T structures. For this case, the modified parmBSC]1 force field'*! was
used for the DNA bases while fitted non-bonding parameters were used for Ag and Hg ions.!9%103
Instead of adding bonding parameters to parameterize the distances, harmonic restraints were
applied to the N3-AG/HG-N3 bond angle and the O4-AG bond distances. These were only applied

during the second stage of minimization, using a coefficient of 400 kcal/mol per square unit (°/A)

as an energy penalty during 5000 cycles of minimization.
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Force fields were constructed for the 7 basepair C-Agz-T and C-Hg-T sequences, as depicted in

T—A
G=—C
T—A
A—T
C—G
G—C
G—C

b. Results

3!

T—A
G—2C
T—A
C-{-T
T—A
G—C
G—C
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T e A
Ge=——C
T-Ag,-C
C-Ag,-T
T-Ag,-C
G—C
G=—C

= None (mismatch), Ag,, Hg

Figure 4.2 - Sequence information for each of the five different cases. The leftmost sequence is the complementary
case, with an AT central basepair. The middle sequence was used for the three cases: single C-T mismatch, single C-
Ag>-T and single C-Hg-T. The right sequence was used for the triple C-Ag>-T case.

Figure 4.2. To probe the effects of interactions between multiple mmDNA basepairs, a triple C-
Ag>-T case was constructed for parameterization by modifying the basepairs 3 to 5 in each
sequence, with the coordinated pair of Ag atoms placed at each of the three C-T mismatches. All

structures were then subjected to energy minimization followed by 100ns MD simulation at room



temperature, analyzing structural stability and conformation changes across the simulated

trajectories.
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Figure 4.3 - Energy sampling results for the C-Ag>-T single basepair, with color-coded graphs on the left matching
up with Ag atom movement given by the colored arrow on the right. Three energy profiles are shown for each case:
MD energy with all non-H bonds parameterized (MD All bonds), MD energy with just non-zero N and O bonding
parameters (MD Non-zero bonds), and DFT energy using a solvent model. AG2 refers to the coordinated Ag atom
and AG1 refers to the major groove AG atom. The equilibrium bond lengths and bond angles are in following section.

Force Field Generation

Force field parameters were derived from the Hessian matrix calculated after DFT minimization
of the mmDNA sites. Initially, all non-hydrogen atoms (C, N, and O) that were within the set bond
length cutoff (3.0A) were used to generate bond and angle force constants in an attempt to use all
the information from the Hessian matrix for force field generation. To better understand the limits

of this fully parameterized model, the computed force field was compared directly to ab initio
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modeling to sample the potential energy profile of the metal-base interactions. A comparison is
shown on a shorter length scale in Figure 4.3, sampling energies from moving the coordinated Ag
in 3 directions and the major groove Ag atom along the Ag-O4 bond length. It was found that
including bonding parameters for all non-hydrogen atoms within the cutoff distance led to an
overconstrained system that strayed significantly from the DFT sampling results, whereas only
including non-zero nitrogen and oxygen bond force constants matched up well with the DFT
results. Not only did adding bonds to the force field overconstrain the interactions, but also it led
to scaling or removal of important non-bonded interactions for neighboring atoms, based on the
implementation of the AMBER force field.!* In the final parameterization, only nitrogen and
oxygen bonds were included, removing bonds that were assigned a force constant of zero. All these
parameters calculated for the single C-Ag2-T basepair and single C-Hg-T basepair are listed in the
following section.

In the generated force field, the most significant metal-base interaction was between the
coordinated metal (Ag or Hg) and the N3 nitrogen from both the cytosine and thymine, which
coordinated the metal with symmetric bond force constants in the range of 25-35 kcal/(mol*A) for
Hg and 50-75 kcal/(molsA) for Ag. This range is similar to bond force constants calculated for
other systems with closed-shell metal interactions, such as Cu binding enzymes (40-45
kcal/(mol+A) for Cu-S bonds)!% or those used in the generalized zinc AMBER force field (30-120
kcal/(mol*A) for Zn-N bonds).?® In the Ag basepair, the major groove Ag atom bonded to only the

thymine O4 atom with a significant bonding force constant and with negligible or low angle force
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constant (see the following section). These bond force constants remained the same even when the
metal atoms were modeled together in the three metal basepair stack. Initial modeling of the triple
basepair stack used a cutoff of 3.4 Angstroms, equal to the average spacing between basepairs, to

calculate force constants for inter-basepair Ag-Ag bonding. Since the AMBER force field does

not include the non-bonded terms for nearest neighbors or second nearest neighbor terms,'

removing these bonds ensured that the inter-basepair interactions used the non-bonded Lennard

Jones and Coulomb force field terms from fitted charges instead.
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Figure 4.4 - Energy sampling comparison between the generated thymine O4-AG1 bond parameters (above) and the
parmBSC1 thymine N3-H3 (below) bond parameters. Mulliken charges of AG1 and H3 atoms included as inset graphs
on the left and right, respectively.

While the metal-base bonding coefficient values are much smaller than those for nearby organic
covalent interactions (see the italicized entries in the force field parameter tables in the following
section), the bonding parameters stabilize the metal atoms enough to generate stable
conformations. The limits of the bonded vs non-bonded interactions are quite clear when looking
at larger bond distances. Sampling these bond distances, there is significant deviation between the
DFT and MD energies. Specifically, the energetics of major groove Ag atom in C-Ag>-T and the
N3-bonded hydrogen atom in thymine highlights the limitations of the second order (parabolic)
approximation of MD at larger length scales. This difference is illustrated in Figure 4.4 with the
DFT energy flattening at larger length scale compared to the quadratic relationship from the
AMBER force field. This shows the limits of the second order approximation for bond
descriptions, but a closer analysis also highlights the limits to the DFT modeling at these longer

length scales. For instance, the net charge on the thymine H3 atom across the trajectory does not
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approach the expected value of +1 even when the atom is moved 2 Angstroms away from the
equilibrium position. This demonstrates a breakdown of the mean-field approximation and spin
model, with the DFT method forcing a closed-shell orbital to extend between atoms that should
form an ionic or radical pair. This was also found to be true for the Ag atom when modeled with
the implicit water solvent model, although modeling in a water solvent did generate a +1 Mulliken

charge after 1 Angstrom of stretching.

Table 1 - A comparison of DFT energies derived from the seven basepair structures, starting with the original X-ray
structure and including the 3 minimization methods applied.

yem | poperty | i | POFT | oo | Senersted
Minimization

- HOMO/LUMO Gap 3.44 eV 3.48 eV 3.55eV 3.31eV

1
g’ HOMO Energy -5.20 eV -5.26 eV -5.18 eV -5.21 eV
6 Relative DFT Energy 0.00 eV -20.06 eV -21.35 eV -23.86 eV
- HOMO/LUMO Gap 3.39 eV 3.39 eV 3.55eV 279 eV
:6:.’ HOMO Energy (eV) -5.15eV -5.15eV -5.18 eV -5.25 eV

1
© Relative DFT Energy 0.00 eV -0.29 eV -3.60 eV -7.54 eV
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Generated Force Field Parameters

Single C-Ag>-T

Metal Atom Partial
Charge (q)
AG1 +0.91
AG2 +0.51
Major Groove AG (AG1)
Bond Equilibrium Spring Constant
Distance (A) (kcal mol'A?)
C5-C7 1.51 317.0
04-AG1 2.28 35.0
Bond Equilibrium Spring Constant
Angle (°) (kcal mol! rad?)
C4-04-AGl1 140.1 19.7
C2-02-H 109.5 35.0

AG1



Coordinated AG (AG1)

Bond Equilibrium Spring Constant
Distance (A) (kcal mol'A?)
N4-C4 1.34 481.0
N4-AG2 3.42 3.1
(DTM) N3- 220 65.1
AG2
(DC) N3-AG2 2.23 53.7
Bond Equilibrium Spring Constant
Angle (°) (kcal mol! rad?) AG1
(DC) H-N4-AG2 109.7 25.8
(DC) C4-N4-AG2 70.2 31.7
(DTM) C2-N3-AG2 119.8 89.5
(DTM) C4-N3-AG2
(DC) C2-N3-AG2 109.3 95.3
(DC) C4-N3-AG2 129.3 92.3
N3-C4-04 122.5 80.0 ) DTM
N3
C4
04
AG1

Bond Equilibrium Angle (°) Spring Constant (kcal mol ™! rad?)
(DC) N3-AG2-N4 (DC) 418 29.4
(DTM) N3-AG2-N4 (DC) 136.1 29.3
(DTM) N3-AG2-N3 (DC) 177.2 44.7
N3-C4-04 122.5 80.0
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Single C-Hg-T

Metal Atom Partial
Charge (q)
HG +1.49
Bond Equilibrium Spring Constant
Distance (A) | (kcal mol'A?)

N4-C4 1.34 481.0
N4-HG 3.64 3.7
(DTM) N3-HG 2.51 25.3
(DC) N3-HG 2.39 354
Bond Equilibrium Spring Constant (kcal

Angle (°) mol! rad?)
H-N4-HG 109.7 30.5
C4-N4-HG 70.7 38.7
(DC) C4-N3-HG 131.7 87.0
(DTM) C4-N3-HG 119.7 113.7
(DTM) C2-N3-HG
(DC) C2-N3-HG 106.5 90.0
N3-C4-04 122.5 80.0
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Bond Equilibrium Spring Constant P ;
Angle (°) (kcal mol! rad?) 04
(DTM) N3-HG-N4 (DC) 145.55 35.6
(DC) N4-HG-N3 (DC) 38.5 357
(DTM) N3-HG-N3 (DC) 175.9 103.8
N3-C4-04 122.5 80.0
DFT Energy Analysis

Applying these force fields to the full seven basepair strand geometries (see Figure 2), the trend
in DFT energies shown in Table 1 indicates that the force fields work as expected for full DNA
strands. The results from these four cases (crystal structure, partial DFT minimization, restrained
minimization, and the force field generated in this work) are shown in Table 1. In both the Ag and
Hg case, the structure determined by the generated force field gave the lowest DFT energy. It
should be noted that the restrained minimization method was quite effective in both cases, reducing
the DFT energy significantly, but the structures were found to be highly unstable during the

equilibration and production MD runs and exploded after a few nanoseconds (data not shown).
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Minimized C-Ag,-T Strand Orbitals

Energy (eV)

X-ray Structure Partial DFT Min Angle Restrained Min Generated Force Field

Minimized C-Hg-T Strand Orbitals

Energy (eV)

X-ray Structure Partial DFT Min Angle Restrained Min Generated Force Field

Figure 4.5 - Side by side comparison of the seven basepair structures for the C-Ag>-T (top) and C-Hg-T (bottom)
basepairs before and after minimization. The HOMO-LUMO gap is labeled in red for each band structure with the
force field minimized case highlighted in blue.



The band gaps of the structures remained relatively constant after minimization, but the LUMO
orbitals were found to shift significantly after minimization with the generated force field. In the
C-Ag>-T case, the LUMO orbital was delocalized over the major groove Ag atom after
minimization. In the C-Ag>-T case, the LUMO orbital was delocalized over the major groove Ag
atom after minimization. For the C-Hg-T case, the LUMO orbital showed more occupation of the
coordinated Hg atom in addition to the surrounding basepairs. Furthermore, in the C-Hg-T case
the HOMO-LUMO gap dropped significantly (from 3.39 to 2.79 eV) after minimization using the
generated force field. The LUMO orbitals and corresponding band structures are shown side by

side in Figure 4.5, with the force field minimized case highlighted in blue.

Expanding the structure to the triple C-Ag>-T basepair case, three approaches were applied to
parameterization, with force field minimization results compared to the structure before
minimization. These approaches, which varied based on parameterization constraints, are as
follows: (1) parameters from the single C-Ag»-T structure applied to all three C-Ag»-T basepairs,
(i1) parameters gathered from minimizing the three C-Ag,-T basepairs together including basepair-
basepair bonding, and (iii) parameters gathered from minimizing the three C-Ag>-T basepairs
together excluding basepair-basepair bonding. Applying the two-step minimization in each of
these cases, the parameters in case (i) led to the highest energy drop, a total of 15.84 eV energy
difference after minimization, and only these parameters are given in the previous section. The

final structures for each of these cases are depicted in Figure 4.6, showing that parameterization

66



of case (ii) created significantly more strain between neighboring basepairs. While the bonding
parameters generated from case (ii1) matched up closely with those generated for the single C-Ags-
T basepair, the N3-Ag-N3 angle changed significantly (dropping from 177 degrees to 140
degrees), leading to distortion of the basepair after minimization. The HOMO-LUMO gap
increased significantly after minimization from 1.92 eV to 2.77 eV for case (i). Orbital energies

and LUMO orbitals for each of the structures are plotted below in Figure 25.

(i) [C-Ag,-T] parameters (i) [C-Ag,-T], parameters (i) [C-Ag,-T], parameters
(Bond cutoff = 3.0 A) (Bond cutoff = 3.4 A) (Bond cutoff = 3.0 A)

Original Structure

0.00 eV -15.84 eV -10.96 eV -14.36 eV

Figure 4.6 - The constructed triple C-Ag2-T basepair structure before and after minimization, comparing the three
parameterization cases (i)-(iii), showing all new metal bonds parameterized with dotted lines. Total DFT energy
relative to the original structure is labeled below each structure, The chosen force field set is case (i), labeled in blue,
with the lowest DFT energy after minimization.
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Three parameterization methods were tested for the Triple C-Ag»-T basepair case. Carbon bonds

were not parameterized in any of the cases. The cases are as follows, referenced in the orbital

energy diagram in Figure 4.6 and Figure 4.7:

Case 1.

Case 1i.

Case iil.

MCPB.py used to generate force field using the Hessian matrix and minimized
structure for the for a single C-Ag,-T base with bonding cutoff set to 3.0 A, only

bonds with non-zero bonding constant parameterized.

MCPB.py used to generate force field using the Hessian matrix and minimized
structure for the three alternating C-Ag»-T basepairs with bonding cutoff set to 3.4
A, all possible bonds between Ag, N, and O parameterized.

