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ABSTRACT

This thesis uses single molecule conductance spectroscopy to probe the binding
mechanisms and conductance characteristics of various biologically relevant molecules
with gold at the atomic level. Firstly, we identify imidazole as a pH-activated linker for
forming stable single gold molecule junctions, which present several distinct
configurations and reproducible electrical characteristics. We then examine the resulting
conductance signatures and identify corresponding binding geometries, which involve up
to four imidazole molecules binding in the junction in parallel. In addition, we discover the
distinct conductance signatures that indicate the in-situ formation of molecule-metal-
molecule chains within the molecular junction.

Building on this foundation, the investigation continues into the origin of the
conductance enhancement observed in benzimidazole dimers compared to imidazole
dimers. Density Functional Theory (DFT) calculations reveal that the parallel stacking of
two benzimidazoles, due to the large m system between electrodes, represents the most
energetically favorable configuration, leading to dimer conductance enhancement. The
smaller size and greater conformational freedom of imidazole enable it to access a variety

of stacking angles. Having understood the underlying mechanism, we use substituents to

vii



promote the cooperative in situ assembly of imidazole derivatives into a parallel binding
configuration, subsequently enhancing conductance.

Next, we shift our focus to adenine, one of the most important biological building
blocks of deoxyribonucleic acid (DNA). By using structurally similar molecules, we can
assign different conductance signals to various binding configurations of adenine. This
approach also enables the differentiation between adenine and its biological derivatives,
2’deoxyadenosine and 6-methyladenine. Using single molecule conductance signals, we
demonstrate the potential of single molecule conductance spectroscopy as a biosensing
platform.

Finally, we present a detailed study of the pH-activated intramolecular conductance
features of histamine. By employing histamine and its derivatives, we associate different
conductance features with specific binding sites. DFT calculation is used to simulate the
different ethylamine configurations of histamine in molecular junctions, and flicker noise
analysis is applied to identify and assign one of the conductance features to a hydrogen
bond-assisted binding configuration. These results and insights collectively establish single
molecule conductance spectroscopy as a robust platform for studying complex gold-

biomolecule interactions.
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CHAPTER ONE Introduction

1.1 Motivation

1.1.1 Gold-biomolecule interface

Understanding the fundamental interactions at the gold-biomolecule interface is
essential for numerous applications, particularly in biosensing, bioelectronics, and
nanotechnologies.! The gold-biomolecule interaction can dictate the behavior and
performance of devices in these fields, impacting aspects ranging from the sensitivity of
biosensors to the dependability of bioelectronic devices.* Moreover, it can aid in the
development of innovative nanostructures and nanodevices with custom properties.>®
Ultimately, a deeper understanding of the gold-biomolecule interaction can lead to
optimized device design and unlock new potential in these fields.

For example, there is interest in incorporating deoxyribonucleic acid (DNA) as an
electronic component into circuits due to its relevant properties.®!® These include self-
assembly,! structural stability,'? predictable base pairing,®!? and the ability to carry and
transport charge.***°> However, characterizing the conductance of DNA is challenging due
to its complex composition and the multitude of interactions among its components. Direct
electrical measurements have yielded conflicting results, adding to the complexity of
understanding the nature of the conductance.36-1° To address this question, it is essential
to understand the interactions between the individual components of DNA and gold.
Furthermore, it is crucial to explore how the noncovalent interactions within DNA tertiary

structure, such as « stacking and hydrogen bonding, contribute to its conductive properties.



1.1.2 Scanning Tunneling Microscope-based Break Junction (STMBJ)

The Scanning Tunneling Microscope-based Break Junction (STMBJ) is a powerful
technique that enables the probing of the electronic conductance of organic molecules at
the single-molecule level.®2 This method involves repeatedly bringing two metal
electrodes into contact and separating them with sub-angstrom precision in the presence of
the target molecules. A sub-nanometer gap forms upon breaking the metal contact,
allowing a single molecule to bind between the tip and the substrate. This binding event
closes the electrical circuit, enabling the direct measurement of the electrical conductance
of the molecule. This method provides detailed insights into the electronic properties of the
target molecule and its chemical interactions with the gold surface, thereby offering a
robust tool for studying metal-molecule interactions.?2%

STMBJ conductance measurements can be used to examine the specific binding
conformations of biomolecules on the gold surface at the atomic scale. For example,
distinct binding configurations can result in different conductance signals;?* these unique
conductance signals can be employed to differentiate between various biomolecules or
different states of the same biomolecule.?>? Furthermore, single-molecule conductance
signals can be utilized to gain insights into the interactions between biomolecules and metal
surfaces under specific conditions. These conditions include the formation and rupture of

molecular junctions,?>?" surface molecule rearrangements,?®

and the response of the
molecular interface to external stimuli.?®?° Understanding the fundamental mechanisms of
interactions is essential since they can significantly influence the functionality of

biosensing and bioelectronic devices.



1.1.3 Overview

This chapter begins with an introduction to the Landauer-Buttiker formalism,
which provides a theoretical framework for understanding charge transport through one-
dimensional molecular wires. We then delve into the anatomy of single molecule junctions
and the intricacies of Au-linker chemistry. Subsequently, we introduce various types of
noncovalent interactions that can be observed in molecular junctions and highlight areas
that were unclear, which we will be investigating in this thesis. Finally, this chapter
concludes with an outline of the dissertation, setting the stage for an in-depth exploration
of the capabilities of STMBJ in detecting and differentiating gold-biomolecule interactions
at the single-molecule level. This research advances our understanding of molecular
junctions and paves the way for innovative biosensing technologies.

1.2 Charge transport through a single molecule junction

1.2.1 Gold point contact and Landauer-Buttiker formalism
In bulk materials, current flow is modeled using diffusive transport mechanisms
involving electron scattering, leading to finite conductance.*® However, electron transport
is no longer diffusive at the nanoscale but rather ballistic.3! The Landauer-Bittiker formula
provides a theoretical framework that describes electron transport at the nanoscale.3>* It
relates the conductance G of the system to the transmission probability of electrons passing

through it, as described as follows,

=223 1
Sy S



where h is Planck’s constant, and e is the elementary charge. The summation is over all
available conductance channels and the transmission probability, and T, describes
transmissions through every available channel. For a one-atom-thick gold wire, only one
conductance channel with a near-perfect transmission is available, so the transmission over
T, can be approximated to one. Thus, the conductance of a single gold atom contact is

given by the equation as follows,

2

2e
Gy = T = 77.5uS

which is the quantum of conductance (Go).3**® As the gold junction is stretched and the
number of gold atoms in the contact decreases, the current drops in integer multiples of Go,
shown in Figure 1-1. After the 1 Go step, a tunneling current can be observed, which no

longer follows the stepwise conductance decreases.
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Figure 1-1. A. A representative STMBJ measurement of conductance versus electrode
displacement showcasing the experimentally observed conductance steps at integer multiples
of Go.3*% The final drop in current signifies the rupture of the gold contact and the formation
of the inter-electrode gap. B. An illustration of the chemical potential landscape of a
molecular junction at zero bias. The transmission function, T(g), plotted against energy, is
represented by the red and blue Lorentzian curves, illustrating a typical transmission
function. T(g) can be significantly influenced by the coupling strength (I') between the



electrode and molecule and the energy offset AE between the Fermi level (Ef) of the gold
electrodes and the conducting orbital. A single level model is used to simplify the molecular
orbitals to just the Highest Occupied Molecular Orbital (HOMO) and Lowest Unoccupied
Molecular Orbital (LUMO).

1.2.2 Charge transport of a molecular junction

The single-level model is often used to interpret experimental data and understand
the transport features of a molecule within a junction.® This model simplifies the complex
electronic structure of a molecule into two energy levels, typically the Highest Occupied
Molecular Orbital (HOMO) and Lowest Unoccupied Molecular Orbital (LUMO). A
chemical potential diagram, as depicted in Figure 1-1B, visually represents the energy
levels of the system. This diagram includes the Fermi level (Ef) of the electrodes and two
molecular energy levels, the HOMO and the LUMO. The transmission function, T(g),
represents the probability of an electron with energy ¢ to transmit through the molecule.’
When interpreting transmission spectra such as the one shown in Figure 1-1B, there are
several key parameters to pay attention to. First, the transmission at Es is crucial as it
determines the experimentally-observed low-bias conductance in the system. Secondly,
this transmission function is significantly influenced by the hybridization overlap of a
single molecular orbital with the continuous band of energy levels on the metal electrode,
represented by the gamma factor, I". Lastly, factors such as the energetic alignment (AE)
of the HOMO and LUMO relative to the metal Eralso play significant roles in determining
transport properties.??