MCPB.py used to generate force field using the Hessian matrix and minimized

structure for the three alternating C-Ag»-T basepairs with bonding cutoff set to 3.0

A, only Ag bonds to N and O with non-zero bonding constant parameterized.
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Triple C-Ag,-T Orbital Energies - - -Valence Orbitals —Occupied Orbitals

Energy (eV)
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Figure 4.7 - Orbital energies diagram for the triple C-Ag>-T structure before and after minimization for all 3
parameterization methods (case i-iii). HOMO-LUMO gaps are labeled for each case in red, with an isosurface of the
LUMO orbital included as an inset to each plot (|¥]=0.02 plotted, negative wave function is red, positive wave
function is green)

Structure Dynamics

The constructed force fields were used to generate molecular dynamics trajectories starting with
a two-step minimization run followed by equilibration run and then a 100 ns simulation. In each
case the structure remained stable, with the root mean square deviation (RMSD) calculated only
over the middle three basepairs of the atomic positions in the metal modified strands and the
mismatch case matching up with the standard complementary strand. The RMSD between frames
is visualized in Figure 4.8 showing the 3 metal modified cases, the single C-T mismatch case, and

the complementary case (A-T central basepair). The complementary case has RMSD values mostly
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between 1.5 and 2 A with some regions showing lower values that suggest partial stabilization.
The single C-T mismatch system has higher fluctuations, which indicates reduced stability
compared to the complementary case with A-T basepair. The single C-Hg-T case has RMSD
values between 1.0 and 2.0 A, showing improved structural stability compared to the
complementary and C-T mismatch cases. The single C-Ag>-T system is relatively stable, with
RMSD values mostly between 1.0 and 2.0 A. The triple C-Ag>-T system has the lowest
fluctuations, with RMSD values between 0.0 and 1.0 A during most of the MD simulation. This
indicates a significant improvement in structural stability, confirming that adding metal atoms
improves DNA stability. The triple C-Agy-T system demonstrates that increasing the number of

metal atoms further enhances structural stability and reduces fluctuations in mismatched basepairs.
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Figure 4.8 - 2D plot of RMSD between simulation frames for the middle three basepairs of the
DNA strands across the 100 ns MD simulation for all cases: (a) single CT mismatch, (b)

complementary, (c) single C-Hg-T (d) single C-Ag>-T basepair and (e) triple C-Ag>-T

To understand the overall DNA structure across the trajectories, inter-basepair angles and
distances were calculated across the 100 ns run by saving the coordinates of 100,000 frames that
were equally spaced in time. The twist angle between neighboring basepairs were calculated and
the results for the central five basepairs are shown in Figure 4.10a. The twist angle for the non-
metallated case matched more closely with that of B-DNA (~34°) while the metallated cases had
much more variation across the strands. This was found to be especially true for the triple C-Ag-
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T case, which had a higher average twist angle between the three central metallated basepairs. The
basepair propeller angle was measured by taking the dihedral angle between bases in a basepair,
matching up with the propeller angle parameter used in the 3DNA software package.!* This angle
showed similar trends, increasing dramatically for the triple C-Ag>-T case. The ranges of each of
these angles for the central five basepairs across the MD trajectory are plotted in Figure 4.10b with
an in-depth description of the calculation methodology presented in the following subsections.

Twist Angle

Twist angle refers to the helical twist angle between neighboring basepairs of DNA (not to be
confused with the twist angle between opposite bases). To calculate the twist angle, a reference
vector was constructed between C1° atoms in opposing bases. The angle between the reference
vector and the next nearest neighbor was reported. Edge basepairs were not included in these
measurements due to their instability leading to inaccurate measurements of helical twist angle.
Therefore, for the seven basepair structures used in this study, there are four twist angle

measurements possible.
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Basepair Propeller Angle
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Basepair propeller angles were measured between opposing bases, using a dihedral angle
calculated from the normal vector of each nucleobase. First, the normal vector of a characteristic
plane was calculated using singular value decomposition. Then, the coordinates of all non-
hydrogen atoms in the nucleobase (backbone/sugar excluded) were centered and three principal
components were calculated based on their coordinates. The first two principal components span
the characteristic plane of the base, with a normal vector given by the third component. These
normal vectors were used for vector (a.) and (c.) above, with vector b given by the difference in
center of masses for each nucleobase. This vector was calculated by subtracting the weighted
average of all non-hydrogen atoms in each nucleobase (backbone/sugar excluded). The dihedral

angle was calculated using the atan2 function, allowing the angle to span from -180° to +180°.
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Basepair Spacing
Basepair spacing was calculated by measuring the distance between opposing bases in each
basepair. Looking at the stability of metal coordination, the N-N distance was calculated based on

the following nitrogen locations in each basepair:

This means that for complementary pairs, the distance was measured between the N3 nitrogen

on the pyridine (C, T) and the N1 nitrogen on the opposing purine (G, A). Therefore, for the C-T
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mismatch (with and without metals) the distance between the opposing N3 nitrogen atoms was

calculated.

In addition to the N-N distance, two distances were measured for each basepair: the distance

between C1° atoms, the vector used in the helicity calculation above, and the distance between

nucleobase centers of mass, the vector used in the basepair propeller angle calculation above. The

range in values across the MD trajectory are plotted for the central five basepairs (excluding edge

basepairs) for each of the cases in Figure 4.9 below.
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Figure 4.9 - Basepair spacing values for the complementary, single mismatch, single C-Ag2-T, triple C-Ag2-T, and
single C-Hg-T cases. Mean is plotted, with error bars given by standard deviation across 100ns trajectory. Labels on
X-axis are color coded to match up with non-complementary bases for each of the non-standard DNA cases
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Basepair distances were analyzed across the trajectory, specifically monitoring nitrogen
coordination of the metal in the mmDNA cases. The distances between the nitrogen atoms of each
of the three central basepairs are plotted, with overall ranges and time-dependent curves shown in
Figure 4.10c and Figure 4.10d respectively. The metal modified basepairs increased in the N-N
distance by 1.4-1.6 A and showed high stability during MD runs. Only the CT mismatch case
shows any instability, with N-N distance varying significantly over the whole 100 ns trajectory.
This trend was also observed for the center of mass distances and backbone distances, plotted in

Figure 4.9 above.
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Figure 4.10 - MD statistics plotted for the seven basepair structures: (a) inter basepair twist angle, (b) basepair
propeller angles, and (c) spacing between coordinating nitrogen atoms. These are shown for the complementary,
single mismatch, single C-Ag>-T, and triple C-Ag>-T cases, with labels on X-axis color coded to match up with the five
different sequences modeled. The mean is plotted, with error bars given by standard deviation across 100ns trajectory.
The N-N distance variation across the MD trajectory is shown in (d), applying a Savitzky—Golay filter across a 100
ps window to smooth data, with lines color coded to match up with each case. Only data for the central five basepairs
is shown.
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c. Discussion

Parameterization of the C-T mismatch mmDNA structures successfully created stable force
fields that can be applied to larger DNA structures. The force field parameters developed here were
shown to match ab initio results with the same level of accuracy as parmBSC. This method of
parameterization has been built as a patch to the existing MCPB.py tool and can be applied to any
mmDNA basepair for use in the AMBER MD package, allowing one to look at stability of larger

mmDNA heterostructures for nanotechnology applications.

The basepairs characterized in this work have never been parameterized for MD, but our results
are comparable to similar systems. Though the force constants calculated for the C-Agx-T basepair
did not match those previously calculated for the C-Ag-C basepair (N3-Ag bond force constant of
193 kcal mol! A?), the resulting twist angle variations matches predictions for repeating C-Ag-C
nanowires.’” This was also shown experimentally in the crystal structure of a C-Ag-C nanowire
(PDB ID 51X7) which had an average twist angle of 36° across the repeating strand, even with
multiple discontinuities in the DNA backbone.®* The shift in twist angle also appeared to add
instability, as shown in the RMSD plots (Figure 6). While the middle three fully-metallated
basepairs showed a low RMSD between all snapshots, the cases with only a single metal basepair
showed higher RMSD, likely caused by the transition from metallated to non-metallated basepairs.
This is quite apparent in the full seven basepair structures, where the metallated structures have

overall RMSD values higher than the mismatch structure and the complementary strand.
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In our results we also observe some interesting patterns across the DNA structures. In all cases,
the overall width of the basepair did not change significantly, with or without the metal. This is
apparent from analysis of the distance between the C1’ atoms on the sugar during the MD
trajectories, which are shown in Figure 4.9. In each case, the average distance remains about 10-
11 A for all bases without significant fluctuation, only increasing to slightly above 11 A for the C-
T mismatch basepair and slightly below 10 A for the metallated basepairs. The basepairs twist into
the major groove of the DNA in the metallated cases, as shown by the 1-2 A decrease in the C1°-
C1’ distance across all metallated basepairs while the base-base center of mass distance remains
the same across all cases (see Figure 4.9). Additionally, our analysis of N-N distances in Figure
4.10c and Figure 4.10d reveals that metal incorporation stabilizes basepair fluctuations, where the
triple metallated basepair structure shows markedly reduced RMSD compared to the single metal
basepair, single mismatch, and fully complementary cases. Basepair propeller angles remain stable
for the metallated basepairs, also shown in Figure 4.10b, with the triple C-Ag>-T basepair stack
significantly increasing the propeller angle between all bases compared to the single metal basepair
and non-metallated cases. These observations are supported by experimentally obtained propeller
angles for stacks of metallated basepairs, with angles of 34° and 20° for stacks of C-Ag-C and T-
Hg-T metallated base pairs respectively compared to lower values obtained for non-metallated

counterparts.®*™ Overall, these findings establish crucial design principles for larger
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heterostructures, especially when determining the flexibility and orientation of such structures in

various environments.

While the stability of these mmDNA basepairs was explored thoroughly, the formation of the
basepair or dissociation of the metals was not thoroughly investigated. The ab initio results suggest
an asymptotic energy profile (see Figure 4.4) with an energy barrier of several eV, whereas the
AMBER force field only fits to a second-order parabolic energy profile. Instead, fitting to a
potential like the Morse potential may better predict these long range effects, as recently
implemented for the C-Ag-C basepair.!®” For applications involving switching or modulation of
mmDNA basepairs, these long range effects will be crucial for matching modeling results with
experiment. Furthermore, any effects of oxidation state or spin effects were not analyzed here, as
the model was applied to metals with fully closed-shell configurations and spin-orbit coupling was
not modeled. These effects would likely affect the modeling results for metals with partially filled
d-orbitals, where coordination may impact spin state, and chains of heavier metals, where spin-
orbit coupling effects will compound. The model we have developed can serve as a starting point

for such systems, with increased model complexity to be added into future work.
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5. Multi-Heme Cytochrome Nanowire Modeling

While many biological processes that involve charge transport are relatively slow compared to
the requirements for modern electronics, limited by ion diffusion and chemical reactions, multi-
heme cytochromes such as the OmcS cytochrome found in Geobacter sulfurreducens and the small
tetraheme cytochrome (STC) found in Shewanella oneidensis have been studied extensively due
their high conductivity. Applications include microbial fuel cells, which take advantage of the
electron transfer mechanisms to generate electricity following the seminal work from the Lovely
group.'® Within the G. sulfurreducens bacteria extracellular electron transport has been
demonstrated to occur primarily through the OmcS protein, shown in Figure 5.1(a), participating
in long-range charge transport with length scales on the order of microns.*!® The STC protein,
depicted in Figure 5.1(b) has an intracellular role rather than acting an intercellular wire.!'!
Looking at the overall electronic structure and theoretical conductivities of the two cytochromes

can help explain this behavior and elucidate further properties to explore in future devices.
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Figure 5.1 - The structures of (a) the six-heme monomer unit of the OmcS cytochrome, and (b) the STC protein with
the locations of the heme porphyrin sites and bonded residues highlighted (surrounding residues in grey).

Numerous previous studies have modeled charge transport in cytochromes using Marcus

theory,s’lz’l 11

a semi-classical electron hopping model that uses tunneling magnitude and
reorganization energy to determine the kinetics of electron transfer.!* Using this method, each
heme site is modeled in its donor or acceptor state, calculating rate constants that can be solved as
a system of equations to determine the current. Density functional theory (DFT) methods can be
combined with other empirical methods to generate the local orbitals on each donor and acceptor
site using the electronic coupling between sites to calculate a hopping rate. Other works have
applied quantum transmission models to cytochrome systems, looking at ballistic (purely coherent)
transport'® and mixed coherent and incoherent (hopping) transport.®*! While the high conductivity
of the multi-heme cytochromes may suggest a faster transport method like ballistic transport, the
high fluctuations of the biomolecule seem to suggest loss of coherence over the length scales.

Despite studies showing that dephasing times in cytochrome systems can approach one

picosecond,!!? this corresponds to the same time scale of an electron transfer between two hemes,
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and therefore loss of coherence is expected even at the heme to heme hopping length scale. While
several multi-step hopping models were initially considered for this work, the energy barrier for
single step electron hopping was found to be much lower than the energy barrier of intermediate
reactions. In this work we explored previously studied single step incoherent hopping models,
where electron transfer is limited to onsite hopping kinetics, and compared them to decoherent
quantum transport models that include multiple concurrent pathways of transport, including
interaction with the environment. Using open-shell DFT methods, we were able to model the
system in different oxidation states, predicting overall charge transport as well as spin-dependent
transport along the cytochrome.

The two cytochromes were modeled with DFT at varying length scales to generate a system
Hamiltonian, which acts as a single-electron operator used to construct molecular orbitals and
determine electronic band structure. Using partitioning methods to create a local orbital basis at
each heme site, hopping energies were calculated for the combined system looking at the impact
of oxidation state, site conformation, and spin. As a final step, a decoherence model was applied
to the system and Green’s functions methods were used to measure overall quantum transmission.
The non-equilibrium Green’s function (NEGF) method was applied to the monomer unit of the
cytochrome, where interactions with the electrodes and environment were represented by self-
energy functions. Using this formalism, it is possible to determine the transmission spectrum and

conductance of a two terminal nanodevice constructed from the cytochrome.
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a. Modeling Methods

All DFT calculations were done using Gaussian-type orbitals and the Gaussian 16 software
package.’® The B3LYP functional was used with the restricted closed-shell model used for singlet
states and the restricted open-shell model used for states with net spin (non-singlet states). An
exception was the free Fe ion case where HF was used. To determine the ground state spin (and
subsequent spin state splitting energies), we used the unrestricted solver result as a guess for the
restricted open model to increase the accuracy of the total energy with the added spin constraints.!!3
The ground spin state was calculated by comparing the DFT energies of multiple spin multiplicities
for the same coordinates and choosing the lowest energy case. To ensure consistency in the
calculated ground spin state, DFT energies were compared within the unrestricted and restricted
open models, and no discrepancies were found. The Hamiltonian was constructed based on the
formula from Equation 7 using the resulting alpha and beta Fock matrices from the restricted open-
shell calculation rather than the unified coupling operator matrix. A mixed orbital basis was used:
the LANL2DZ basis with the effective core potential® for Fe atoms in the heme center and the 6-
31G** Pope basis set®! for all other atoms. To account for water solvent effect, the polarizable
continuum model (PCM) was applied to account for the dielectric behavior of the aqueous

environment.®?

The free Fe ion was the only system modeled using the restricted open Hartree Fock (ROHF)

method to force the full weight of the exchange term for the single atom. This was chosen due to
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the lack of Coulomb attenuation included in the B3LYP functional, which leads to a significant
error in the exchange term for a single atom (i.e. in the infinite limit of interatomic distance).!'*
Spin-splitting energies were calculated by taking the difference in energies of each possible spin
multiplicity based on 3d and 4s orbital occupation. The ferro/ferricyanide system was constructed

with a starting set of coordinates that were optimized by minimizing DFT energy for both oxidation

states in their ground state spin configuration.