Additionally, intrinsic molecular characteristics, including the nature of the
molecular orbitals, the molecule—-metal bond character, and the charged interactions at the

metal-molecule interface, all contribute to these parameters.?>*® For example, orbitals with



electron density on the metal-binding anchor groups typically result in a broadened
transmission resonance. This phenomenon reflects the better coupling of the molecule to
the electrodes and the higher transmission probability at the Fermi energy and higher
conductance. In contrast, orbitals localizing electron density on the molecular backbone
exhibit more narrow resonances and poorer coupling and conductance.

1.3 Chemistry of molecular junctions

1.3.1 The anatomy of a molecular junction

Figure 1-2 illustrates a typical molecular junction consisting of metal electrodes
(Au), linker groups (NH.), and a molecular backbone (benzene). The linker groups serve
as anchors, enabling the molecule to bridge between the gold electrodes and close the
circuit, allowing charge transport across the backbone from one end of the molecule to the
other. The choice of linker groups and substituents attached to the molecule can influence
the electronic structure of the molecule and, consequently, the conductance of the
junction.®®4% Substituents can modify steric hindrance or alter the electron

donating/withdrawing effects of the molecule.***2

Linker group: amine

/ \ Metal Electrode: Au

HoN NH
|

L
Backbone: benzene

Metal Electrode: Au

Figure 1-2. Schematic representation of a typical molecular junction using 1,4-
diaminobenzene. This example junction consists of two gold metal electrodes, two amine
linker groups, and a benzene molecular backbone that allows current flow through.



1.3.2 Linker chemistry

Linker groups play an important role in single-molecule junctions as they can
significantly influence the binding configurations of the molecule. These groups typically
bind to electrodes through either donor-acceptor bonds or covalent bonds. Covalent bond
linkers, such as thiols, can form strong covalent bonds and facilitate strong electronic
coupling between the molecule and the gold surface.?® On the other hand, donor-acceptor
linkers, such as the amine group, exhibit high selectivity with a preference for
undercoordinated Au atoms while having weaker binding energy than covalent bonds.*
This selectivity is advantageous as it narrows the conductance distribution by limiting the
variability in the metal-linker contact geometry, leading to more consistent and predictable

conductance measurements.*

1.3.3 Au—N linkers

Many biomolecules contain amine or imine moieties, which can facilitate the direct
binding of biomolecules in molecular junctions without further modification. In single-
molecule junctions, electron lone pairs on nitrogen-containing functional groups form Au-
N donor-acceptor bonds, which are highly selective and robust, providing a stable
connection between the molecule and the electrode.?2*4% Nitrogen-containing
heterocyclic rings, such as imine and amine functional groups, are commonly found in
many biomolecules. As Figure 1-3 illustrates, both adenine (one of the nucleobases) and
histamine (a biogenic amine) contain these moieties. These characteristic positions
biomolecule as ideal candidates for investigation in molecular junctions, thereby

expanding the scope of single-molecule electronics.
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Figure 1-3. Chemical structure of adenine and histamine. Potential binding sites, such as the
exocyclic amino group and imine moieties, are highlighted with red circles.

The primary amine linker group, consisting of a nitrogen atom bonded to one alkyl
or aryl group and two H atoms, is a popular choice for single-molecule conductance
measurements. Specifically, the primary amine linker prefers binding to under-coordinated
gold atoms, leading to a consistent conductance signature.*>** This consistency is reflected
in the distinct sharp peak in conductance histograms constructed from thousands of
conductance traces, providing clear evidence of the interaction of the molecule with the
gold surface.

On the other hand, pyridine, an aromatic compound featuring an sp?-hybridized
nitrogen atom (imine) within a six-membered ring, can also serve as an effective linker
group in molecular junctions. The lone pair of electrons on the nitrogen atom resides in the
o plane of the molecule, distinctly orthogonal to the m system of the six-membered ring.
Despite this orthogonality, the © system of pyridine can still interact with gold electrodes
if the molecule is tilted, which results in a conductance signature that decreases during the

elongation of the junction as the molecule changes orientation.?*4> Notably, the binding



energy of pyridine (1-1.3 eV per bond)?* to gold is stronger than that of an amine linker
(0.7-1.0eV per bond),*® making it a robust choice for molecular junction studies.

1.4 Noncovalent interactions in single molecule junction

1.4.1 w—r stacking interactions in single molecule junction

In biological systems, m-n stacking is observed between DNA base pairs. Many
researchers propose that the aromatic base pair stacking within the helices can facilitate
charge transfer.1*1® Drawing inspiration from the unique structure of DNA, researchers are
exploring the potential of incorporating these m-n stacked structures to construct highly
conductive molecular wires. The STMBJ method serves as an excellent tool for
characterizing the conductance of these n-stacked molecules and for understanding charge
transport across n-stacked systems.

The traditional approach involves synthesizing pre-designed molecules and
introducing them into the junction with linker groups. For example, Schneebeli et al.
designed and probed up to four m—m stacked paracyclophanes systems for electrical
detection.*® Later, Vazquez et al. investigated the conductance superposition law in single-
molecule junctions using a similar paracyclophane system and observed a significant
increase in conductance due to constructive quantum interference.*’

However, Wu et al. pioneered the self-assembled approach by probing the
conductance through conjugated monothiol-linked oligo-phenylene-ethynylene (OPE)
systems.*® They found that the conductance was an order of magnitude lower than that of
dithiol-linked OPE molecules. Interestingly, this lower conductance was attributed to the

formation of a self-assembled n-stacked structure in the junction by two OPE molecules,
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as shown in Figure 1-4. Overall, this structure allows charge flow through the spatial
overlap of the m orbitals between the two OPE molecules, effectively acting as a
conductance bridge. Following this initial investigation, researchers have made efforts to
manipulate these self-assembled m—m couplings in OPE systems. Researchers have
explored various strategies, including substitution and spatial effects,***° quantum
interference,® and environmental controls,® to influence the conductance properties of
OPE systems. These findings pave the way for further exploration in molecular electronics
and the search for alternative molecules capable of self-produced amplified conductance

signals.
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Figure 1-4. A. Tllustration of the staggered m-m stacking configuration of a pair of OPE-
monothiol molecules, where the aromatic rings are shifted by a ring length. This
configuration allows for effective overlap of the @ orbitals, facilitating charge transport.
(Reproduced from Wu et al., Nature Nanotechnology, 3(9), 569-574.)

1.4.2 Hydrogen bonding interactions in single molecule junctions
Hydrogen bonding (H-bonding) places a significant role in the structure, function,
and dynamics of various biological systems. The H-bonds between nucleobases, depicted
as dashed lines in Figure 1-5, play an important role in maintaining the double helix
structure of DNA and contribute to the stability of the molecule.®® Several research avenues

have been identified for utilizing H-bonding in the context of organic and molecular
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electronics.®® These include exploring the role of H-bonding in transport through
biological materials like DNA and studying the supramolecular H-bond-mediated self-

assembly of conducting moieties, 586162
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Figure 1-5. lllustration of the adenine-thymine base pair in DNA, showcasing the formation
of two H-bonds.

The importance of H-bond-mediated charge transport in chemical and biological
systems has led to a wealth of experimental and theoretical investigations to understand its
underlying mechanisms. Supramolecular junctions involving multiple intermolecular H-
bonds have been extensively studied using the STMBJ method. 54506384 These studies have
revealed that various factors can influence the conductance of intermolecular H-bond.
These include the type of electrodes used in the experiments, the solvent used, and potential
guantum interference effects that could decrease or increase the conductance of H-bond-
containing complexes.>**® The situation becomes more complex when considering
multiple intermolecular H-bonds in a single molecular junction.5” 62638 Gjven these highly
variable and debatable results, further investigations and theoretical explanations are

needed to understand the conductance properties of H-bond systems.
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1.5 Thesis Outline

This thesis investigates and differentiates specific interactions occurring at the
gold-biomolecule interface using the STMBJ technique. The objective is to demonstrate
how single molecule conductance signals can be utilized to identify and determine Au-
biomolecule interactions at the atomic level. Furthermore, we also investigate different
types of noncovalent interactions in molecular junctions by analyzing their single-molecule
conductance signals.

Chapter 2 provides a detailed description of the methodology used in this thesis. It
includes an overview of our custom-built STMBJ setup, sample preparation, experimental
setup, data processing, statistical analysis methods, theoretical calculation methods, and
flicker noise analysis procedures.

Chapter 3 delves into the pH-activated binding mechanism of imidazole in a single
molecule junction. This study reveals that imidazole can bridge gold electrodes with a high
probability of multiple molecules bound in parallel. Imidazole can also bind in series, with
a gold atom connecting two imidazole molecules, forming in-situ molecule-metal-
molecule chains.

Building on the findings from Chapter 3, Chapter 4 explores the cooperative
binding of benzimidazole in single molecule junctions. This study uncovers that the
benzimidazole dimer exhibits higher conductance than imidazole dimers. We utilize
Density Functional Theory (DFT) methods to investigate the origin of the conductance
enhancement. Theory calculations reveal that parallel stacking of two benzimidazoles

between electrodes is the most energetically favorable due to its large m system. Finally,
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we demonstrate a new self-assembly approach that leverages intermolecular interactions
to achieve molecular junctions with improved electronic properties.

Chapter 5 shows how STMBJ measurements can determine the binding
configuration of adenine, one of the nucleobases, on gold. Different conductance signals
are assigned to distinct binding configurations by comparing adenine conductance to
structurally similar control molecules. Additionally, we demonstrate that single molecule
conductance signals can differentiate adenine and its biological derivatives, 2'-
deoxyadenosine, and 6-methyladenine, laying the foundation for biosensing using single
molecule conductance.

Chapter 6 studies the pH-activated hydrogen bonding conductance features of
histamine. By systematically investigating the conductance of histamine and its
derivatives, we can assign different conductance features to specific binding sites. DFT -
transport models are used to identify the specific alkane configurations in molecular
junctions. Finally, flicker noise methods are employed to determine and assign one of the
conductance features in which current passes through the intramolecular hydrogen bond of

histamine.
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CHAPTER TWO Experimental Methods and Data Analysis
2.1 Home-built single molecule tunneling break junction setup

A custom-built single molecule tunneling break junction (STMBJ) is utilized to
gather all the data in this thesis to investigate the conductance of single molecule
junctions.?2:27 A picture of our setup is shown in Figure 2-1A. The sub-angstrom
precision piezoelectric z-axis positioner, NANO-METZ, is sourced from Mad City Labs
Inc. The sample rests on a magnetic holder mounted to the piezo, and the tip holder is
positioned above using a magnetic attachment. The entire setup is housed inside an
acoustically insulated box lined with noise-isolating foam. This box is suspended by spring
cords designed to dampen mechanical vibrations from the ceiling.

A constant bias of 500mV or 100mV is applied to the sample stage for all
experiments. The circuit diagram of the junction is illustrated in Figure 2-1B. The current
passing through the molecular junction is measured and amplified by the Keithley 428
Programmable Current Amplifier at a gain of 6. The amplifier is bypassed to allow for
smaller voltage increments and finer step sizes. The conductance (G) of the molecular
junction is calculated by dividing the measured current (1) by the applied bias (V). The
current measurement and piezo displacement data are collected using a Data Acquisition
card (National Instrument PXle-1071 4-Slot 3U PXI Express Chassis 24-bit) at a rate of 40
kHz. Unless otherwise specified, a IMQ or 1K€ resistor is connected in series with the

junction to prevent current saturation for all experiments shown in this thesis.
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Figure 2-1. A. Image of the custom-built STMBJ setup used in the Kamenetska lab. B.
Schematic representation of the circuit diagram of the instrument.

The tip gold electrode is prepared by mechanically cutting a gold wire (0.25mm
diameter, 99.999%, Thermo Scientific Chemicals) to form a sharp tip and placing it in a
magnetically held gold tip holder. The bottom gold electrode is prepared on Atomic Force
Microscope metal specimen discs. These magnetic stainless steel Alloy 430 discs (12mm,
Ted Pella) are used as the base substrates for the gold samples. To ensure a smooth surface
for gold deposition, the discs are polished using a PlanarMet 300 Planar Grinder from
Buehler Inc. at the Boston University Engineering Product Innovation Center (EPIC). We
evaporate a layer of gold (99.985%, Thermo Scientific Chemicals) to a thickness of 100-
150nm at a rate of 1 A/second using a thermal evaporator (Edwards Auto 306 Turbo) in

high vacuum conditions (~107 torr).
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Figure 2-2. Atomic Force Microscope magnetic stainless steel (alloy 430) disc in three
processing stages: as purchased (left), after polishing (middle), and following gold
evaporation (right).

During the experiments, the piezoelectric nanopositioner repeatedly pushes the
gold substrate into the gold tip to reach a conductance of > 5 Go (where Go=2e?/h),
indicating the formation of gold-gold contact. The nanopositioner is then pulled 5 nm away
to break the gold contact at a constant speed of 20nm/s. If the experiment is performed with
target molecules deposited on a sample surface, the molecules can bridge and conduct
through the junction. This process is repeated thousands of times using an automated
protocol. Data are recorded and processed by a custom software procedure in Igor
(Wavemetrics). For every experiment detailed in this thesis, we first ensure a clean surface
by measuring clean gold for at least 1000 traces. Following this, we deposit the target
molecule onto the same gold sample using an established deposition procedure described

in the next section. We then measure thousands more traces on the target molecule.
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2.2 Molecule deposition procedures

Most target molecules studied in this thesis are deposited out of aqueous solutions
with a concentration of 1~5 mM. To adjust the pH of the aqueous solution, sodium
hydroxide (NaOH) and hydrochloric acid (HCI) (Sigma Aldrich) are used. The target
molecule is first dissolved in water; then, either 0.01M NaOH or 0.01M HCI can be added
to achieve the desired pH. The pH of the adjusted solution is measured using Hydrion®
Brilliant pH dipsticks from Sigma Aldrich.

To deposit molecules on the gold-coated substrate out of aqueous solutions or polar
organic solvents, such as ethanol, triethylamine (TEA), propylene carbonate (PC), ethyl
benzoate (EB), N, N-dimethylformamide (DMF), pyridine (all purchased from Sigma
Aldrich), we utilize the dip coating method. This involves immersing the gold substrate in
at least 2 mL of the prepared solution for at least 15 minutes. The sample is then carefully
removed, ensuring minimal liquid remains on the gold surface to guarantee an even
molecular coating. The solvent can be evaporated by slightly heating the sample inside the
Digital Gravity Convection Oven from Quincy Lab to a temperature no greater than 55°C
for aqueous solvents and no greater than 80°C for organic solvents. Figure 2-3 compares
the histograms of water and clean gold, revealing additional peaks at 0.1 Go following
water evaporation. Moreover, the evaporation of a pH 12 solution containing dissolved
NaOH introduces another conductance feature above 10 Go. For molecules dissolved in
non-polar solvents, 5 pL of the solution containing the molecule of interest is directly
deposited onto the gold samples, and the measurement is performed in a liquid

environment.
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Figure 2-3: Conductance histograms of control measurements using solvents only.

2.3 Data analysis and visualization
We initiate our measurements by bringing two gold electrodes into contact and then
retracting them while recording the conductance of the junction and piezo displacements.
Sample traces, as depicted in Figure 2-4A, illustrate the conductance evolution during
junction displacement. Thousands of traces are measured, displaying conductance plateaus
at integer values, which indicate the thinning of the gold wire.*>%® Figure 2-4A, presented
in a logarithmic scale, illustrates the evolution of conductance during displacement and

sudden drops in conductance below 1 Go, suggesting a rupture of the gold-gold contact.3
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Figure 2-4. A. Single trace samples of gold-gold contact. B. Histogram of clean gold only,
linearly binned and displayed on a logarithmic scale for clarity. C. Histogram with data
logarithmically binned and displayed on a linear scale.