The OmcS nanowire structure was modeled in sections ranging from one heme center to the
full monomer unit using beta-carbon terminated histidine and cysteine functional groups. This
method was developed in a previous work!!> based on the observation of minimal interaction with
surrounding protein'!! and confirmed with DFT results showing the impact of backbone
interactions on the band structure. Using the structures from this work (with initial coordinates
from PDB ID 6EF8'" and minimization of PM6 energy** to determine hydrogen locations),
multiple oxidation states were compared, with the ground state spin multiplicity confirmed across
spin multiplicities for fixed atomic coordinates. Spin alignments between heme sites were modeled
by setting an initial spin constraint for each fragment and comparing the total energy of the
converged SCF. For the fully reduced (Fe') state, the hemes were modeled in their deprotonated
state, while all other partial and fully oxidized (Fe'") states were modeled with fully protonated

hemes.
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Transmission calculations were conducted for smaller sections of the OmcS monomer unit to
look at transport at different length scales. Changing charge and spin state at each of these length
scales impacted orbital location and band energy caused by electron-electron repulsion. To model
non-singlet states (with unpaired spin states), the DFT functional used a spin-unrestricted approach
to generate the alpha and beta spin densities, which were constrained by the minimized spin
multiplicity. The results for the minimum energy spin multiplicity were reported, and the full
Hamiltonian was generated for transport calculations by separating the alpha and beta states for
each atomic site. While the Green's function calculation used the combined Hamiltonian (from
Equation 7) to determine the total transmission, spin-dependent transport was measured by
dividing the transmission matrix into quadrants.!'® For this study, probe self-energies were applied
based on previous work with other biomolecular systems (I},,z = 0.1eV,Iz = 0.01 eV).?’
Because spin-orbital coupling was not included in these calculations, the off-diagonal terms
(hopping parameters between alpha spin states and beta spin states) were set to zero leading to
only two reported transmission values (alpha transmission and beta transmission) without cross
terms.

The model setup used for the OmcS nanowire were applied to the STC cytochrome and
expanded on to look at the effects of the solvent and the backbone. In addition to the PCM
treatment of the solvent used in all previous calculations, counterions were added to the STC
system without solvent to simulate dry conditions. Backbone modeling was conducted used a two-
layer ONIOM calculation, applying the Amber PARMO96 force field and charges to the backbone
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residues while still modeling the heme, Zn atoms, and coordinating residues with full ab-initio
treatment.!!” Two cases were run using the two-layer setup: (i) treating all the backbone as point
charges between the heme molecules and Zn atoms and (ii) including inter-heme peptide chains
bonded to coordinating histidine and cysteine residues. Transmission spectra and conductances

were calculated for each case to determine effects of each model variable.

b. Model Verification Results

As an initial study, the spin-separated Hamiltonian was constructed for both the free Fe ion
and the smaller ferro/ferricyanide (Fe(CN)s) systems. In the case of the free Fe ion, it was
confirmed that high spin states were preferred (spin splitting energies ranging from 3.5-8.0eV for
both oxidation states), although some of the d-orbital degeneracies were found split because of
electron repulsion between occupied d-orbitals. Looking at the generated band structure, we can
see that the spin-separated HOMO energies line up very closely with the experimentally
determined ionization energies,!'® while the combined Fock HOMO energies do not follow this

trend (See Table 2 beloq). This confirms that the spin-separated model does follow Koopman’s

theorem.
' ‘ , Reported
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Fe

Quintet

Fe(I)

Sextet

Fe(1I)

Quintet

Fe(11I)

Sextet

4s: 1

3d: +19.78
1111
4s: 1
3d: +15.13
1111
4s:
0.00
3d: (reference)
1111
4s:
3d: -28.99
11111

-6.38

-15.17

-35.01

-57.67

-8.20

-21.79

-31.36

-106.40

-6.37

-7.06

-14.75

-28.03

-7.90

-16.19

-30.65

-54.80

Table 2 - Reported spin configurations and energies from the Hartree Fock calculations for the isolated Fe atom in
each oxidation state. The HOMO energies in columns 4 and 5 are calculated from the Hamiltonian in Equation 22
and the HOMO energy in column 6 is calculated from the Hamiltonian in Equation 23.
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Figure 5.2 - Energy level diagrams for ferrocyanide (left) and ferricyanide (right) showing the calculated band gaps
and high-spin/low-spin splitting energies. The bandgaps of 5.08 and 3.74 eV correspond to photon wavelengths of
243 and 330 nm respectively.

As a second test, the energy levels of the coordinated ferricyanide (oxidized state) and
ferrocyanide (reduced state) ion were modeled using the spin-separated Hamiltonian. The
ferro/ferricyanide system was chosen for comparison due to similarity with the heme system,
which also has octahedral coordination with similarly spaced organic ligands (2-2.3 Angstroms in
the heme case vs 1.96 Angstroms in the ferro/ferricyanide case). Upon coordination in the
ferro/ferricyanide case, any d-orbital degeneracy was broken, and the low-spin state was
energetically preferred, as predicted by ligand field theory and confirmed by DFT calculations.
The resulting band diagrams (and spin-splitting energies) are shown in Figure 5.2 and the band
gaps can be directly compared to absorption peaks that have been identified for each oxidation
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state, ferrocyanide vs ferricyanide, which are found at wavelengths ranges 205-235nm and 310-
340nm respectively.!! This result serves as experimental validation of the band gap calculated
from the constrained unrestricted approach and as further confirmation of spin separate treatment

for transport modeling.
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Figure 5.3 — Decoherent transmission comparison for various levels of modeling applied to the small tetraheme
cytochrome, with HOMO/LUMO wavefunction orbital plotted for the no backbone and mixed OM/MM backbone
cases (with cutoff iso values |y| <0.02)

To look at the effects of the backbone, the decoherent transmission was compared for several
modeled cases using the STC protein. The fully ab-initio model was compared to two QM/MM
models modeling the backbone as point charges and then applying QM to connecting backbone

residues. The resulting transmission curves are overlayed in Figure 5.3, along with HOMO/LUMO
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orbitals plotted for selected cases. As can be seen from the results, using only point charges for the
backbone significantly increased the decoherent transmission in the band gap, whereas the mixed
backbone almost completely matched the coordinated heme result. For this reason, in all further
studies the backbone was not modeled for either cytochrome, only the hemes with bonded residues

terminated at beta carbons.

c. Cytochrome Modeling Results

Ligand field theory has shown that while the uncoordinated heme prefers a high spin state,
axial histidine coordination on both sides of the heme shifts the point group from D4h to Oh and
the ground state prefers the lower spin state for both reduced and oxidized hemes. This was
confirmed for the single hemes coordinated with histidines on both sides -- the reduced Fe (II)
system shows energetic preference to the singlet state and oxidized Fe (III) system shows energetic
preference to the doublet state. High spin ground states only occur with uncoordinated or single-

120 and confirmed with our model. Orbitals were

sided coordinated hemes, as shown previously
found to be more delocalized in the charged Fe (III) oxidation state, with the band gap lowering
from 2.9eV to 2.0eV. A reorganization energy of 0.11 eV was calculated between the two charge
states, with a slight band structure shift occurring in the reduced Fe (II) charge state, as shown in
Figure 5.4. To check the alignment of spin states, two-heme pairs were modeled in parallel and

perpendicular configurations, and spin splitting energies were calculated. In the two-heme case the

low spin ground state was confirmed for each individual heme and spin alignment was
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energetically favorable between heme sites both in the parallel and perpendicular conformations.

This spin configuration was applied to all larger fragments as the ground state electronic structure.
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Figure 5.4 - Reorganization impact on the deprotonated heme structure, showing the shift in band structure during
reorganization on the left and the physical coordinate changes in the right, where the red structure is in the oxidized
state and the grey structure is in the reduced state. DF'T energy differences are calculated between geometries at the
same oxidation state.

Hopping energies were calculated for all four charge states of the three-heme subunit to
compare all pathways of charge transfer between heme sites within the OmcS cytochrome. The
three-heme sub-unit was chosen as a model system because of the presence of both parallel and
perpendicular conformations, allowing calculation of nearest neighbor hopping energies for all
configurations. In addition, the four oxidation states represent four charge transfer methods: (a)
fully reduced, HOMO-HOMO transitions, Q=-6; (b) hole transport, HOMO-LUMO transitions

with oxidized central heme, Q=+1; (¢) electron transport, HOMO-LUMO transitions with reduced
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central heme, Q=+2; and (d) fully oxidized, HOMO-HOMO transitions, Q=+3. This means that
case (b) was calculated as electron transfer from the outer hemes to the central heme and case (¢)
was calculated as electron transfer from the central heme to the outer hemes. These cases (a-d) are

depicted visually on the three hemes in Figure 5.5 below.

Eully Reduced Hole Transport Electron Transport Eully Oxidized
LUMO LUMO LUMO LUMO

Figure 5.5 - A visualization of the four scenarios used for hopping energy calculations applied to the three heme
sub-unit.

While we do not fully include effects of orbital reorganization between hemes during electron
transfer, this model includes the hopping energy shifts during the transition state, where an electron
would likely travel from the HOMO state of a reduced heme site to the LUMO state of the
unoccupied heme site. Furthermore, this includes the charging energy that causes the local orbitals
to shift when an electron is added or removed, depending on the direction of electron transport.
For this reason, we label “hole transport” as the transition of the +1 (oxidized) charge state to the
neutral (reduced) neighboring hemes, and this is measured by looking at the HOMO to LUMO
couplings of the neighboring hemes to the central heme respectively. In the case of “electron
transport” we look at the transition of the neutral (reduced) charge state to the charged (oxidized)

neighboring hemes, specifically looking at the HOMO to LUMO couplings of the central heme to
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the neighboring hemes respectively. These electron trajectories are shown in Figure 5.5, with spin
polarization separating this calculation into two parts, one set of coupling values for alpha spin

and one for beta spin.

The charge and spin populations were confirmed for each of these four states by using the full
natural bond orbital (NBO) method for analysis.'?! We have reported the NBO spin and NBO
charge of the Fe ions in each of the three hemes (labeled 1-3 matching up with the hemes left to
right shown in each case in Figure 5.5) as wells as the sum of the NBO charge on the carboxylate
groups in Table 3 below. Note that NBO population data was collected for each system modeled

to confirm the locations of spin and charge across the system.

Heme 1 Heme 2 Heme 3
Total | COO- Fe 2xCOO(H) Fe Fe 2xCOO(H) Fe Fe 2xCOO(H)
Charge /COOH Charge Fe Spin Charge Charge Spin Charge Charge Spin Charge
Q=-6 CoOr 0.241 0.000 -1.719 0.27 0.000 -1.732 0.243 1 0.000 -1.733
Q=t1 COOH 0.509 0.000 -0.052 0.822  0.889 -0.004 0.531 0.000 -0.057
Q=2 COOH 0.520 0.875 0.052 0.274  0.000 0.060 0.533 1 0.891 0.050
Q=+t3 COOH 0.520 0.875 0.052 0.558  0.889 0.075 0.533 1 0.891 0.051

Table 3 - NBO population data reported for the Fe and carboxylate groups on each heme in the three-heme subunit
for each of the oxidation states modeled.

We determined the hopping energies between perpendicular hemes were an order of magnitude
smaller than parallel hemes for OmcS in all cases, matching up with previous calculations'!"” as

depicted in Figure 5.6 and listed in Table 4. The hopping energies for the oxidized case have a
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significant spin dependency, resulting from the spin alignment between the hemes discussed
earlier. The ratios of the alpha and beta charge transfer energies were plotted in the right plot of
Figure 5.6, showing the spin dependency especially in the Q=+1 hole-transfer case favoring the

beta (valence) spin state.

Hopping Energy Ratios Across Oxidation States
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Figure 5.6 - Modeling results from the three-heme subunit showing the relative onsite and hopping energies for the
reduced case on the left and the spin dependence of hopping energies on the right.

Hopping Energy =-6 =+1 =+2 =+3
Calculation (HOMO-HOMO) (HOMO-LUMO) (LUMO-HOMO) (HOMO-HOMO)
a-Parallel 5.1 meV 2.6 meV 4.2 meV 10.7 meV
[-Parallel 5.1 meV 8.0 meV 5.6 meV 11.9 meV
a-Perpendicular 0.4 meV 0.1 meV 0.8 meV 0.5 meV
B-Perpendicular 0.4 meV 0.4 meV 1.1 meV 0.7 meV

Table 4 - Calculated hopping energies for each of the oxidation states and both conformations in the three-heme
subunit
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Hopping and decoherent were applied to the full OmcS monomer unit to generate a system
Hamiltonian. For this six-heme system, four cases were modeled: reduced Fe'' vs oxidized Fe'
and deprotonated COO™ vs protonated COOH on the propionate groups. An analysis of incoherent
hoping was conducted on the fully reduced (Fe'' and COO") and the fully oxidized (Fe and
COOR) states, with HOMO-HOMO hopping energies plotted in Figure 5.7a. These results show
a drastic increase in hopping energy for the oxidized case as well as some spin dependency. This
is especially notable for the hopping energy between hemes 3 and 4, which have a perpendicular
conformation, showing the importance of modeling electron delocalization across hemes in the
nanowire. A fuller picture of electron transport was constructed by using Green’s functions to
model all orbital interactions. This was used to calculate local density of states for the fully
oxidized case as a function of energy for each heme, looking at both the total electron density and
spin density ratio as shown in Figure 5.7c. These plots show current pathways at Fermi energies
near the HOMO and LUMO bands with high spin polarization in the LUMO band. This was
confirmed by plotting the spin-dependent transmission in Figure 5.7d, which shows up to 100x
difference in decoherent transmission between alpha and beta spins at higher Fermi energies. The
decoherent transmission was compared for the deprotonated COO™ cases as a function of Fermi
Energy and plotted in Figure 5.7b to compare with experimental results at neutral pH. The
calculated transmission at energies between -5 and -4.5eV are significantly higher for the reduced
case despite low HOMO-HOMO hopping energies, most likely related to the shift in HOMO

energy between the oxidation states. In addition, the transmission at the HOMO energy for the
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reduced case is about 4x higher than for the oxidized case. Both observations from the decoherent
model qualitatively match up with recent experimental results.’ A separate calculation confirms
that the shift in transmission curve is caused primarily by the change in oxidation state of the Fe
center, with only a small contribution from reduction of the carboxylate groups on the heme, see
Figure 5.8 - A comparison of decoherent transmission of the monomer unit of the OmcS

cytochrome looking at four Figure 5.8 for a direct comparison of the results for these four cases.

(a) Monomer Unit Heme-Heme HOMO Hopping Energies (b) Deprotonated Monomer Transmission
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Figure 5.7 — Electron transport across OmcS monomer with (a) comparison of HOMO-HOMO hopping energies for
the fully oxidized and fully reduced cases, (b) comparison of quantum transmission of the nanowire in the
deprotonated (COO") oxidized and reduced cases, (c) the total density of states across the fully oxidized monomer,
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segmented by hemes labeled in the diagram, as well as the relative spin density, given by (pe, — pg)/Ptot, and (d) the
spin-dependency of transmission for the fully oxidized monomer.

Decoherent Transmission Comparison
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Figure 5.8 - A comparison of decoherent transmission of the monomer unit of the OmcS cytochrome looking at four
different oxidation states.

All oxidation and spin states modeled for each section of the OmcS cytochrome modeled are listed

in the table below, with total DFT ground state energies reported for each oxidation state:

Restricted Restricted Open Unrestricted Open
System/ Total Closed Shell Shell Shell
Oxidation System | Spin | Energy Spin Energy Spin Energy Total Ground State
State Charge | Mult (eV) Mult (eV) Mult (eV) Energy (Hartree)
Single heme 1 0.00 1 0.00 1 0.00 -2588.96713945
Fe!! 2 3 +1.43eV 3 +1.15
(CO0O-) 5 +3.00eV 5 +1.09
Single heme -- -- 2 0.00 2 -0.04 -2589.77368923
Fe 1 4 +5.63 4 +1.81
(COOH) 6 +3.89 6 +3.81
Two Hemes 1 0.00 1 0.00 1 0.00 -5183.05252681
Parallel 0 3 +0.87
(Fe'!, Fe') 5 +28.16
(COOH)
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Two Hemes
Parallel
(Fe, Felll)
(COOH)

+2

+1.79

+1.79

+1.79

0.00

-0.10

+26.28

-5183.11853602

Two Hemes
Perpendicular
(FCH, FeH)
(COOH)

0.00

0.00

0.00

+2.44

+30.73

-5182.00246566

Two Hemes
Perpendicular
(Fe'll, Felll)
(COOH)

+2

+2.00

+2.00

+2.00

0.00

-0.20

+23.34

-5182.06869594

Three Hemes
(Fe X 3)
(COO0-)

0.00

-7771.14137518

Three Hemes
(F eH F eIH
F ell)
(COOH)

+1

0.00

-0.05

-7773.87884690

Three Hemes
(F eIH F eH
Fe')
(COOH)

+2

+1.78

0.00

-0.09

-7773.74846307

Three Hemes
(Fe'' x 3)
(COOH)

+3

0.00

-0.14

-7773.60702336

Six hemes
(Fe X 6)
(CO0-)

-12

0.00

-15546.4030759

Six hemes
(Fe X 6)
(COOH)

+6

+5.68

+5.68

+5.68

0.00

-0.23

13

+0.84

-15551.3538296

Six hemes
(Fe X 6)
(CO0-)

0.00

-0.28

-15545.6319136

Table S1 —
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Applying the same model to the STC cytochrome, we find the same spin dependence result for
the oxidized case. Using equation 33 we can use the transmission to calculate zero bias
conductance at room temperature, which allows use to compare the results to experimentally
measured conductance values'?? as shown in Figure 5.9 — Figure 5.9A. For contact Fermi energies
in the HOMO and LUMO bands, the conductance measurements match up with experimental
values in both the oxidized and reduced case. The effect of solvation on the orbitals on the reduced
case is shown in in Figure 5.9B, with counterions added for the vacuum case to represent charge
neutrality outside of a solvent and to ensure convergence of the DFT calculations. The LUMO
orbitals from the counter ions exist right above the HOMO level of the structure, and significantly
increase the decoherent transport as shown in Figure 5.9C, though these localized orbitals don’t
hybridize to create a single current pathway and the transmission remains relatively flat across the

HOMO LUMO gap.
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Reduced STC Conductance at 300K
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Figure 5.9 — Decoherent transport results for the STC cytochrome: (A) the difference in zero-bias conductance for
the reduced and oxidized case as a function of Fermi energy, (B) the effect of solvation on orbital energies in the
structure, with isosurface plots shown for each of the counterion LUMO orbitals (|y|=0.02), and (C) a comparison of
decoherent transmission for the solvent and vacuum cases as a function of electron energy.

d. Discussion

To understand electron transport in multi-heme cytochromes, ab-initio methods to generate
molecular orbitals of the full multi-heme structure. This allows us to consider all mechanisms of
charge transfer across the protein, rather than applying constraints to specific donor and acceptor
sites. Hopping energy calculations did not include any kind of nuclear coordinate shift, although
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reorganization was found to not significantly affect the orbital energies for the single heme case.
Although the hopping energy between heme sites in the cytochrome is smaller than those of other
biological systems, like DNA, we have shown that orbital delocalization plays a key role in
transport, with band formation in the oxidized state creating a significant increase in tunneling
rates near the HOMO energy. The open-shell methods used to generate a spin-separated
Hamiltonian can be applied to any system to develop an electron transport model, especially when
considering interactions between many orbitals. While unrestricted models are computationally
efficient and tend to be more accurate for determining ground state energies due to fewer
constraints on the system, the resulting molecular orbitals can break spin symmetry. We propose
using the restricted open model to generate the Hamiltonian and include multiple concurrent
pathways across multiple oxidation states as well as spin-dependent electron transport. We also
found that the implementation of the restricted open-shell solver greatly reduced spin
contamination for all cases and shifted the size and magnitude of the transmission peaks. Green’s
function methods allow us to include all interactions of orbitals for modeling electron transport
and consider a mix of different charge states. We were able to use the NEGF formulation to model
transport across different oxidation states and confirm the experimental results, which show that
the oxidation of the OmcS reduces conductivity. While hopping energies between neighboring
sites were calculated to be higher in the fully oxidized case, the overall transmission is higher for
the reduced case at lower Fermi energies, which can be attributed to the overall shift in orbital

energies.
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Our decoherent transport model does not explicitly include re-organization or any nuclear
coordinate shift, an assumption supported by the single heme reorganization calculations. Instead,
energy fluctuations caused by interactions with the environment were accounted for by the
decoherence probes applied using a model that has been developed in previous works.?”?® Even to
include non-adiabatic effects like reorganization energy there are several intermediate steps that
must be accounted for besides the total shift in energy of the system. Marcus theory does not
consider the full pathway of charge transfer between the donor and acceptor, which includes a shift
in energy between donor and acceptor orbitals as well as charging effects that occur during the
transition. Looking at the case of the single coordinated heme site there is a local charging and
discharging energy from the polarization of orbitals during charge transfer, which can be
calculated by looking at the shift in energies of the LUMO orbital as it becomes occupied.!'?* We
have determined these energies to be significant (0.6-0.7eV for each heme site) when compared to
the total free energy of oxidation (3.7-4.2 eV for each heme site, see Table 5 below). To include
such effects in the model, we propose using a self-consistent NEGF formulation and looking at
wavefunction dynamics during electron transfer. This would need to be accomplished on a smaller
scale model, as the computation costs of such a calculation require numerous DFT calculations to

converge the electron density at each time step.

Table 5 - DFT energies for each oxidation state and minimized geometry as well as the calculated reorganization
energies.

DFT Energy (Hartree) Averaged AGox

State Fe! Fe'l Reorg | (eV)
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COO-

Fe(Il) | Fe(Ill) | Energy
Reorg | Reorg (V)
Geom Fe! Fel! Fe'll Fel! (eV) (eV)
g‘égﬁ“mmed’ -2589.8928 | -2589.8948 | -2589.7385 | -2589.7382 | 0.055 | 0.008 | 0.032 |4.253
(b) Constrained, ) 1 405
OO, -2588.9436 | -2588.9464 | -2588.7975 | -2588.7965 | 0.075 | 0.026 | 0.05 05
(ch)ggconsuamed’ -2589.9101 | -2589.9126 | -2589.7737 | -2589.7705 | 0.068 | 0.086 | 0.077 |3.781
(d) Unconstrained, | ,5e¢ 9599 | 2588.9671 | -2588.8317 | -2588.8311 | 0.197 | 0.017 | 0.107 | 3.685

The consideration of spin was crucial for modeling oxidation states because removal of an

electron from a pair inherently generates spin. This is especially true for an organometallic system

like heme where the Fe center can exist in several stable oxidation states. By applying a collinear

spin model, we have shown the impact spin can have on electron transport in the system even with

higher order effects ignored. While these effects would not significantly contribute to the

Hamiltonian due to the low electron transmission rates and low atomic weight of all atoms, this

model does not account for effects like spin-orbit coupling as well as other spin-dependent effects

like chiral-induced spin selectivity, partial orbital occupation from self-consistent calculations, and

spin transitions caused by decoherence. Our results demonstrate significant spin-dependent

transport, especially in the valence band, and we suspect that considering these higher-order effects

will accentuate these spin-dependent effects.
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We suggest further experiments to measure the spin-dependence of electron transport, especially
to develop spintronics based on these protein nanowires. Our models consider ambient conditions,
both with the choice to model with an implicit solvent model as well as the temperature of 300K
used to determine the orbital occupation (any degeneracies caused by thermal energy). Therefore,
we would recommend an experimental setup in these conditions using ferromagnetic contacts that
would allow one to polarize the electron spin entering the cytochrome to measure
magnetoresistance. Such a setup would be similar to that of Xiong et al that was used to look at
spin filtering in organic materials.'?* Measuring the magnetoresistance and hysteresis effects in

this system is paramount to incorporation in future nanodevices.
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6. Geometric and Non-Collinear Spin Effects in Cytochrome
Electron Transport

Electron transport in multi-heme cytochromes has been modeled extensively using or
combining quantum-based transport models and semi-classical electron transfer models. While
some studies have shown that pi-pi stacking in the protein backbone can contribute to electron
transport,? there is growing consensus that transport occurs primarily between heme sites, 19115122
though the predicted mode of transport varies by system and level of theory.’?!:125:126 Recent
experimental results indicate that spin transport can be measured in cytochrome systems, 2’128
though supporting theory and models describing spin transport remain limited.!?%!** In Chapter 5,
a spin dependent model for transport was introduced, governed by the central Fe atom in each
heme porphyrin, shown in Figure 6.1, which can exist in multiple oxidation states.'*’ Building
upon this model, this work will look at other sources of spin-dependence, both within the heme

cofactor, looking at higher spin states, as well as intrinsic to the multi-heme system, using non-

collinear modeling to look at spin mixing across the OmcS cytochrome.

While consideration of spin in cytochrome electron transport models has been limited, the

coordinated Fe in each heme creates inherent spin dependence. This is because the oxidized Fe'
state must contain an unpaired electron, regardless of coordination, which creates spin dependence

in the local electron density. This spin dependence can impact hopping, changing the energy barrier
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of electron transfer between a donor heme site, in the Fe!® state, and an acceptor heme, in the Fe'!!

state. For quantum-based models, the unpaired spin shifts all corresponding occupied and valence
orbitals, which can generate spin dependence in the quantum transmission across certain energy
ranges. Current spin models applied to cytochrome systems are limited to unperturbed electronic
states and collinear models, which fall short of describing the most recent experimental results'?®
and limit potential applications of the cytochrome system. Expanding these models to include

transitions between multiple electronic states and non-collinear spin effects can elucidate new

connections between spin state and electron transport.
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Figure 6.1 - The structure of the coordinated heme showing (A) where the heme residue is located in the OmcS
cytochrome (PDB ID 6EFS), (B) the labeled structure of the isolated heme-B molecule and (C) the structure of the
coordinated heme-B molecule with beta carbon terminated histidine and cysteine residues

a. Spin dependent Hopping

Electron transfer in cytochromes has been modeled for decades using Marcus Theory to
describe kinetic effects, ignoring spin effects in most cases.'>!'"!* This model uses an electron

hopping rate formula given by
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21
kgr = _lHAB|2

1
h JandkyT P

where H,p is the hopping energy between the donor and acceptor sites, A is the reorganization

(39

(A+ 4G°)?
4 kT

energy, and AG® is the free energy difference between sites.!> Spin dependence can be added
directly by considering the hopping energy for the electron transitions modeled in Figure 6.2, as

implemented in Chapter 5.'%

In Chapter 5, we applied Marcus theory to the cytochrome system, two limiting cases emerge
in the fully reduced and fully oxidized cases. In the fully reduced case, charge transfer is governed

by hole transfer (that is, the acceptor Fe'!!

site is the minority charge carrier) and the oxidized case
is governed by electron transfer (the donor Fe'l site is the minority charge carrier). Spin dependence
emerges for these two cases as shown in Figure 6.2, with the alpha spin (majority spin carrier)
depicted in red and the beta spin (minority spin carrier) shown in blue. In this mechanism, transfer
of the beta spin (shown in blue in the figure) can occur between low spin states with zero net spin
difference (doublet to doublet transition), whereas charge transfer of the alpha spin increases the
total spin (singlet to triplet transition). This suggests that alpha spin hopping in this model is not
possible without a spin-forbidden transition. While this can be conclusive by itself, suggesting that
beta spin electron hopping is favorable, the specific mechanism of alpha spin transport requires
investigation of these higher spin states. Relaxing atomic constraints we can determine any spin

transition governed by atom reorganization, which can indicate the potential for spin transport

across these higher spin states.
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(A) Hole Transport Electron Transport

Figure 6.2 - The models used to simulate hole transport and electron transport for the three heme structures. The
HOMO-LUMO transition is spin dependent: red represents alpha spin and blue represents beta spin, with the light-
color electrons showing the final location after charge transfer. Previous work has relied on the hopping model shown
in (A), where a spin-forbidden transition is required for electron transfer. In this work we explore model (B), where
alpha spin hopping occurs only after a spin transition.
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Applying energy minimization to these states, the atomic coordinates shift significantly from
the original coordinated geometry both for the oxidized and reduced heme at higher spin states.
For both cases, the low spin state was the closest to the cryoEM structure'®” with the histidines
and heme molecule forming a highly symmetric octahedral coordinated Fe center. This matches
the predictions of crystal field theory, where a low spin state indicates a strong ligand interaction
in an octahedral field. Imposing a higher spin boundary condition forced the symmetry to be
broken by the coordinating histidine ligands. In the reduced case, one coordinating histidine leaves
the coordinating position, causing a shift to a local C4v symmetry that favors the quintet (high
spin) state. By contrast, in the oxidized case, both histidines move symmetrically away from the
Fe, creating a coordinating field with D4h symmetry. These results match up with predictions from
crystal field theory, with the d-orbitals splitting into separate groups as depicted in Figure 6.3 along

with the optimized geometries from the DFT energy minimizations.
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Figure 6.3 - The d-orbital splittings as predicted by crystal field theory as well as the relevant DFT optimized
geometries, showing the transition to higher spin states when the octahedral symmetry is broken for (A) the reduced
Fe state and (B) the oxidized Fe' state. The bolded state represents the lowest energy spin configuration, splitting
energies are given using this state as a reference.

Though the low spin state has the lowest electronic energy for each case, the higher spin states
were found to be stable with only a small energy splitting (less than 1eV in all cases). While the
geometry shift at higher spin states was more dramatic in the reduced case, with the coordinating
histidine ligand shifting up to 4 A away from the Fe center and rotating out of plane, the oxidized
heme only experienced a small axial shift of the coordinating histidines (0.3 A each) at higher spin
states. The reorganization energies and redox potentials for these higher spin states are shown in
Table 6, showing that these higher spin states have an increased energy barrier for charge hopping.
The increase in reorganization energy by itself corresponds to a 10° fold decrease in the electron

hopping rate. Of these higher spin states, the charge transfer between the triplet and quartet states
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is the most favorable, with a comparable redox potential to the low spin state and slightly lower
reorganization energy than the higher quintet to sextet transition. An analysis of the vibrational
modes points towards the singlet to triplet transition having a much smaller crossover temperature
(52 K) compared to all other transitions (calculated crossover temperatures exceeding 500 K). The
spin transition temperature is calculated from the free energy of each spin state based on equation
46. While a calculation of the exact temperature of this transition will require benchmarking, the

comparison shows that this spin transition would be most favorable for this proposed mechanism.