To determine the most probable conductance of the molecular junction, we generate
a one-dimensional conductance histogram by binning conductance traces into a specific
bin size and accumulating thousands of individual conductance traces. In the conductance
histogram depicted in Figure 2-4B, sharp peaks are observed at 1 Go and 2 Go. These peaks
indicate the most probable formation of gold wires with one and two gold atoms in the
cross-section. Since the molecules studied in this thesis are organic molecules and have
higher resistance than a single gold contact, the linear-binned conductance histogram is
plotted on a logarithmic scale (as shown in Figure 2-4B) to focus on the conductance

regime below 1 Go. Another method used to visualize the data is constructing a log-bin
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histogram by performing a logarithmic operation on the raw single trace data and then
binning all the conductance traces, as shown in Figure 2-4C.

When these experiments are conducted in the presence of molecules on the surface,
thousands of such traces are measured, as shown in Figure 2-5A, using 1,4-diaminobutane
(C4) as an example. These traces often display conductance plateaus, attributed to Cs
bridging and conducting through the electrodes. By binning all these traces into a one-
dimensional histogram, we observe a reproducible molecular conductance signature
appearing as a peak in the histogram at around 10 Gy values following a 1 Go rupture
shown in Figure 2-5B.213%%7 This peak indicates the presence of molecules in the molecular

junction and their most probable conductance at ~107 Go.

] ch /\/\/NHZ 80
N 1 = 7y HaN

14 *t
3 1,4-Diaminobutane

10" - (C4)

0.1

0.01 3

Conductance (G)
Conductance (Gg)

Counts

-4 o

0.001 107 N

3 4’

E on, pertrace

m| (=) | —

> '3%

0.0001 T T T T T T T T

1.0 1.5 2.0 25 3.0 3.5 4.0 Counts 0.2 0.0 0.2 0_4 0.6

Displacement (A) Displ t (A)
isplacemen

Figure 2-5. A. Sample conductance traces of 1,4-diaminobutane (C.), offset for clarity. B.
One-dimensional histogram of C,4, with data logarithmically binned. C. Two-dimensional
histogram of C4 as a function of conductance (y-axis) and displacement (x-axis), with the
histogram counts represented on the z-axis and by the color bar. Inset: Chemical structure of
Ca.

Since electrode displacement data are also recorded during the experiments, a 2-
dimensional (2D) histogram can be constructed, as shown in Figure 2-5C. In this 2D

histogram, the y and x-axes denote logarithmically binned conductance and linearly binned
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displacement counts, respectively. The color scale corresponds to the number of counts in
the corresponding bin. To better visualize the molecular plateau length, the zero-
displacement point is defined as the breaking point of the gold-gold contact immediately
after observing conductance at 1 Go. After the gold-gold rupture signaled at 1 Go, a
molecular plateau appears around 0.3 nm at the positive region of the displacement scale,
shown in Figure 2-5C. A 2D histogram is an excellent tool to characterize the persistence
of C4 molecular junctions.

To determine the most probable conductance, we perform a Gaussian fitting using
the equation below,

_(x=w?
f(x) = Ae 2072

where A is the amplitude, x is the position of the center of the peak, and ¢ is the standard
deviation, which is the width of the curve. By fitting the conductance peaks, we determine
1 and o, which signify the most probable and average conductance and the peak width,
respectively. The conductance values in this thesis refer to the conductance peak values
from these histograms. The width of the peak can vary due to multiple factors, such as
different molecular configurations or changes in gold-molecule contact during junction
elongation.?? Some molecules exhibit multiple conductance peaks. For these instances, a
double, triple, or quadruple Gaussian, as shown in the equation below, can perform multi-
peak fitting.?®

_(x—lh)z (X—I«LZ)2 (x—u3)2
f(x) = Aje 201" +Aye 202" + Aze 2037




22

2.4 DFT and transmission calculation

We use the Fritz Haber Institute ab initio molecular simulations (FHI-aims)
package®® "0 with the Perdew—Burke—Ernzerhof (PBE) density functional for exchange-
correlation’ to compute the geometries of metal-molecule—metal junctions. Initially, we
relax the molecule of interest, binding it to one side of the model Auzs gold electrode and
allowing it to relax again. Then we take the relaxed geometry and attach to the other gold
electrode, aligning the backplane of the first gold electrode perpendicular to the z-axis.

In our custom procedure, one side of the electrode (all 18 gold atoms) shifts along
the z-axis by 0.15 A per step, with all atoms, except the molecule in the junction and the
top two gold layers at the tip (4 gold atoms per electrode), held fixed. We relax the structure
at each step until the atomic forces fall below 0.01 eVxA ™. We record the overall energy
of the Auzs-molecule-Ausg structure and calculate the total interaction energy. The y-axis
in Figure 2-6 represents the total interaction energy of an example molecular junction,
which is defined as follows,

Etotai interaction energy
= Emotecuie and etectrodes — (Egas phase motecute T Egas phase electrode)
Then we can visualize the energy landscape as the total interaction energy during the push-
pull manipulation of the geometry and locate the most probable structure for the target
molecule.

Given that some alkane-containing molecules can adopt numerous geometries, we

systematically search for the most stable binding geometries of the molecule to investigate

the energy landscape of the alkane confirmations in the junction.®” A sudden energy spike
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or drop in the energy landscape plot signifies a transition to another alkane geometry, as
shown in Figure 2-6. We can initiate a push or pull from the transition between two alkane

structures to identify another energy minimum.”?
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Figure 2-6. This example figure illustrates the total interaction energy landscape of histamine,
with abrupt energy changes indicating conformation alterations during the push/pull process.
Different color traces represent multiple iterations of the procedure.

Upon locating the structure corresponding to the local total interaction energy
minima, we compute the Kohn—Sham states using an optimized all-electron numeric atom-
centered tight basis set (akin to a double zeta plus polarization basis set) for the molecule
and a loose basis set (similar to a double zeta basis set) for the gold atoms.” To calculate
the energy-dependent electron transmissions across the relaxed junction geometries at zero

bias, we utilize the non-equilibrium Green’s function method implemented in the
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AITRANSS of the FHIaims package, while maintaining the same theoretical level for
transmission calculations.®870.7
2.5 Flicker noise analysis

Molecular junctions primarily involve two fundamental types of interactions:
through-bond and through-space.”® In through-bond coupling, the molecule is coupled to
the electrodes via covalent or dative interactions, maintaining a relatively stable distance
between the molecule and the electrodes.?? Consequently, electrons are mostly traveling
along the bonds of the molecule, moving from one electrode to the other. On the other
hand, through-space coupling involves the molecule being connected to the electrodes via
noncovalent interactions, such as 7 interactions and hydrogen bonding.*®" In this case, the
interactions between the molecule and the electrodes are less stable, leading to significant
conductance fluctuations. As a result, electrons primarily tunnel through the vacuum space
between the molecule and the electrodes.

Adak et al. demonstrated that the noise intrinsic to single molecule junctions
follows a power law relationship of 14, where f is the frequency, which is a characteristic
of flicker noise.”®"8 They established a method to distinguish between through-space and
through-bond transport by analyzing the dependence of junction flicker noise on
conductance.”® To perform this analysis, we first need to confirm the presence of molecular
signals within the junction. We start with our standard experimental protocol described in
section 2-1. Using the piezoelectric nanopositioner, we use a modified procedure to
incorporate a holding phase. After an extension of 1.5 nm, the pulling is stopped, and the

junction is held fixed for 150 ms, as shown in Figure 2-7A. Following this step, the piezo
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resumes its extension of an additional 3 nm to ensure the complete breaking of the
molecular contact. This altered procedure is repeated across at least 10* traces, collecting

conductance and displacement data.

—— Piezo displacement o
—— Conductance 10
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Figure 2-7. A. Sample conductance (red) and displacement (blue) traces for a single flicker
noise experiment, with G,y indicating the average conductance during the hold period (blue
bracket). B. Sample Noise Power Spectral Densities (PSDs) can be obtained by transforming
the hold period conductance from the time domain to the frequency domain using the discrete
Fourier transform (dFT). The yellow shaded region represents the noise power integrated
from 100 Hz to 1000 Hz. C. Averaged conductance noise PSDs of 1-methylimidazole (1Melm)
in blue and 1,6-hexanediamine (Cs) in red; the black dashed line indicates the f** dependence.

We focus solely on the conductance observed during the holding phase for data
analysis. We select only those traces where conductance signals fall within the histogram
peak width of the target molecules. Then we perform a scaled discrete Fourier transform
(dFT) on the selected data to convert from the time domain to the frequency domain (Figure
2-7B). To confirm the presence of flicker noise within our molecular junction, we average
all frequency domain traces and fit the segment from 100 Hz to 1000 Hz to a power law,
as shown in Figure 2-7C. This confirms the f1# dependency across all molecular junctions
of interest. Two key parameters are required to determine the nature of the interaction

within a particular molecular junction: the average conductance (Gayg) of the conductance



26

and the average noise power during the hold period. We construct a Power Spectrum

Density (PSD) as follows,

IF(H)I?
N

P(f) =

where F(f) is the dFT of the conductance during the hold period, and N is the number of
data points. The average noise power was computed by integrating each PSD trace between
100 Hz and 1000 Hz.

Adak et al. have also established a method to distinguish the dominant interaction
in a junction by examining how the noise power scales with the average conductance.
They have found that the noise power scales with the N-th power of the average
conductance, GN. If the scaling exponent N is larger than 1.4, this suggests that the
dominant interaction in the junction is through-space. Conversely, if N is approximately 1,
the dominant interaction is through-bond.

To obtain the coefficient N, we apply Pearson’s correlation analysis on the (noise
power/GN) against Gayg to derive the coefficient N, using values ranging from 0 to 4 in
steps of 0.01. We can locate the exponent N where the correlation between (noise
power/Gayg") and Gayg equals zero, as shown in Figure 2-8A. We experiment with two
control molecules, 1,6-hexanediamine (Ce) and 1-methylimidaozle (1Melm), known to
bind through bond and space, respectively. We have determined the coefficient to be N =
0.91 for C6 and N = 1.70 for 1Melm, which confirms prior knowledge about their binding

and transport in the junction.”®"®
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Figure 2-8. A. Correlation of noise power/GNwith the average junction conductance (Gayg) for
1Melm. The dashed grey line indicates where the correlation equals zero, corresponding to a
scaling exponent N of 1.7. B. Two-dimensional histogram of noise power/Gayg against Gayg for
Cs, black lines showing the 2D Gaussian fits. Inset: Chemical structure of Cs. C. Two-
dimensional histogram of noise power/Gay against Ga,g for 1Melm, black lines showing the
two-dimensional Gaussian fits. Inset: Chemical structure of 1Melm.

To enhance our visualization of these results, we can create a two-dimensional
histogram of the averaged noise power/Gayg versus Gayg shown in Figures 2-8B and C. A
2-dimensional Gaussian fit is used to identify the contour shapes of the histogram. A
leveled circular contour suggests through-space interactions, as shown in Figure 2-8B,

while a tilted contour in Figure 2-8C suggests through-space interactions.
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CHAPTER THREE pH-Activated Single Molecule Conductance and Binding

Mechanism of Imidazole on Gold

3.1 Preface

A version of this chapter has been published in Nano Letters, authored by
Xiaoyun Pan, Brent Lawson, Andrea M Rustad, and Maria Kamenetska.?® I conducted the
scanning tunneling microscope break junction (STMBJ) measurements and data analysis
for this work. I want to express my gratitude to Brent Lawson for performing the Density
Functional Theory calculations, Andrea Rustad for her assistance in data collection, and

Maria Kamenetska for her guidance throughout the project.

3.2 Introduction
The chemistry required to enable effective and reproducible assembly of and charge
transport across metal-molecule-metal junctions is an ongoing area of research. 3082
Because the chemical link between the metallic and organic components in a circuit
determines both the stability of the device and the contact resistance between components,
the required chemistry must be robust but also selective. Most existing binding chemistries,
such as thiol-Au or amine-Au, present a trade-off between bond strength in the prior and

bond selectivity in the latter case.*>81:83

Here we demonstrate electrically robust and persistent, pH-activated metal-
molecule-metal junctions formed with imidazole (Im) on gold. Im is an organic cyclic
compound whose structure is shown in the inset of Figure 3-1A; it is a key component of

biological molecules—purine DNA bases as well as the amino acid histidine.’*% We
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measure the conductance of imidazole and its derivatives at room temperature and perform
density functional theory (DFT) calculations to identify the new binding mechanism
responsible for forming these stable metal-molecule-metal junctions at room temperature.
We find that robust junctions are formed with deprotonated molecules, imidazolates (Im"),
which coordinate to the gold electrodes through the nitrogen atoms; the junctions are
stabilized by the image-charge interactions with the metal surface without losing binding
selectivity. Using this chemistry, we are able to assemble single molecular-metal chains,
composed of two Im” molecules bound in series through a gold atom, while measuring their

conductance at room temperature.

3.3 Results and Discussion

We form single molecule-metal junctions with Im and its derivatives using a home-
build Scanning Tunneling Microscope break junction (STMBIJ).®® Our experimental
protocol is based on Chapter 2. Briefly, we bring a gold tip repeatedly in and out of contact
with a gold-coated metal substrate using a high-resolution piezoelectric positioner.
Conductance is measured at a constant bias of 500 mV while the substrate is moved away
from the tip at 20 nm/sec. We deposit molecules on the gold substrate by dip coating it in
I millimolar (mM) solution of the molecules in various solvents. The sample is dried before

measurement, as detailed in Chapter 2, so no tip insulation is required here.
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Figure 3-1. A) Sample conductance traces measured in the presence of imidazole dip coated
on the gold sample from water. Inset: Chemical structure of imidazole with atomic positions
numbered B) Linear binned histograms of Im deposited out of water, showing the high-G
region (bin size = 10*) and the low-G region (inset; bin size = 10°). The dashed lines represent
four and two Gaussian fits to the high-G and low-G regions, respectively. The most likely
conductance values corresponding to the centers of these distributions are found to be 1.9 x
102 Go, 4.0 x 102 Gy, 6.2 x 102 Gy, and 8.1 x 102 Go; be 1.2 x 10 Go and 2.4 x 10 G, for low-
G. C) 1D log-binned conductance histograms constructed from at least 4000 traces of
imidazole dip coated onto gold from various solvents. D) Conductance histograms of Im
deposited out of aqueous solutions of varying pH constructed without data selection from at
least 5000 traces. E) The proposed mechanism for Im binding Au in basic conditions through
the 3N lone pair. F) Proposed mechanism for the Au-catalyzed deprotonation of imidazole in
basic conditions and for the formation of Au-Im™Au junctions.

Figure 3-1A shows sample conductance traces collected in the presence of Im
deposited using this dip coating method from water (Sigma Aldrich W4502). As usual, we
observe plateaus at decreasing integer values of Gy, indicating the mechanical thinning of
gold molecular wires until a single atom with conductance of 1 Go bridges the electrodes
prior to rupture. In addition, at least 50% of the traces measured in the presence of Im show
multiple plateaus between 102 Go and 107! Gy (high-G region) and between 10 Go and 10

3 Go (low-G region). To determine statistically significant conductance values, we construct
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a 1D conductance histogram out of 6000 traces of Im on gold deposited out of water
without any data selection. The resulting histograms are shown in Figure 3-1B using linear
binning and in Figure 3-1C using log binning, and reveal several distinct peaks in both the
high-G region (main figure, bin size is 10 Go) and in the low-G region (inset, bin size is
10 Go).¥” Dashed lines in Figure 3-1B show four Gaussian fits to the high-G region and
two Gaussian fits to the low-G region; we observe that molecular peaks occur at multiples
of 1.9 x 10 Gy and at multiples of 1.2 x 10* Go, suggesting that multiple molecular
structures can bind in parallel in our junctions to produce distinct molecular conductance
signatures over many orders of magnitude. These sharp peaks observed in the histograms
confirm that this molecule deposited out of water forms robust metal-molecule-metal

junctions on gold with several statistically significant conductance signatures.