Table 6 - Reorganization energies and redox potentials for each of the possible spin state of electron transfer

Spin State Reorganization Redox
Transition Energy (eV) | Potential (V)
Singlet/Doublet
0.093 -0.208
(Low Spin)
Triplet/Quartet 0.357 -0.373
Quintet/Sextet
0.353 -1.069
(High Spin)

b. Limitations of collinear models

Many of the experimental setups used for verifying spin-filtering effects in cytochromes
require addition of a magnetic field to create spin polarization of the current.!?”12%131 A common
experimental setup for measuring spin-dependent transport is applying a magnetic field to a system

containing ferromagnetic contacts, measuring the differences in current across varied magnetic
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field directions. In the weak field limit, the corrective term to the Hamiltonian describing the

Zeeman effect is given by the formula

—

3
Hzeeman =—u-

ooy

=2 (gL +9,5)-B (40)

where B is the magnetic field operator, g: are the gyromagnetic ratios for orbital/ spin angular
N

momentum (respectively), g is the Bohr magneton, L is the orbital angular momentum operator,

and § is the spin angular momentum operator. The alignment of the angular momentum with the
local magnetic field (given as a dot product) determines the strength of this interaction, which is
not specified in a collinear system. Plugging values into equation 40, the induced Zeeman splitting
of a d-orbital electron aligned with a 1 Tesla external field is 0.17 meV. The collinear model of
electron spin is a non-relativistic approach that models spin interactions as purely
exchange/correlational effects and excludes spin mixing terms. In this formulation, spin vectors
are defined in a two-component basis and labeled as “alpha” and “beta” spins that have arbitrary
directionality. Collinear spin transport is governed only by unpaired ‘“alpha” spins, and spin
direction is governed only by interaction with an external magnetic field. The result of this is that
any spin dependence measured by changing the magnetic field cannot be explained by a purely
collinear model: applying a magnetic field to the system will simply cause all alpha spin electrons
to reorient. Differences in magnetic field strength can be accounted for through the Zeeman
splitting term, but any change in direction of magnetic field with the cytochrome will cause

realignment of the electron spins without any added energy penalty. Instead, spin dependence
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caused by collinear models can be measured in experiments without an applied magnetic field,
such as in the spin quantum Hall effect, or by controlling a spin-polarized current (for example,
with a ferromagnetic contact) using a magnetic field independent of or isolated from the magnetic

field applied to the cytochrome.

Further issues arise when using ab-initio methods like density functional theory (DFT) to
model a characteristic spin Hamiltonian for the system. DFT is used to calculate the ground state
of the system of interest, minimizing the energy of the system by populating orbitals from lowest
to highest energy. In unrestricted DFT, alpha and beta electrons are treated with separated Kohn-
Sham determinants, allowing their spatial distributions to differ. While this is a simple and
straightforward description of open-shell systems, where the z-component of spin (S;) remains
well-defined, it can lead to cases where the electronic state is no longer a pure eigenstate of the
total spin operator S2. This is referred to as spin contamination and is typically measured by
comparing the expectation value (S?) with the ideal value S,(S;+1) for the target spin state. This
was explored in detail in a Chapter 5, applying constraints to the spin contamination to minimize
mixing of spin states in a restricted open-shell model.'” Using this model, it was possible to
consider spin states of a multi-heme cytochrome system to determine the ground state spin. While
this approach is mathematically sound for a static system, its application to dynamic biological
systems is a bit more complex. In such systems, coherence length scales can be much smaller than

the system size, and a static ground state description may not accurately reflect the average
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behavior of electron orbitals. Moreover, the restricted open-shell approach, while preventing spin
contamination, can't properly describe certain important electronic configurations. These include
broken-symmetry states, where different regions of a molecule have localized but
antiferromagnetically coupled spins. While these broken-symmetry states aren't technically ground
states (since they're not eigenstates of the total spin operator), they may potentially provide a better
description of the real electronic structure in a system where coherent, delocalized states are not
possible.!*? By definition these states are not ground states, because the spin operator does not
commute with the Hamiltonian across the whole system, but they represent possible spin

configurations that are impossible to achieve with restraints applied to the spin contamination.

c. Exploring non-collinear effects

To allow for spin mixing in the ab-initio calculations, constraints must be removed from the
Fock operator. This is possible using the generalized open shell method, where the spin state of
each orbital is fully unconstrained and can have arbitrary direction. That is, the N X N alpha and
N X N beta matrix from an unrestricted open-shell calculation can be combined to a fully
populated 2N X 2N matrix containing onsite spin and spin mixing terms. Without adding
relativistic effects, this treatment can be used to calculate spin frustration in a system (such as Cr
and Fe clusters).!” Instead of considering the fully relativistic Dirac equation with a four-
component spinor, which is computationally intensive for molecular systems, expansions in the

two-component spin basis can be used to model higher order spin effects.!3*
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In a lightweight system such as a cytochrome, in the absence of an external magnetic or electric
field, spin-orbit effects dominate the relativistic corrections. Still, the spin-orbit contribution from
the Fe centers remains small, on the order of 107 eV for p-orbitals."*> For comparison, the
maximum dipole-dipole magnetic interaction between two electrons in separate hemes of a
cytochrome is two orders of magnitude smaller, assuming a minimum Fe-Fe distance of 8
angstroms based on the crystal structure.'” Even still, with the high density of states at the HOMO
and LUMO bands, it is possible for orbital occupation to change significantly from slight orbital
energy differences due to Coulomb and exchange interactions. Using the Breit Hamiltonian, which
can be used as a correction to the non-relativistic Kohn-Sham equations, the Hamiltonian for spin-

orbit can be separated into a single electron term, given by

2 elec atom 7
a j - —> p=4
HS(Ol) = _z z > . 3 (rin X pl) -5 (4’1)
2 - Irinl
L n
and a two-electron term given by
az elec elec 1
HY = —Z Z ——(7; 1) - (5; +25)) (42)
2 TS 17l

where «a is the fine structure constant, 7, is the direction vector for electron i relative to atom

center n, 7; is the direction vector for electron i relative to electron j, p; is momentum of electron

i, and §i is the spin vector of electron i. From a computational perspective the two-center terms in

equation 42 can be quite expensive, requiring two-electron integrals for each calculation. Instead,
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this term can be approximated as a correction to the one-center term using integrals dependent on
the angular momentum of each shell using the screen-nuclear-spin-orbit approximation. This
method was applied to the Douglas-Kroll-Hess (DKH) expansion, which is a two-component
expansion of the Dirac Hamiltonian rather than simply as a correction to the non-relativistic
Hamiltonian, and has been shown to accurately predict spin-orbit splitting for f-block elements
within 6% of full relativistic treatment.!>*

To look at non-collinear spin interactions between neighboring hemes, the previously modeled
three heme subunit of the OmcS cytochrome was used,'?® which contains hemes in parallel and
perpendicular conformations. Using this case as a reference, we analyzed the spin density across
each heme center to look for non-collinear effects that may appear in longer multi-heme structures.
This was done using the density matrix and finding the expectation values of each Pauli matrix to

calculate the spin vector of each atomic orbital, given by

5 h
(Si) = (¢S (Sy )i (S2)i) = E(tT[PiUx], trp;oyl, trip;oy]) (43)
where p; is the 2x2 density matrix for an orbital given by

_ [IMAT I

Zl T (44)

The orbital spin vectors were summed up across each atomic basis function to generate local
spin vectors for each atom. In addition to spin density, spin dependent transport was calculated

using the formulation in equation 36. Recall that the addition of non-collinear effects and spin

118



mixing, the of-diagonal terms of F’Spl-n are non-zero, leading to non-zero Ty, and T); transmissions

that represent spin procession during transport across the cytochrome.
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Figure 6.4 - Coherent transmission curves for the three-heme structure, calculated by adding constant self-energy
contacts to coordinating histidine groups on the first and third heme, and corresponding atomic spin vectors, which
only show up with significant magnitude on the Fe centers in the z-direction.

The spin vectors and transmission curves for the full calculation are shown in Figure 6.4,
showing no noticeable change in the spin vector alignment (which are all aligned in the default z-
direction) and only a very small change in the transmission curve. This shows that the addition of
spin-orbit terms has a negligible effect on the alignment due to the light atoms present (Fe is the
heaviest atom) and the lack of strong interactions between Fe sites, even in the parallel

conformation case.
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d. Modeling Methods

Ab-initio DFT calculations used the development version of the Gaussian DFT software
package.”™® For all calculations on the single coordinated heme system, the B3LYP hybrid
functional*” was used with the mixed gaussian orbital basis set. This combined the LANL2DZ®°
basis set for Fe centers with the 6-31G** Pople basis'’ set for all other atoms (C, N, O, H, and S).
All simulations were run using the polarizable continuum model as an implicit solvent, which
models water as a continuous dielectric surface.®® Total DFT electronic energies were used to
calculate reorganization energy, redox potential, and spin state energy splittings. Open-shell DFT
modeling was used for all states, with the unrestricted model used for collinear spin modeling and

the generalized open-shell method used for non-collinear spin modeling.

The coordinated heme structure, shown in Figure 6.1C, was used for all optimization
calculations by terminating the coordinating histidine and bonded cysteine groups at the beta
carbon, as set up in previous works.!!>1?° All heme centers were modeled with the propionate
group in the deprotonated COO- state (-2 charge per heme), with the coordinate Fe group modeled
in the reduced Fe' (net zero charge) or oxidized Fe'' (net +1 charge) oxidation state. DFT
optimization calculations did not apply any restraints to the coordinated heme structure and were
found to be stable without the backbone structure. This coordinated heme structure was the same

repeating unit used for the larger three-heme system in subsequent calculations.
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For application of the non-collinear model to the three-heme system, the basis set was changed
to the 6-31G** all electron basis for all sites. This was benchmarked against the mixed basis to
ensure that the result did not change significantly and then used for generalized open shell
calculations with and without the fourth order DKH expansion to model any spin-orbit effects. For
each of these calculations, the ferromagnetic high spin state (quartet) was used as the collinear spin
state constraint for the unrestricted case. This unrestricted case was used as an initial wavefunction
guess for the generalized open-shell case, which was used as the initial wavefunction guess for the

case with DKH spin-orbit terms.

Redox potentials were calculated using the ferro/ferricyanide system as a reference, which was
chosen due to its chemical similarity to the coordinated heme system. Using the DFT setup
mentioned previously, the change in DFT energy (3.13 eV) was added to the literature value of
redox potential (0.37 eV)'® to calculate the reference standard hydrogen electrode (SHE) energy
(3.50 eV). Using this benchmark allowed us to cancel out any accumulated errors in the DFT
energy that deviated from the literature SHE value (4.44 eV), adding the reference value to the

DFT redox energy difference to calculate a redox potential.

To study the effects of geometry on the spin state in the nanowire, a single coordinated heme
site was subjected to relaxation, varying the spin occupation. For this procedure the spin state was

set as a boundary condition and the DFT energy was minimized by optimizing the geometry. For
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the oxidized heme, a single heme in the doublet (spin = +1/2), quartet (spin = +3/2), and sextet
(spin=+5/2) states were optimized and for the reduced case the single (spin = 0), triplet (spin =
+1), and quintet (spin=+2) states were optimized. After optimization each structure was confirmed
to be in the ground spin state by varying the spin state to confirm the lowest DFT energy occurred
at the optimized state. The relative energies of each calculation are given in Table 7 below. Due to
convergence issues only the unrestricted open-shell energy is reported, as secondary restricted
open-shell calculations were not possible in all cases. Instead, spin contamination was monitored
for each of the cases to ensure that all cases had a deviation of less than 0.001 from the expected

S? value.

Table 7 - A comparison of the DFT energies for the oxidized and reduced case, all given relative to the lowest spin
state and optimized geometry (bolded). The highlighted energies in the diagonal are the energies of the electron state
used to optimize the geometry structure given by the first row. Energies in black are the Q=-2 charge state and
energies in red are the Q=-1 state, each column has a different spin multiplicity.

Relative Energy (eV) for each Charge/Spin State

L Singlet Triplet Quintet Doublet Quartet Sextet
Optimization Q=2 | Q=2 | @==2, | @=L | @=1 | =1,
Geometry M=1) M=3) M=5) M=2) M=4) M=6)
Reduced Singlet 0.35 1.22 1.32 0.10
Reduced Triplet 1.06 0.41 0.68 0.55
Reduced Quinet 0.79 0.29 0.00 0.46
Oxidized Doublet 0.44 0.00 1.89 2.64
Oxidized Quartet 0.77 0.69 0.23 0.67
Oxidized Sextet 0.76 0.80 0.34 0.51

122




After optimization, a vibration calculation was conducted to ensure structure stability and
generate thermochemistry data. The geometries were also compared between each structure,
looking at the point group and symmetry of the coordinated Fe (such as the N-Fe bond lengths) to
explain the results. Using these structures, the reorganization energies were calculated using the

formula

1
A= E ([Efed - Efed] + [E(l))x - Eéqx]) (4’5)

where D and A refer to the donor and acceptor minimized geometries respectively and subscripts
red and ox refer to the reduced and oxidized electronic states respectively. The entropy data from
the vibrational calculations were used to calculate the spin transition temperatures for each pair of
states. The spin transition temperature, T, ;, is defined as the temperature where the two states are
in equilibrium, as given by

G1 = Hy + TspinS1 = Hy + TgpinS, = G, (46)
where, for spin state i, G; is the free energy, H; is the enthalpy, and S; is the entropy are

thermochemistry properties calculated in the Gaussian package.'®

e. Discussion

We presented some new insights into cytochrome spin transport, first looking in detail at

reorganization in a single heme. The energy barriers that correspond to a spin transition at higher
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energy are large and could explain large spin filter effects exhibited in experimental results. Further
benchmarking could be helpful, especially comparing experimental absorption spectra to ab-initio
results. The vibrational modes associated with symmetry breaking in the heme system correspond
to frequencies in the range of 160-400 cm!, with prominent peaks shown in Figure 6.5 along with
the vibrational mode for each spin state. Comparing these vibrational peaks, which are dependent
on the distortions of coordinating histidines in the different spin states, may help identify the spin

state of the material and understand the reorganization effects in the system.
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Figure 6.5 - Generated IR absorption spectra for the oxidized cases showing the axial histidine vibrational peaks for
each of the three modeled spin states. Inset structures show structure stretching across the vibration mode
corresponding to the peak.

Regardless of the ab-initio calculation setup, the connection with magnetic field dependence
is still unclear from all modeling results. The addition of spin-orbit effects did not shift any of the
transmission peaks or atomic spin vectors noticeably, even including the full fourth-order DKH
model. As an alternative explanation, we can look at the interaction between the Au surface and
the nanowire during magnetic field-dependent measurements. As a much heavier atom the intrinsic

spin-orbit interaction is much stronger and can lead to significant spin polarization of surface
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states.!*” We suspect that the interaction of this orbital with the heme sites on the OmcS nanowire
aligns the unpaired spins with the plane of the Au surface, creating a spin dependence that is
resilient to the effects of a weak magnetic field. This realignment would result in measured current
that is less dependent on the magnetic field, rather than the fully paired d-orbitals of the Au atoms
that would not be impacted by the changing magnetic field. Exploring this contact interface will
help understand the experimental results, especially to distinguish between effects intrinsic to the

cytochromes or induced by the bonded metal atoms.