Such conductance phenomena have not been observed with neutral amines,
pyridines or nitriles, which coordinate to gold through donor-acceptor bonds with nitrogen
producing relatively weekly-bound metal-molecule junctions with no more than two
molecules binding in the junction in parallel.*>%3% Here, we postulate that the two nitrogen
atoms in Im in positions 1 and 3 (Figure 3-1A) provide the anchor points of the molecule
to the gold electrodes and that Im is deprotonated in this process in position 1 (inset of
Figure 3-1A). To test this hypothesis and determine the binding mechanism of our
molecular junctions, we perform break junction measurements on Im as a function of
solvent polarity and basicity. The conductance histograms of Im deposited from ethyl
benzoate (EB), propylene carbonate (PC), triethylamine (TEA), and water are shown in

Figure 3-1C. More solvent-dependent conductance data are included in Figure 3-2, and the
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complete list of solvents used in the study and their properties is listed in Table 3-1. We
find that metal-molecule junctions with Im form only in relatively basic solvents such as
TEA or water. In contrast, no junctions are observed in EB or PC, which is highly polar but
acidic compared to Im shown in Table 3-1. These results rule out solvent polarity or water

specifically as decisive in enabling molecular junction formation.

Solvent pPKa Dipole Moment (D)

Ethyl Benzoate (EB) -6.5% 2%
N, N-Dimethylformamide (DMF) -0.3% 3.82%
Propylene Carbonate (PC) 3.92% 4.9%
Pyridinium (conjugate acid of pyridine) 5.23% 2.215%
Triethylammonium (conjugate acid of Triethylamine) | 10.75% 0.66 ™
H.O 149 1.8546%

Table 3-1. The pK, values and dipole moments of the solvents used in this study.
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Figure 3-2. Conductance histograms of imidazole dissolved in acidic aqueous solvents and
polar aprotic organic solvents were obtained from a minimum of 4000 traces.

We confirm and quantify the dependence of junction formation on environmental
basicity by measuring the conductance of Im deposited from aqueous solutions of varying
pH. The conductance histograms made from at least 6000 traces measured on Im deposited
out of solution with pH 3, 7, 9, and 12 are shown in Figure 3-1D. We observe that at pH
value below 7, the conductance features in the high and low-G regions do not occur.
Instead, a broad feature around 10~ Gy is observed at pH 3 and other acidic solvents
(Figures 3-1D and 3-2), which may correspond to n-n stacked molecules physisorbed in
the junction.” In contrast, in basic conditions, this broad feature disappears in favor of the
sharp peaks discussed above, signaling that at high pH Im™ bridges the tip-sample gap by

binding to both electrodes. Interestingly, the cutoff for junction formation occurs at pH 7
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and coincides with the pK, of the N3 position in Im, suggesting that the availability of the
lone pair at position 3 to bind is necessary to form molecular junctions.* Based on this
evidence, we postulate that the N3 position is one of the binding sites of the molecule to
the electrodes, as depicted in Figure 3-1E. In Figure 3-1F, we show that once the lone pair
on 3N binds to the gold, the N1 site becomes more acidic and can become deprotonated in
basic conditions. We hypothesize, therefore, that the second binding site of Im™ in the

junction is through the deprotonated N1 nitrogen.

To test the role of this pyrrole nitrogen in position 1 on junction formation, we
measure the conductance of a series of imidazole derivatives, with a methyl group
substituted for hydrogen at the 1, 2 and 4(5) positions, 1-Melm, 2-Melm, 4-Melm,
respectively, as shown in the inset of Figure 3-4A. As expected, 1-Melm, where the N1
position has been methylated, is distinct from all other molecules in our series and does not
bind in the junction in either the high or low-G conductance configurations, regardless of
pH. This result conclusively demonstrates that deprotonation at the N1 position is
necessary for the formation of single molecule junctions. In contrast, the 2- and 4-Melm
do show conductance features in the high and low-G regimes in basic conditions, indicating
that the carbon atoms in the imidazole ring do not participate in binding. Notably, the pH
cutoff above which these molecular conductance signatures are present is ~7.5 and 8 for 4-
Melm and 2-Melm, respectively. This value is higher than the cutoft for Im and correlates
with higher pKa of the nitrogen at the N3 position in these molecules, which we measure
to be ~7.5 and ~8 for 4-Melm and 2-Melm, respectively, shown in Figure 3-3. This pH

dependence of junction formation supports our hypothesis that the donor-acceptor bond
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between the N3 lone pair and the electrode drives the deprotonation at the N1 position,
where the second molecule-metal bond can form.*>*® Our data conclusively identifies the
nitrogen atom lone pairs as the anchoring points for Im" in gold junctions. Binding through
the m-orbitals is inconsistent with published results and the persistent conductance plateaus

observed here. %7

—— 2-Melm in pH 8.5 (solid) and pH 7 (dashed)
= 4-Melm in pH 7.5 (solid) and pH 3 (dashed)
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Figure 3-3: Conductance histograms for 2-Methylimidazole and 4-Methylimidazole,
constructed from 4000 traces. Measurements were taken at pH levels both above (solid lines)

and below (dashed lines) the pKa values of the molecules.

A comparison of the conductance histograms of the 4- and 2-Melm with Im reveals
that Im is relatively more likely to form peaks at higher multiples of the high-G base value
of 1.9 x 102 Gy than the methylated molecules. It is likely that greater steric repulsion of

the bulkier CHs groups prevents the formation of molecules bound in parallel. To further
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test this hypothesis, we examine how the density of molecules around our junction affects
our conductance signatures; we expect configurations requiring more molecules to be less
probable at lower concentrations. We perform conductance measurements on Im deposited
out of pH 12 aqueous solutions of various concentrations and plot the resulting conductance
histograms in Figure 3-4. We observe that at 0.1 mM concentration or lower, only a single
peak at 1.9 x 102 Gy is present in the histogram. We attribute this peak to a junction with
a single Im™ molecule and call it the single high-G peak. As the concentration is increased,
conductance features that require more than one molecule begin to appear in the
histograms. Notably, the double high-G peak at 3.9 x 102 Gy appears next and at the same
concentration of ~0.25 mM as the peak at 1.2 x 10 Gy in the low-G region, suggesting
that both junction configurations involve two Im™ molecules. As expected, higher multiples
of molecular conductance become prominent at higher concentrations. We note that the
double low-G peak at 2.4 x 10 Gy appears only at the highest concentration of 1 mM.
These results strongly suggest that higher multiples of the high-G feature require an
increasing number of molecules likely bound in parallel; furthermore, the data also indicate
that the single and double low-G plateaus require at least two and four molecules,

respectively.
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Figure 3-4. A) Conductance histograms of Im, 4-Melm, and 2-Melm in pH 9 and 1-Melm in
pH 12 were constructed from at least 5000 traces. Inset: structures of the molecules. B)
Conductance histograms of Im constructed from at least 9000 traces each, measured on
samples prepared with aqueous solutions at pH 12 containing differing concentrations of
imidazole.

To better understand the junction geometry responsible for the two conductance
regimes observed (high-G and low-G), we construct a 2D conductance and displacement
histogram, as detailed previously, from 10,000 traces of Im on gold from water without
data selection, shown in Figure 3-5A.?7 The distance axis in this 2D histogram reveals the
elongation sustained by the junction in different conductance configurations. We see, for
example, that the single high-G feature persists through as much as 3 Angstroms (A) of
junction elongation.*’ This is longer than the N-N distance in imidazole itself, which is
~2.2A, and suggests that structural rearrangement of the electrode must occur during

junction stretching to account for the conductance plateau lengths observed. In particular,
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this feature is similar in length to the 1 Go plateaus, suggesting that similar plastic
deformation may account for the persistence of both conductance features. This
phenomenon has only been observed with covalently-bound junctions formed, such as thiol
linkers.®**% In junctions formed with amine (NH.) or pyridine-terminated molecules, the
Au-N link is weaker than an Au-Au bond and is the first to rupture during elongation so
that molecules can change attachment point but not deform the electrode; as a result, amine-
terminated molecules shorter than 5 A remain bound for 1.5 A at the apex of the
electrodes.?” 4190101 This contrast in persistence statistics between imidazole and other
nitrogen-linked junctions supports our observations above that the Im junctions form
through a different chemistry, where the hydrogen is removed to result in Au-Im™-Au
junctions. We hypothesize that the charge on the molecule leads to more robust binding by
polarizing the surface and allows for multiple molecules bound in parallel, as shown in

Figure 3-5B.
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Figure 3-5: A) 2D conductance-displacement histogram constructed from 10000 traces of
imidazole dip coated from water. B-E) The calculated structure and binding energy of various
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Au-Im configurations: (B) three Im- ions bound in parallel on blunt Auis pyramids (hydrogen
atoms omitted for clarity); (C) the Au-Im™-Au complex; (D) the Au-Im™-Au chain; (E) the Im-
Au complex. The labels on atoms around the Au-N bonds in (D) and (E) indicate the total
charge on the atom.