7. Contact-Induced Spin Selectivity in Cytochromes

The quantum mechanical property of spin, long studied in solid-state physics, has emerged as
a crucial factor in biological systems, revealing unexpected connections between quantum
phenomena and life processes. Studies have demonstrated that cellular development responds to

the earth's magnetic field,’' while critical biological processes like cryptochrome reactions exhibit
clear spin-dependent behavior.™' This quantum-biological interface extends to the molecular level,
where chiral structures can act as spin filters'#? — a phenomenon particularly well-documented in
double-stranded DNA.."#3'44 This property, called chiral induced spin selectivity (CISS), has been

described as an intrinsic property of the materials, where the momentum of a helical electron path

couples with spin.’® This phenomenon has been attributed to spin-orbit coupling, creating spin-

mixing terms that induce spin current, but the magnitude of the effect suggests that interactions
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with contacts have high contributions to the spin filtering effect.*® In addition, recent experimental
results show that cytochromes without significant chirality exhibit significant
magnetoresistance,’® showing that non-collinear spin interactions with electrical contacts may
significantly contribute to spin filtering effects, an effect that has been demonstrated theoretically
in small organic systems.’® These models use a non-equilibrium Green’s function (NEGF)
approach to model electrical contacts in a nanodevice, using the spin dependent quantum

transmission to calculate spin currents through a molecule.

(A) (B)

>§T

@
&

Figure 7.1 — (A) The location of the propionate groups (carboxylate oxygens shown in red) in the OmcS (PDB ID
6EF8)" and OmcZ (PDB ID 7LQ5)'* cytochromes. (B) The coordinated heme system model with two contacts (one
on each propionate group).

Building on our previous work in Chapter 5, where a collinear spin transport model was applied
to cytochromes, we have extended our model to include non-collinear effects caused by contact
interactions. In the outer membrane cytochromes, electron transport occurs through coordinated

heme groups. Based on the geometries of the hemes in such systems, as depicted in Figure 7.1A,
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it is likely that the propionate groups on the heme-B molecule would most likely interact with
electrodes. Therefore, our model will be applied to contacts interacting with the propionate moiety
on the heme. The simplified extended system will use a single heme with Au contacts, as shown
in Figure 7.1B, to bridge theory with emerging experimental results conducted on Au
substrates.!?-128

For this investigation, we have developed a software package using self-consistent NEGF
density function theory (NEGF-DFT) with the Gaussian software package to model spin transport
in biological systems. This work uses many algorithms from the previously developed
ANT.Gaussian software package and one algorithm from reference [13] built with Gaussian 03
and 09. The main differences are: (1), porting this code to use the gauopen python interface
developed with the newest Gaussian releases and (2), adding generalized open-shell compatibility
(with complex coefficients). To understand the effects of contact type and contact geometry, we
first investigated the phenyl dithiol (PDT) molecule. This was chosen due to the large amount of
modeling™®"*" and experimental’? work done with this system. After validating the model with

the PDT system, the software package was used to model a single heme system, specifically

focusing on spin-orbit effects between the contact and the molecule.

a. Theory

The NEGF-DFT software package, GauNEGF, was built using the Numpy'*® and Scipy'*

Python packages to conduct all NEGF calculations and the Gaussian development version to run
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all DFT calculations, which include spin-orbit and solvent effects. The software package has been

published on Zenodo™"® and includes an API and examples for reference.

Non-equilibrium Green’s Function (NEGF) Formalism

The NEGF formalism was applied to the given molecule with two electrical contacts modeled
as a two-terminal device, with the retarded Green’s function G defined previously in equation 27,
and the advanced Greens function given by
¢r = (67’ (47)
which can be written as a matrix in the specified basis. The retarded Greens function is represented
as a matrix in the atomic orbital basis, which can be calculated at any energy E. Similarly, self-
energies are matrices representing the electrical contacts given by the formula
5 = tiglt’ (48)
where 7; is the Hamiltonian coupling matrices to the electrical contact i and g ; is the surface
green’s function of the contact i. To calculate the coherent electron transmission though the
molecular system, we can apply equation 30 to a two-contact system, given by
T(E) = tr[[,G"TRG%] (49)
where [, /r are the contact couplings given by

I =i(2F — £2) = 2Im[Z]] (50)
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The transmission function can be used to calculate the electrical current in the device which is

given by the Landauer formula

200
e

I(uy, pur) = T T(E) [fo(E,u) — fr(E, ug)] dE (51)

— 00

UL— UR)
q

for a voltage AV = ( applied, with q, defined as the magnitude of the charge of an electron,

and with Fermi functions f;(E, u;) given by

1
filE,w) = — (52)
exp [EkB’Il"ll] +1

where kg is the Boltzmann constant. In previous chapters the Hamiltonian of the system was
generated from the single-electron Fock and overlap matrices, which can be plugged into equation
49 to calculate the transmission. While this approximation works well for a molecular system with
weakly coupled contacts, using the Hamiltonian of the isolated molecule does not consider the
effect of the contacts on the molecular orbitals. This becomes especially important under an
applied bias, where onsite orbital energies can shift to match the Fermi energy of the contacts.
Furthermore, the current is a function of the Fermi energy of the system, which is highly dependent

on molecule contact interactions that are not included in the isolated system calculations.

NEGF-DFT Implementation

To fully include the effects of the contacts on the molecular device, the NEGF formalism can

be applied to generate the density matrix self-consistently with DFT, called NEGF-DFT. In the
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standard Kohn—Sham DFT implementation, a single self-consistent field (SCF) cycle involves
solving the Kohn-Sham equations using an input density matrix to generate a single-electron Fock
matrix, which can be diagonalized to generate Kohn-Sham orbitals.*® The generated orbitals are
then populated from lowest to highest energy to generate the ground state of the multi-electron
system, which can be represented by a density matrix. The occupied orbitals can each have a pair
of electrons without a spin index (called the restricted close shell case) or can have individual
electrons with spin (called the open-shell case) with interactions parameterized by the exchange-
correlation functional. In the case of a molecule coupled with electrical contacts, rather than
populating the orbitals in the ground state of the isolated system, the density matrix can be
constructed using the non-equilibrium Green's function of the full system (device and contacts) as

shown in Figure 7.2.
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Figure 7.2 - Device setup for Green's function and self-energy calculations, showing the extended system with Au
contacts and surface Green's function of the full semi-infinite Au surface.

Using the single electron Fock matrix from DFT, F, we can construct the retarded Green’s

function
Gr=(ES—-F—-3S]—-55) " = (¢t (53)
where S is the overlap matrix of the atomic orbital basis.'**'% Similarly, we can construct the self-

energy matrices to be
(54)
where £; and S; are the Fock and Overlap sub-matrices that couple contact i and the device (see

Figure 7.2). Note that for a fully orthogonal basis set, the $; used in the equation above becomes
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zero, transforming it into equation 48, while S becomes the identity matrix. Plugging this into

equation 50 to get [; we can construct the less-than Green's function for the device given by
—iG< = 6r(fL(E'ﬂL)fL + fR(EuuR)f‘R)éa (55)

Integrating —iG < as a spectral function, we can calculate the density matrix j to be

[ee]

L1 e
p=§ j—lG dE (56)

This density matrix is constructed at each cycle as the input to the density functional to self-
consistently solve for the device Hamiltonian. Convergence of the NEGF-DFT equations occurs
when the criteria

plFRl =5 (57)
1s met, meaning that the Fock matrix generated from the density functional can be plugged into
equation 56 to generate a matching density matrix. While this formalism can accurately describe
a nanodevice with electrical contacts, computational intensity increases dramatically for the

integration in equation 56 especially for the cases of energy-dependent contacts.

Density Matrix Calculation

There are two key cases that can reduce the computational cost of density integration: (a) non-
equilibrium, energy-independent self-energy and (b) equilibrium, energy-dependent self-energy.
In the case of energy-independent self-energy, the integral in equation simplifies to an analytical

solution at the low temperature limit, only requiring matrix computations at the limits of
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integration as realized first by Damle [13]. This case has been implemented previously for both
for PDT and for a gold nanowire.’® In the case of equilibrium (zero bias applied, y; = ug), the
integral also simplifies significantly and can be computed efficiently in the complex plane. This

method has been used in NEGF-DFT packages,'®"'*® separating the density matrix into an

equilibrium and non-equilibrium contribution.

Energy Independent Self-energy

Following the method described previously by Damle et al,’®® we will start by separating the

density contribution from each contact (j € L, R) to get

o)

2np; = f@R L,GAf;(E,u;)dE (58)

Applying an inverse Lowdin transformation to orthonormalize the Green’s function operator we

get
AL [ A1
2np; =572 fGF]GTfj(E,uj)dE $72 (59)
with transformed variables given by
- Al .1
[[ = §2[;§2 (60)
G=(Ef -F)" (61)
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F= §72(F+5,+5,)572 (62)
In this orthonormal basis we can rewrite the transformed Green's function in terms of the
eigenvectors of F

F [n) = e,ln) (63)

to get

N[ =

S

2mp; = 3_%[ f fi(E,uy) <ZE l:l>€n ) (n|T[n) <Z E(f LT >dE (64)

n n’ n

Using this form, several simplifications can be made. At zero temperature, we can convert the

integral to have finite limits,

=53] [ (S5 Yo (S5 Jaf o

Elower

where E},,,.r represents a lower energy cutoff for integration. In addition, if we assume that the
self-energy of the contact is energy-independent, the integral can be solved analytically for each

matrix element within the F basis:

n|G|n’ —€ Epin — €
(n|27'[pj|n’)=( 5| +> [1og<“’ :)-w;;(L:)] (66)
€n — € Uj— €y Enin — €,/

This expression can be applied in both equilibrium and non-equilibrium cases, summing up the

contributions from each contact at different Fermi energies.
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Energy Dependent Self-energy

Using the full form of the self-energy matrix from equation 48 requires numerical methods, as

the integral cannot be simplified analytically. However, the equilibrium case, that is up = y;,
allows for simplification of the integration step in equation 56, where G< can be reduced to

iGsy = i(GR — G*) = —2Im(GR) (67)

based on the properties of the spectral function. Substituting this into equation 56 after noting that

the Fermi function is real gives

(68)

. 1 r ~
peq(“-):_glm[fGRf(E:.u)dE

Since the retarded Green’s function only has poles in the lower half of the complex plane and we
restrict ourselves to zero temperature when the Fermi function has no poles, the integrand in the
above equation is well behaved in the upper half of the complex plane. We numerically integrate

the above with a contour in the upper complex plane by applying Cauchy’s theorem,

M
1 ~
Pea ) = —;Im[ [ 6#ax (69)

Fermi Energy Calculation

Calculation of the Fermi energy is consistently a challenge for NEGF calculations. In this

work, we have calculated the Fermi energy for the contact assuming charge neutrality on the
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contact atoms and allowing charge to flow from the contacts to the device. This Fermi energy is
calculated independent of electron spin, as all contacts used for this study are spin independent.
To impose charge neutrality, we use the following boundary condition:

T7[Peq()S] = Netee = N (i) = Neee = 0 (70)
at equilibrium. For the energy-independent case, calculation of the density matrix as a function of
Fermi energy is a simple task, only requiring a single diagonalization step and a single inversion
step for all calculations, as the Fermi energy only impacts the multiplication constant in equation
66. Therefore, the Fermi energy can be calculated simply using the bisection method, converging
in a finite number of iterations independent of the DOS profile.

A similar approach was developed for the energy-dependent case, using a constant self-energy
approximation to predict the shift in Fermi energy required to create electroneutrality (equation
70). To use this approximation, we first calculate the total number of electrons given this constant
self-energy,

Neonst (W) = Tr[ﬁconst(lii) X §‘] (71)

where y; is the current value of the Fermi energy, and then we solve
Neonst (i+1) — Neonse (i) = Neee — N (1) (72)
for the value of p;, 4, the new Fermi energy prediction. The terms with the subscript ‘constant’
indicate that they are calculated with a constant self-energy for both contacts. Note that the RHS
of equation (26), N (y;) refers to the number of electrons calculated with the energy-dependent

self-energy. While this first order approximation does not give an exact solution at each iteration,
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and requires extra iterations for convergence, the value of the Fermi energy does converge and can
be a significant time savings over direct numerical integration. To calculate N,,,,s; (i;), we use the
semi-analytical approach developed by Damle (see equation 66). This approach worked well when
the Fermi energy did not lie on a peak at the density of states. When the Fermi energy lies on a
peak in DOS, or similar instabilities exist in the system, both the secant method and Muller method
were implemented for root finding in equation 70, to benchmark the constant self-energy method.
These implementations were built to match the algorithm in the ANT.Gaussian code exactly,’®
updating the contact Fermi energy at each iteration before density matrix calculation.

In a previous attempt to calculate the Fermi energy without full numerical integration, a
Taylor expansion of the DOS was used to create an nth order approximation of the function given
by

N®™(E)(E — "
N@)=NE)+NEE -+ + ()Tf! Wt _ elec (73)

Using the relation

Tr [Im[éR(E)]]
N'(E) = DOS(E) =

(74)

calculating these coefficients could be done using n energy points to solve the set of linear
equations given by

DOS™ (E)(AE)™
n!

DOS(E + AE,) = DOS(E) + DOS'(E)(AE,) + - + (75)
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This method was implemented in the DOSFermiSearch.py package, applying this search
algorithm at each cycle of the NEGF-DFT calculation and adjusting the Fermi energy by the nth
order prediction until convergence is reached. While this method was mathematically sound,
eventually converging to the system Fermi energy for some stable cases, high non-linearity of the
DOS profile made this method unfeasible for most molecules. Additionally, this method required
n matrix inversion steps at each cycle compared to the single diagonalization and inversion step

required for the constant self-energy approximation.