We now turn to the origin of these low-G conductance features. According to Figure
3-5A, these low-G configurations can form starting at ~2 A of stretching and persist until
~8 A of stretching after the 1 Go gold point contact rupture. These distances rule out the
possibility that a single imidazole molecule can bridge this gap and indicate that a more
extended molecular structure is formed during junction elongation. Drawing from the
analysis of the concentration data, it suggests that two molecules participate in the single
low-G feature at 1.2 x 10 Gy, and we propose that molecules of Im” bind in series through
a single gold atom, as depicted in Figure 3-5C. Evidence of plastic deformation of
electrodes upon junction stretching in the 2D histogram suggests that Im™-Au bond strength
is comparable to the Au-Au bond and can extract gold atoms out of the surface to pull out
chains of repeating Im™-Au units; we hypothesize that these in situ-formed dimers can
account for the low-G conductance plateaus at ~2-8A after Gy rupture. Other extended
configurations based on hydrogen bonding between imidazoles or with water are not
consistent with published results or with the data presented here, which show that low-G
conductance features can form both in non-aqueous basic conditions as well as in water.
Imidazole has previously been found to form chains with silver atoms on the surface.'%?
Furthermore, polymer assembly has been observed with other charged linkers in single
molecule conductance experiments. We propose that pH-activated and Au-promoted

deprotonation of Im can account for this phenomenon.!%
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Brent Lawson performed density functional theory calculations (DFT) in Gaussian
to confirm the binding chemistry and possible configurations of single or multiple Im™ on
Au and the formation of Im™-Au chains.!®!% We employ the functionals PBE!%1%7 and
B3LYP!%1% with Def2-SVP and Def2-SVPD!'% 2 a5 the basis sets and core potentials to
calculate and compare the binding energies of Im", Im, and a trimer of Im™ to gold electrodes
modeled as 20-atom gold pyramids(Auzo) or blunt 19-atom gold tips (Auig) shown in
Figure 3-5B. We calculate that Im™ on Au can form stable metal-molecule-metal junctions
with Au-N bond strength of ~2eV, as shown in Figure 3-5D.!% We note that we did not find
a stable bridging configuration of the neutral Im in the junction. Instead, a neutral Im
coordinates to one electrode only through the pyridine N3 atom, as shown in Figure 3-5E,
with a bond strength of ~0.8 eV, consistent with prior results.!%* Interestingly, we see that
the orientation of the metal-molecule bonds in the Au-Im™-Au junction in Figure 3-5D is
virtually unchanged compared to the neutral Au-Im structure in Figure 3-5E. The direction
of the Au-N bond remains perpendicular to the 7 system in both cases, but it becomes
shorter when the molecule is charged, reflecting a stronger polarization of the metal
electrodes in response to the negatively charged molecule, as the total charge labeled on
the atoms surrounding the molecule metal bond in Figure 3-5D and E.!'*"!'> We emphasize
that the 2eV binding energy per Au-N bond calculated above for Im™ in the junction is
comparable to the binding energy of an Au-Au bond.””!°""!'® Given the similarity in bond
strength, the junction may break at an Au-Au link, leaving an Im"Au complex which can
then form metal-molecule chains in situ, as depicted in Figure 3-5C. Our calculations

predict a binding energy of at least 1.5eV for Au-N bonds in the extended structure. This
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relative stability can account for the plateaus observed in the low-G regime. We note that
the broader histograms of the low-G configurations may be due to this slightly lower
binding energy and an increased number of binding configurations. For example, one of
the possible geometry could be the gold-molecule chain attached higher up to the gold
pyramid with extra electronic coupling occurring through the m-orbital.*> Nevertheless, as
in the single Au-Im™-Au junction, DFT calculations indicate that the specificity of the Au-
N bond is retained, and the interaction is strengthened by the electrostatic effect, leading to

robust and reproducible conductance plateaus observed in the low-G region.

As mentioned earlier, we also calculate the binding energy of a trimer of Im™ions
bound on a blunted electrode shown in Figure 3-5B. We observe that despite the negative
charge on the molecules, such junctions with multiple Im™ molecules are stable, with each
Au-N bond contributing ~1.1 eV to the total binding energy. Based on our calculation, the
Im-trimer dipoles arrange head-to-tail to partially offset the electrostatic repulsion. Thus,
the binding energy per bond is less than the single Im™ junctions in Figure 3-5D, but still
more robust than the pyridine-linked junctions and may explain why the higher-G peaks in
the 2D histogram in 3A can sustain less elongation. Importantly, our calculation shows that
the binding of several molecules in parallel disrupts the electrode, as can be seen by the
increased distance between terminal Au atoms in Figure 3-5B. We hypothesize that this
effect promotes the extrusion of Au atoms upon Im" junction elongation and strengthens
our argument that chains of Im™-Au units bound in series correspond to the low-G

conductance signatures.
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3.4 Conclusion

In conclusion, we discover a pH-dependent mechanism for forming robust and
selective single molecule-metal junctions with well-defined electrical properties.
Experimental measurements and DFT calculations indicate Im™-Au linked junctions retain
the selectivity of donor-acceptor bonds that result in reproducible conductance signatures
but are stabilized by the electrostatic effect at the metal surface which results in a binding
strength comparable to covalent links. These metal-molecule structures can sustain
extended junction elongation through plastic deformation of the Au electrodes and the
pulling-out of two repeating Im™-Au units to bridge the junction at room temperature. We
emphasize that the selectivity and robustness of this new linker motif allow us to assemble
these new metal-molecule structures in situ and to characterize their conductance
simultaneously. This work is the first demonstration of pH-controlled, in-situ chain
assembly, and it dovetails with a recent report of polymer formation in a break junction
measurement with isocyano linkers.!®® These experiments point to a new paradigm of
reproducible single-molecule junctions based on charged moieties that can be controlled
electrochemically. Our results also open the door to performing robust electrical
characterization of single biological molecules bound directly through two natively
occurring imidazole moieties or synthetic systems that take advantage of the selective yet

tight binding chemistry.
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CHAPTER FOUR Cooperative Self-Assembly of Dimer Junctions Driven by x-
Stacking Leads to Conductance Enhancement
4.1 Preface

The work presented in this chapter has been submitted for publication during the
writing of this thesis. | am the primary author of this work, responsible for the experimental
design, data collection, analysis, and interpretation. My co-author, Enrique Montes, has
significantly contributed to the computational work of this chapter. Wudmir Y. Rojas and
Brent Lawson have conducted initial theoretical investigations. This research project has
been co-supervised by Hector Vazquez and Maria Kamenetska, whose guidance and
insights have been invaluable. Enrique Montes, Wudmir Y Rojas and Hectror Vazquez are
from The Institute of Physics, Czech Academy of Sciences. The feedback and insights
received during the review process have been implemented in refining this chapter.