Combined Algorithm

In our implementation, the density matrix was computed through several integration steps. For

the energy-independent case, calculations can simply be conducted by two analytical integrals,

given by equation 66, from a
B
minimum cutoff set to a very low Im(E)
oA oL Re(E)
energy (Eower 1n Figure 7.3, set to -
Elower Emin v Er wug
10° eV). For full energy-dependent

contacts, a three-step integration

Figure 7.3 - The three-step integration contour used for density matrix
procedure is required. First, a cutoffis calculation. Note that at equilibrium p;, = pr = Ep and contour C is

not used.
calculated below the lowest energy

eigenvalue, labeled as E,,;,. This is set as the upper limit for the first integration step, shown as

contour A in Figure 7.3, which occurs on the real axis using the equilibrium density matrix
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equation given by equation 58. Note that because there are no poles between Ej,, e and E,, iy, it
is more efficient to integrate on the real axis. Then, a semicircular complex contour is used to
integrate the same equation from E,,;, to the equilibrium Fermi energy, Er, shown as contour B
in Figure 7.3. For non-equilibrium cases, that is uz # p;, the third step uses two non-equilibrium
integrals on the real axis from Er to y; and from Ep to pg, shown as contour C in Figure 7.3,

using equation 69 to get

1 Emin 1 Ep
== f Im[G"(E)]dE — = Im [ GT(EZ)dEZl
Elower T Emin
1 L 1 kR
—— | GRTRGAdE + > GRTRGAdE (76)

T g, T g,
where the 2" integral is calculated over the complex plane using contour B, while the other three
integrals are evaluated over the real axis. E, respresents the complex energy. Each definite integral

was computed numerically using a weighted quadrature, with the formula given by

b
R ~ = _(b—a a+ b\ [dz _
a j=1

j
where w; are the weights applied to the points x; in the n™-order quadrature, and p;(n) is the
contribution to the density matrix from the approximated definite integral on contour i € {4, B, C}.
For the real axis integrals, a Gauss-Legendre quadrature was used, while for the semi-circular
complex contour a modified Gauss-Chebyshev quadrature was used based on the implementation
in ANT.Gaussian.”® The points and weights used for various quadrature types are given in the

following table:
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(3 +2 sinz(ﬁj)) I

Type of gauNEGF
x; definition w; definition
Quadrature usage
Reimann Sum m 2 Not used by
(midpoint rule) J n default
Used for all
j™ root of the
Gauss- 2 density matrix
Legendre polynomial [ 1y 2
Legendre (1 X )[P n (xf )] integration along
P, (x) '
the real axis
Gauss- . ( jn ) . ( in ) . Not used by
Chebyshev n+1 nEl Wt UNI-g default
9, = @j+m Used for
ANT.Gaussian ' n
(modified Gauss- x; =1+ 0.21sin(6;) cos(6,) 16 sin*(6;) semicircular
X 3n complex contour
hebysh
Chebyshev) 2 +1

integration

The contours and corresponding quadratures were chosen to reduce the number of grid points
required for integration of the density matrix while maintaining accuracy. The grid density is

calculated for each system for a given tolerance N such that

max (¥;17:(2n) = pi()|;) < SN (78)
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for all contours. The value of n is used to determine the order of the quadrature in equation 77 to
use for numerical integration. Similarly, the lower limit of integration for the numerical

integration, E,,;,, is chosen such that
max (W;ldpi(Emin) ;) < 6N (79)

This search starts at the lowest orbital energy and decreases to lower energies to ensure that contour
A remains sufficiently far from complex poles of GR(z). By default, the SN cutoff is set to 1E-4
and the starting guess for E,y;,, is set to 10 eV below the lowest occupied orbital energy. This E,,;;,
typically passes the inequality in equation 79 without lowering the energy further and typically
requires an integration grid with about n = 128 points to pass the inequality in equation 78.

The integration path and limits were chosen to reduce the energy grid requirements required
for integration by avoiding poles, especially those of G found in the lower half of the complex
plane. This becomes more of a challenge when accounting for non-zero temperature due to the
addition of poles from the Fermi function (which do not exist for the T=0 definite integral limit).
We can look at the Fermi function formula in equation 52 to see that there exist infinite poles
given by

z,, =y +imkgT(2n+1) for n € Z
for both the left and right contacts. Therefore, to account for temperature, integration over a larger
energy window along the real axis was required for contour B and C. To account for the tail of

the Fermi function, each integral is extended by 5kgzT along the real axis and the contacts are
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sorted into contact H, the contact with the lower non-equilibrium Fermi energy, and contact L, the

contact with the higher non-equilibrium Fermi energy. This modified equation 76 to become

1 Emin 1 Ef
——f Im[G" (E)]dE - Iml

Elower

1 Ep+5kgT
GT(EZ)f(E,EF)dEZl —Ef Im[G" (E)]dE

Emin Ep

1 Ep+5kpT A
—2— GR FHGA[]C(E, Ep) — f(E..UL)]dE
T Jp,-skpT
1 /.L1.1+5k}3TA R
+— GR TyGALf (E, uy) — f(E, Er)]dE (80)
21 ), skt

To ensure stability, the density matrix at each iteration, p;, was incrementally formed at each
iteration with a linear combination of the density matrix calculated at the current iteration (the
solution of the integral in equation 85 using the previous Fock matrix extracted from Gaussian,
given by p.q;c) and the matrix at the previous iteration, p;_4, using the formula

pi = APpcaic + (1 — a)pi4 (81)
where «a is the mixing factor (default value of 0.02). Additionally, a Pulay mixing scheme was
applied every n + 1 iterations using calculated density matrices for the previous n guesses (by
default n = 4). To calculate these coefficients, the inner product of the change in density matrix
was calculated, given by

Bij = (pi = pi-1,Pj = Pj-1) (82)
where B;; is a single complex value given by summing all element-wise density matrix variations

between iterations i and j. These values are used to solve the matrix equation
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By; By Bin —17rc 0
BlZ BZZ BZTL _1 CZ 0
: : = (83)
Bln Bln Bnn —1}|{¢cn l 0 J
-1 -1 - =1 o0it4 -1
for the Pulay coefficients c, to update the density matrix to
n
Ppulay = Z CipPi (84)

i=1
as defined in the original work.’®" Creating a Pulay “kick” step every n iterations matches the

implementation in ANT.Gaussian,'® with the added feature of allowing for complex Pulay

coefficients in open-shell cases (where the density matrix can have a non-zero imaginary

component).

Bethe Lattice Contact Model

The Bethe lattice contact was implemented based on the implementation in ANT.Gaussian.'®°
Contacts were modeled as the (111) surface of an FCC lattice, using tight binding parameters for
the 12 nearest neighbors to generate the self-energy of the bulk material. Using the Bethe lattice

approximation, the bulk self-energy is given by the series of coupled equations
-1

S (E) =V | E—H— Z 5E) | Ve (85)
7k

where k is defined for each of the 12 nearest neighbors with coupling matrix Vj, the onsite

Hamiltonian of a single atom is given by H, and E is the energy value. In this implementation, the
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onsite Hamiltonian and coupling matrices are defined by orthonormal Slater-Koster parameters. '
In this work we solved the self-energy at the surface considering the 6 in-plane nearest neighbors
on the surface, each defined by a surface self-energy Elsurf , and 3 out of plane neighbors, each

defined by a bulk self-energy X, given by the equations

=M(E) = v, (E —H- Z T (E) - Z Zk(E)) Vi (86)

m=l k
using the same variables given in equation 85. Contacts are constructed summing each

contribution to a given contact atom, with qurf generated for each nearest neighbor atom on the

surface plane and X added for each of the 3 out of plane nearest neighbors. An example of such
a contact is shown in Figure 7.4, which is a four-atom system with a single Bethe lattice contact
applied to three of the atoms. For this system, the self-energy matrix corresponding to the single

contact is given by

-Ziurf + 2:;urf + z:gurf
surf 0 0 0
+I0 B+ 2, + 3,
surf surf surf
0 I+ + I 0 0
Lpethe = +Ziurf +2 + 2 +Z; (87)
2:gurf _I_Zzurf _I_Z.Ssurf

5 S ANED IED D
0 0 0 0

0 0 0

where each surface self-energy matrix is calculated from equation 86 and each bulk self-energy is

calculated from equation 85. To use the basis with the non-orthogonal Gaussian orbital basis for
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Green’s function calculations, the Bethe contact is deorthagonalized using a Lowdin

transformation given by

1 1
Zeontact = S2(Zpethe)S? (88)
where S is the overlap matrix of the device (see Figure 7.2) as suggested by reference 27 and

implemented in ANT.Gaussian.'®

Figure 7.4 - A four atom pyramid contact, showing the top-down view (left) with the surface self-energy contributions
and the side view (right) with the bulk self-energy contributions. Each atom corresponds to a row/column in the matrix
given by equation 87.

To use the Bethe lattice with a given system, the Fermi energy of the contact is calculated by
assuming charge neutrality across each atom in the lattice. This can be done by constructing the
Green’s function of the bulk contact, which can be generated from equation 85, applying each

self-energy to a central bulk site to get
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GR(E) = (E —i5-H=) z,(zs)) (89)
k

where § is a small positive number used to create the retarded Green’s function. This can be
integrated as previously discussed using equation 69 and imposing charge neutrality (equation 70)
to calculate the Fermi energy of the contact. While the Bethe lattice contact is an energy-dependent
self-energy, solving for the bulk and surface self-energies at each energy point using equations 85
and 86, using the contact self-energy matrix calculated at the Bethe lattice Fermi energy can be
used to represent the wide-band approximation, as discussed in previous works.*® That is, if the
self-energy matrix does not change significantly across a range of energies near the Fermi energy,
the wide-band approximation is reasonable at those energies.
In this work an Au FCC contact was modeled using the Slater-Koster tight binding
parameters generated by Papaconstantopolous et al for the 5d, 6s, and 6p orbitals.’®® All contact
atoms used the minimal CRENBS basis set,'®* connecting the basis orbitals to the deorthogonalized

contact.

Spin Model

All previous equations in this section have been written in the restricted closed-shell form,
assuming spin pairing as the default case for device modeling. For the unrestricted open-shell
cases, F'aﬂ = F'ﬂa = 0, indicating that spin treatment is fully collinear and the spin a direction has

arbitrary spatial direction. To add non-collinear effects, the unconstrained generalized open-shell
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model was used, which allowed modeling of spatial spin direction as well spin interactions. This
allows us to replace spin directions a and £ with set spin up and spin down directions, usually
aligned to the z-direction (the default in G16). While ferromagnetic contacts were not explored in
this work (Fermi energy was set independent of electron spin), spin-orbit coupling was applied to
the contact atoms in the device (Figure 7.2) for the Au case using spin-orbit coupling coefficients
applied to the pseudopotential. The previously described formulism for spin-dependent
transmission was used, given by equation 36.

In our calculation of non-collinear effects, only spin-orbit coupling was included in the
calculation using a pseudopotential applied to each atom center to create a spin-orbit splitting,
omitting any two electron integrals required for relativistic calculations.'® This approximation is
applied under the assumption that inter-atomic spin-orbit terms and spin-spin interactions are much
smaller. The spin-orbit potential applied to each atomic center is given by a one-electron term
given by:

Vso = &) LS (90)
where {(#)is a pseudopotential defined for each subshell on the atom center.'® This is a
convenient approximation for larger atoms with non-negligible spin-orbit effects, where core
electrons are represented by frozen pseudopotentials in an effective core potential (ECP), and the
,(#) pseudopotential can be defined as a scaling factor applied to the ECP as a fitting factor based
on observed or modeled orbital energy splitting. Using this implementation, any inter-atomic spin-

orbit effects are caused by angular momentum coupling between neighboring orbitals or spin
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exchange across the molecule. Using this method, basis sets with ECPs can be written to include
an averaged relativistic term and a relativistic correction term, which has been parameterized for

multiple sparse’®* and larger'®’ basis sets.

DFT Setup

The J26 version of the Gaussian Development Version was used for all DFT calculations. For
all molecules, a mixed Gaussian basis set was used for atomic orbitals with the hybrid functional
for all Fock matrix calculations. For all systems, the organic elements (C, N, O, S, H) used the 6-
31G** Pople basis set'” while the Fe center of the heme used the LANL2DZ basis®® with scalar
relativistic effective core potential (no spin-orbit coefficients applied). For gold atoms not attached
to a Bethe lattice contact, the Stuttgart basis set'®” was used, while the minimal CRENBS basis'®*
was used for atoms attached to the Bethe lattice for compatibility with the defined Slater-Koster
coefficients. Spin orbit coefficients were defined in both Au basis sets. For the modeled heme
cases with solvation, the conductor-like polarizable continuum model (C-PCM) was used to model
a water dielectric.®® For all cases, contacts were applied in the z-cartesian direction, to ensure that
the S; spin direction is normal to the contacts. That is, the semi-infinite Bethe lattice lead extended
in the -z direction while the triangular tip pointed in the +z direction.

Two functionals were compared for benchmarking of the results, B3LYP* and HSE06,'®°
which have been used extensively for molecular and solid state systems respectively. The HSE06

functional was shown to reduce the effect of oxidation on the electronic structure while matching
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up with the B3LYP case almost exactly in the reduced heme case (see Figure 7.5). For this reason,
the B3LYP functional was used for all calculations, to ensure that redox effects were properly

accounted for.

Oxidized, COO- Reduced, COO-
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1071 5
§ 1077 § 1074
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Figure 7.5 - Benchmarking of B3LYP functional against HSE06 hybrid functional for the full Bethe lattice case. In
the HSEO06 case the two transmission curves don 't shift significantly, showing the effect of a lower exchange term.

b. Results

The results from calculations in the PDT system showed that the Bethe lattice contact model
matched other modeling and experimental results. Applying the energy-independent self-energy
approximation was also demonstrated to be a valid approximation both for the PDT and
coordinated heme systems. This approximation significantly sped up calculation time and was

used for the expanded heme system to generate results.
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Model Verification

To test the effects of contact geometry, four geometries were tested with the system to look at
the effect of contact size, unpaired electrons, and overall shape on the transmission. The effect of
unpaired electrons was clearly shown in the 4- and 5- atom triangular contacts (see Figure 7.6
below), with the 5-atom contacts shifting the transmission curve significantly. Additionally,
constraining the system with a restricted closed-shell model (no net spin, singlet state) and using
the charge neutrality boundary condition for Fermi energy calculation, the unpaired orbital in each
of the Au contacts induced a spin filter effect in the transmission at the Fermi energy. This occurred
despite applying the spin-independent Bethe lattice contact. In each of the other contact
geometries, shown in Figure 7.6A, there were an even number of Au atoms (and by extension an
even number of electrons), and no spin dependence in the current was observed near the Fermi

energy after applying the open-shell model, as shown in Figure 7.6B.
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Figure 7.6 — (A) Comparison of total transmission for the Au contact geometries, shown color coded to the right of

the plot, followed by (B) color coded spin-dependent transmission plots
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Each of the contacts with even numbers of atoms showed similar trends in the transmission,
with the total transmission decreasing for the larger extended contact geometries. This trend
matches the expected behavior of the changing geometry: increasing the number of contact atoms
increases the height of the contact, causing the distance between the simulated Bethe lattice planes
of the left and right contact to also increase. Temperature dependence was tested for the Aug
contact case, though the resulting transmission curve was identical, with the Fermi energy only

shifting up by about 0.2eV at room temperature, as shown in Figure 7.7 below.
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Figure 7.7 - A comparison of the Au4 atom contact for two temperature cases: 300K and OK. The transmission
remains nearly identical for both cases, with the Fermi energy only shifting up by about 0.2eV for the 300K case.

In previous work, the wide-band approximation has been applied to molecular contacts, using
a constant self-energy value across all electron energies, which has previously been shown to be a
valid approximation for gold contacts.>® This assumption was tested first on the PDT system and

then on the coordinated heme system comparing the energy-independent approximation to the full
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energy-dependent Bethe lattice. Transmission curves were compared for each of these cases,
shown in the Figure 7.8, and IV characteristics were generated for the PDT system with and
without spin-orbit coupling applied, shown in Figure 7.9a. The IV characteristics were generated
by applying a bias sweep across the extended system comparing open-shell and closed-shell
models, with a further comparison of the energy-dependent Bethe contact and energy-independent
contact in the open-shell case. The IV characteristics, as shown in Figure 7.9a, line up at all applied
voltages, with only small deviations shown in the open-shell energy-dependent Bethe lattice
model. This appears as a hysteresis in the voltage sweep and can be explained by convergence
errors under applied bias, as a lower convergence criterion was required for these voltage points.
This further demonstrates the efficiency of the energy-independent approximation, which can
stabilize the NEGF-DFT calculation under applied biases, improving the convergence of the

calculation and resulting accuracy.
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Figure 7.8 - A comparison of the Au4 atom system for three cases: black - energy-dependent contact self-energies
and closed-shell model, red - energy-dependent contact self-energies with open-shell model (spin-orbit coupling
included), and blue dashed - energy-independent contact self-energies with open-shell model (spin-orbit coupling
included)
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Figure 7.9 - Model verification results with the Phenyl Dithiol (PDT) system: IV characteristics were first collected
for the physisorption case with and without spin-orbit coupling as well as with and without the energy-independent
self-energy approximation, shown superimposed in (a). This structure was modified to generate the chemisorption
case (hydrogens removed) as shown in (b), with the IV characteristics comparing the two systems are shown in (c)
and comparison of transmission at equilibrium shown in (d).

PDT Experimental Validation

To evaluate the validity of our computational approach, we compared our modeled current-
voltage (IV) characteristics, shown in Figure 7.9c, to both previously modeled results and
experimentally measured conductance values. The full Bethe lattice was applied to the 4-Au atom

contact using these contact geometries to compare scenarios with and without thiol bonding, with
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structures shown in Figure 7.9b. We distinguish between two cases: the chemisorption case, where
the sulfur-bonded hydrogens are removed, and the physisorption case, where the hydrogens remain
bonded to the sulfur. In both cases, all other atomic coordinates remain the same. As shown in
Figure 7.9d, transmission increases significantly for the chemisorption case, matching up with
previous modeling results.™®'%° Though the atomic coordinates are the same for both cases except
for the removal of the hydrogens (the gold contacts remain 2.8 A away from the sulfur groups),
the conductivity was determined to be 0.06 conductance quanta (G,), which falls right within the
range of values measured experimentally (0.001-0.1 G,)."%"5? As a well characterized and studied
molecular junction, this provides a experimentally grounded benchmark for further modeling

results.

Coordinated Heme Results

To benchmark the energy-independent contact approximation against the full energy-
dependent Bethe lattice, the smaller 4-atom contact system was compared both for the oxidized
Fe'"and reduced Fe! cases. The transmission curves line up well across energies, with the Fermi
energies shifting between the cases by up to 0.5¢V, shown in Figure 7.10 below. Therefore, for a
more accurate analysis, spin effects were analyzed on the 10-atom contact. Not only did the 10-
atom contact have a flatter transmission curve, making it less dependent on the specified Fermi
energy, but the added basis functions on the second layer of gold atoms allowed for less constraints

on the contact-molecule interface.
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Figure 7.10 - Comparison of the generated coherent transmission plots generated using energy-independent and
energy-dependent self-energy applied to the 4-Au contact.

The full 10-atom contact showed no spin dependence in transmission at or near the Fermi
energy, as shown in Figure 7.12. This result extends to the protonated propionate case, which
would appear in an oxidizing environment, showing that this result isn’t sensitive to the excess
charge or modified chemistry of the interface as seen with the PDT molecule. The protonated case
was also used to check the effect of the solvent model, which was shown only to shift the Fermi
energy as shown in Figure 7.11 (only the oxidized case showed convergence without solvent).
Analysis of the spin density, plotted below the transmission graphs in Figure 7.12, showed spin

accumulation on the Fe in the reduced case, both with and without propionate protonation, and in
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the oxidized case with protonation (COO-). Note that the convergence criteria for each of these
cases was 1E-3 except for the oxidized case without protonation (COO-), which had a final
convergence value of 1.6E-3. Accumulation of spins on the Fe center was also seen in the 4-atom
contact reduced cases (both with and without energy dependence) and was not seen in the initial

DEFT results before NEGF-DFT, for all cases.
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Figure 7.11 - A comparison of wet and dry transmission curves for the oxidized Fe™ heme system with hydrogenated
COOH groups. The structure is shown above with the solvent surface mesh highlighted.

158



Fe", COO~ Fe', COO-

100
= | O
1072 10-2 A
5 5 .
8 1071 A 8 104 === T
s i g == T
3 5 R
= 107° w = 1076 1 i
~—
10~ :\J i 1078 4
-1.0 -0.5 0.0 0.5 10
E—Ef(eVv)
L]
Fe"™, COOH
10° 1 . 10°
1072 4
5 5 ——=Tat
8 § 1071 R
© & 10-6 {1 —
2 g 10 Tis
108
-1.0 —0.5 0.0 0.5 Lo -1.0 05 0.0 05 10
E—Er(eV) E—EF(eV)

Figure 7.12 - Spin-dependent transmission and spin density maps for the four cases: oxidized (left column), reduced
(right column), dehydrogenated propionate group (top row) and hydrogenated propionate group (bottom row).
Transmission plots are plotted for energies within leV of the Fermi energy (Er) and spin density plots assign spin
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vectors to each atom based on the sum of the expectation value of spin in each direction for each atomic basis function.

20(Sy) 3 L
f(l Ly for each spin direction.

The vectors (red arrows) are scaled to a length given by

c. Discussion

Using a newly developed setup to model non-collinear spin, we demonstrated that the contact
induces spin accumulation on the heme molecule. Many of the underlying assumptions in this
model were checked with generated results or comparing to previous work, and an exhaustive list

is given in the following table of assumptions:

Assumption

Physical meaning

Impact on Results

Ballistic limit for
quantum transport

All transport calculations
were done in the ballistic limit,
not including decoherence or
interactions with environment

System sizes were significantly
lower than the decoherence lengths
expected, with high coupling
between all atoms. We suspect
these effects are negligible

Spin-independent
contacts

Bethe lattice self-energy is
block diagonal, repeating the
same values for spin up and spin
down orbitals

All spin-orbit effects were
limited to extended atoms in the
system. This allowed us to focus
specifically on this interface, but
bulk properties may induce spin-
dependent effects on the contact.

n=1le-10eV

This minimal broadening
parameter was used to converge
retarded surface Green’s function

The imaginary part of the self-
energy was significantly higher
than eta in all cases, we suspect this
has no impact on the results.

Implicit Solvation
around heme
molecule

The conductive polarizable
continuum model was used to
model the dielectric behavior of
the water and protein backbone.

This assumption has been proven to
be valid in previous studies.'”
Removing solvent shifted all orbital
energies equally (see Figure 7.11)

Minimal basis set
for contact atoms

All Au atoms attached to Bethe
lattices use a minimal basis (one

basis per atomic orbital) as
specified by the CRENBS basis!”!

A comparison of the full Stuttgart
basis!®” vs CRENBS basis was
shown not to change the result for
the PDT system with the PDT atom
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Tight-binding
model for Au
contacts

To limit computational intensity,
previously derived tight-binding
coefficients were used for
modeling the semi-infinite
contacts

This assumption was based on
previous work that showed that the
Bethe lattice was a valid
approximation for metal contacts in
molecular devices'®

System Fermi
energy calculated
from available
electrons

The Fermi energy of the extended
system was calculated based on

the number of electrons from the
Gaussian input file. The Fermi

energy of the contacts, calculated
based on electroneutrality, were

adjusted to match this energy for

all NEGF calculations

While this approximation limits the
study of partial charges induced by
the contacts on the device, which
may be possible with robust Fermi
energy modeling of the contact
lattice, including a large contact in
the extended system limits this
effect on the system.

While the transmission itself shows no filtering effects, modeling the Au surface in contact

with the heme molecule leads to spin accumulation on the Fe center. This occurs without the

addition of an external magnetic field and is purely caused by spin-orbit interactions with the gold

orbitals. This result was confirmed by changing the contact chemistry (hydrogenation of the

propionate group) and the solvation model applied and was benchmarked between two functionals.

Of these cases, the reduced case without hydrogenation (COO-) and the oxidized case with

hydrogenation (COOH) were the most stable cases for the NEGF-DFT solver, reaching

convergence quickly after less than 50 cycles. In all cases, the energy-independent self-energy

approximation reduced computation time by several orders of magnitude, allowing for only one

matrix inversion operation per cycle rather than the hundreds required for direct integration at the

expense of some stability in convergence.
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Figure 7.13 - A schematic of a mechanism of spin filtering induced by the contacts. Red arrows show spin filtering of
electrons injected from the bottom contact and blue arrows show spin filtering of electrons injected from the top
contact.

While spin filtering through the heme was not observed near the Fermi energy in any of the
heme setups, the spin accumulation can begin to explain experimental results that show spin
selectivity. Further spin filtering, either by quantum tunneling or hopping mechanisms, would be
induced by initial contact geometry effects, as shown in Figure 7.13. This result is purely caused
by the spin-orbit coupling of the nearest Au cluster in the extended system and does not include
the Rashba spin-orbit effect caused by the full Au surface, which can create surface spin states at
the cytochrome-contact interface.’ This effect is key to explaining the large magnetoresistance
seen by cytochromes deposited on an Au surface, especially those seen across length scales smaller
than the helicity of the cytochrome structure. The simulation results from this work extend to

experimental setups with ferromagnetic filtering,'?’

which typically use a gold layer for contact
with the cytochrome system to prevent oxidation of the ferromagnetic surface. In such setups, our

results predict that the contact interface will contribute to the spin filtering effect measured.
162



8. Future Work

In these works, multiple new models have been developed for modeling of modified DNA
molecules and cytochrome proteins, validating each new finding with previous theory or
experimental results. The modeling results have demonstrated the importance of the transition
metal centers in each system, which are central for charge transport in each of the studied systems.
Before expanding these models, it would first be useful to apply them to additional systems and
verify with experiment. In each case, additional modeling runs with similar systems would help
understand any limits of the models and check any underlying assumptions. After benchmarking,
expanding the GauNEGF package to run more efficiently and include additional effects would be
helpful for future modeling and materials development, especially as it is applied to mmDNA

systems.

a. Benchmarking With Experiment

For the metal modified DNA system, the next steps would involve modeling larger structures
and looking at the effect on electronic structure. Applying the textbook DNA structure for an
mmDNA wire (each base pair is metallated) results in high transmission with multiple bands, but
a more thorough modeling of the structure may change these results. Currently this model is being
applied to the commonly used C-Ag-C and T-Hg-T basepair systems, and future work will expand
it to the other basepairs in the library. Another consideration for these systems, especially with
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heavier atoms like Hg, is the effect of spin-orbit coupling, which may induce spin procession
during transport. This could be modeled using open-shell methods and compared to experimental
setups that measure spin filtering. Additionally, the impact of physical electrical contacts using the
NEGF-DFT model will be helpful for comparing to break-junction experiments. Ideally, using the
force fields and NEGF-DFT modeling system, it could be possible to fully model the dynamics

and currents observed during break junction or scanning probe microscopy experiments.

For the cytochrome system, it would be helpful to apply the NEGF-DFT model to other
contact interfaces and compare more directly with experiment. One specific example is the Zn-
modified heme site, which has been experimentally observed to remove any spin dependence.
Additionally, it would be helpful to model a multi-heme system between two contacts to look at
the effects of inter-heme geometry on the electron and spin transport. This could be compared to
experimental results from several multi-heme cytochromes including STC,'?® MtrA,'”” OmcS,’
and OmcZ."*” Working with experimentalists, it would be possible to look at potential applications
of the spin transport properties of these cytochromes, such as the spin-dependent oxygen evolution
reaction that can be used for green hydrogen generation.!”? Such applications would be directly

helpful for a transition to renewable energy.!”
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b. Expanding GauNEGF Package

Building on the GauNEGF package, there are two major directions to go: (a) improve
calculation efficiency and (b) expand model to include environmental effects. The first direction
is crucial: as it stands, the NEGF-DFT calculation is quite intensive and requires many large matrix
operations especially for energy-dependent self-energy. These energy-dependent calculations are
especially important for the second direction, because this mode is required for more realistic
contact models and models with finite temperature and decoherence effects. A first step for
increasing efficiency is benchmarking the parallelization available using the optimization built into
NumPy and similar packages for graphics cards, like CuPy.!” This could be done with DNA
systems comparing systems of different sizes, and any limitations could be addressed by
parallelizing other parts of the code. It may also be helpful to use more of the built-in Gaussian
methods, which have been optimized for ab-initio calculations. Using machine learning or other
regression methods could be helpful within the calculation, to reach convergence more quickly, or
to predict behavior of new systems. Prediction capabilities would be a long term goal after building
a database of benchmarked results, much like what is currently done with large DFT datasets like
the JARVIS database!” developed at NIST.

There are several improvements to the GauNEGF code that could be implemented without
increasing computational requirements. One major feature missing is modeling of magnetic fields,

which can be modeled with the Zeeman splitting, given by
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where f . L:f is the dot product of the time averaged total angular momentum J and the magnetic
field B, g is the Landé g-factor, and pup is the Bohr magneton. In the weak field limit, this can be
added as a perturbation to the NEGF-DFT cycle, eventually converging to a self-consistent result.
In addition to magnetic fields, the software package can be extended to the modeling of spin-
dependent contacts. This can range from ferromagnetic contacts to contacts with spin mixing
effects, like spin-orbit coupling. For a simple collinear case, the self-energies must be defined for
both spin directions, while the non-collinear case must be a larger matrix with four quadrants, spin
mixing effects included in the off-diagonal terms. As a final note, the decoherence models that
were previously applied to both the cytochrome and DNA systems have not yet been implemented
in the GauNEGF package. Each of these features could be added to the code without changing the
number of matrix operations, but will require careful consideration of the underlying physics to

ensure accuracy.

c. A New Generation of Nanodevices

While traditional silicon-based electronics are being pushed to their limits as devices continue
to be scaled down,!”® many researchers are turning towards biomolecules, such as DNA origami,
to create the next generation of nanodevices.!””!”® The unique properties of mmDNA and

cytochromes, as explored in this work, can add the much-needed conductive properties to these

166



biomolecule-based electronics. Such devices could be used as spintronic devices, using the spin
degree of freedom unveiled from the modeling approaches that have been applied to cytochromes.
Already the customizability of mmDNA devices has been explored, showing that a DNA-based
electrical switch is possible just by changing the local electrical environment.!” The integration
of biomolecules into electronics into existing technologies poses many new issues, especially at
the interfaces, and the tools developed in this work, such as the GauNEGF package, can be applied
to these new technologies to address these issues in design and scale-up. By unraveling the
complex quantum behaviors that drive the electrical behavior of cytochromes and mmDNA, this
work lays essential groundwork for a new generation of bioelectronic technologies that may

ultimately transcend the limitations of traditional semiconductor architectures.
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