4.2 Introduction

Creating conductive and tunable single molecule devices remains the long-term
challenge of molecular electronics.?17118 Efforts to engineer the electronic structure of
molecular junctions have focused on leveraging synthetic control to create molecules with
desired functionality.?>11%121 Typically, molecules with pre-designed components are
synthesized and then introduced into the junction, where they can bridge two electrodes
through a pair of substituent linker groups.*

An alternative approach is to design molecular components which can rearrange
and self-assemble into novel molecular structures in the junction.?648122 For example,

imidazole (Im), a conjugated five-member heterocycle, can become deprotonated to
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imidazolate in the junction environment and then bridge gold electrodes to form Im-gold
bridges.?>20:123124 Other work shows that intermolecular interactions can be harnessed to
create new junction structures.®®?126 For example, researchers have synthetically
manipulated n—n coupling between oligo-phenylene-ethynylene (OPE) molecules to
achieve junctions with through-space transport,”® quantum interference,®® and
environmental controls.®? Additionally, other conjugated molecules containing multiple -
7 stacked units were observed to demonstrate a significant increase in conductance due to
constructive quantum interference.-12’

Here, we demonstrate that intermolecular van der Waals interactions like 7t-7t
stacking can drive cooperative binding of several molecules between metal electrodes and
promote the formation of molecular dimer junctions with enhanced conductance per
molecular unit. We show that benzimidazole (BI), a larger heterocycle containing an Im
fused to benzene, assembles to bridge two gold electrodes upon deprotonation, just like the
Im reported previously. Unlike Im, BI creates junction structures with multiple
conductance peaks, which are not integer multiples of a monomer junction, but display a
higher conductance per molecule. Density Functional Theory (DFT) calculations show that
van der Waals intermolecular interactions between the aromatic Bl molecules stabilize the
n-n stacked BI dimers over other molecular arrangements in the junction and that
intermolecular binding energy is ~20 times kgT. In contrast, the Im dimer binding energy
is much less sensitive to the relative orientation between the molecules. Transport
calculations show that energetically preferred Bl dimer junctions are stabilized by

intermolecular interactions in a junction conformation with higher conductances per



45

molecule than monomer junctions. We demonstrate how we can tune this cooperativity
effect and overall junction conductance through synthetic substitution of Im derivatives by
designing a phenyl-substituted Im with increased intermolecular interactions that assemble
into more transparent dimer junctions than Bl or Im. This work demonstrates a new self-
assembly approach that leverages intermolecular interactions to achieve molecular
junctions with improved electronic properties.

4.3 Additional theoretical calculation methods

4.3.1 Calculations of junction geometry and transmission properties

The geometry of Bl and Im junctions was calculated using SIESTA.*?® Unit cells
comprised the molecule, trimer Au tip motifs, and six Au(111) layers, each containing 25
Au atoms. Molecular atoms were described using a double-zeta polarized basis set, while
a single-zeta polarized basis was used for Au atoms. Reciprocal space was sampled using
a 2x2x1 Monkhrost pack grid, while a real space grid was defined with an equivalent cutoff
energy of 250 Ry. Van der Waals dispersion forces were included using the non-local vdW-
DF functional of Dion et al. in the implementation of Roman-Perez and Soler. 12%130

The position of all molecular and tip atoms was allowed to relax until the Hellmann-
Feynman forces acting on these atoms were smaller than 0.02 eV/A. Zero-bias transmission
calculations were performed within the non-equilibrium Green’s function method using
TranSIESTA.2! Extra Au layers were added to converged geometries to compute spectra
at optimized geometries. The electronic structure and transmission spectra were calculated

using 5x5x1 and 15x15x1 Monkhorst-Pack grids, respectively.
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The energy profile of molecular dimers was calculated as a function of the relative
angle 6 between two molecules. When 6 = 0, two molecules are completely parallel to each
other; when 6 = 90, two molecules are perpendicular to each other. The 6 was computed as
follows: to preserve the relative angle 0, the position of C and N atoms in each molecule
was restricted. Their relative positions were constrained such that each molecular backbone
could rigidly translate but not rotate, thus preserving the value of 0 along the scan. Each
molecule in the dimer could move independently of each other. H and Au atoms were
allowed to move with no restrictions. For every 6, molecular and tip atom coordinates were

optimized this way until forces on each atom were lower than 0.02 eV/A.

4.3.2 Binding energy at the junction

The binding energy of Bl and Im monomers and dimers at the interface was

calculated as follows,
Eb = Ejunction — (Emol + EAu)

where Ejunction 1S the total energy of the junction in a fully optimized configuration, Emoi IS
the energy of the molecule obtained by cleaving the Au-N bonds in a spin-unrestricted
calculation, and Eay is the total energy of the Au tips and electrode layers. The geometry
of all structures was fully optimized as described in the previous section, and no constraints

were applied. Corrections to basis set superposition errors were included.

4.3.3 Gas-phase intermolecular energy calculation
The gas-phase intermolecular energy was calculated for all dimers. The protonated,

neutral form of each molecule was considered here. The basis set and force cutoff described
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above were used, and calculations were performed at the Gamma point. The intermolecular
energy was computed as follows,

Einter = Edimer — (E1 + E2)
where Egimer IS the energy of the dimer in the gas phase when the geometry is fully
optimized, and E; is the energy of each fully relaxed isolated molecule. Both parallel (P)

and antiparallel (AP) configurations were considered.

RSB

Figure 4-1. Geometry of the gas-phase Bl dimer in the a) parallel and b) antiparallel
configuration

4.4 Results and Discussion

We perform Scanning Tunneling Microscope Break Junction (STMBJ)
measurements using a home-built setup as previously described.?>2%¢" Briefly, we bring
two gold electrodes into contact and then record a conductance trace while the electrodes
are retracted. The resulting traces show the evolution of conductance during junction
displacement and rupture. Thousands of such traces are measured in the presence of
molecules of interest dried on the surface and display conductance plateaus which can be
attributed to molecules bridging the electrodes. To deposit, all molecules are dissolved in

water (Sigma Aldrich #W4502) or ethanol (Sigma Aldrich #E7023), depending on
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solubility, to a concentration of ~ 1ImM. Sodium hydroxide (Sigma Aldrich, #901915) is
used for adjusting the pH to 12; the basicity of the solution is verified with pH strips (Sigma
Aldrich, Hydrion® pH 6.5 - 13.0). Prior to conductance measurements, the gold-coated
substrate is submerged into the prepared solution for at least 15 minutes, oven-dried at
55°C, and cooled to room temperature. Sample traces are shown in Figure 4-2a. 2D
histograms constructed out of at least 5000 such traces collected in the presence of Bl and
Im without data selection are shown in Figure 4-3a and b, respectively.?’” To construct 2D
histograms, we assign the 1Go rupture event, corresponding to the breaking of the single
gold atom chain, to be the origin along the displacement axis in all traces and bin the
logarithm of conductance and displacement of each data point in the trace to create 2D heat
maps. Reproducible molecular conductance signatures appear as plateaus in the histogram
at lower conductance values following 1Go rupture and correspond to molecules bridging
gold electrodes. By binning the conductance only, we obtain 1D histograms, shown in

Figure 4-3c, where molecular signatures appear as distinct conductance peaks.

Conductance(Gg)
=
1
@

A
] S
ML) 25A b)
10

— Bim iz
Clean Au Displacement

Figure 4-2. a) Sample conductance traces showcasing a clean gold (Au) junction (depicted in
yellow) and an Au-BI-Au junction (shown in black). b) A schematic representation of a
molecular junction featuring Bl and two gold electrodes. A bias is applied across the junction,
and the resulting current is measured.
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Figure 4-3. a) 2D histogram of benzimidazole; inset: chemical structure of benzimidazole. b)
2D histogram of imidazole; inset: chemical structure of imidazole. ¢) 1D histogram of
benzimidazole (blue) and imidazole (red). The green dashed box contains the conductance
region of interest in this work.

We note that the conductance signatures observed for Bl are similar to those of Im,
published previously.?®1%® In earlier work, the low conductance peaks (LG) have been
attributed to in situ assembly of extended structures in the junction.?®?® In this work, we
focus on the high conductance region (HG) boxed in green in Figure 4-3a-c. Several
distinct features labeled as G1-3 are present both in the Im and BI histograms in the HG
region. We observe that the length of these features in the 2D histograms (Figures 4-3a-b)
is very similar for both molecules and strongly suggests identical binding geometries are

responsible for the formation of these molecular junctions with Bl and Im.
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In addition, we observe that Bl only forms junctions in neutral to basic conditions,
as has also been previously reported for Im.?>26132 This result indicates that deprotonation
of the BI at the nitrogen linkers is required for junction formation. The similarity of pH-
dependent conductance signatures for Bl and Im establishes that the same binding
mechanism is responsible for the HG peaks of both molecules. We conclude that Bl bridges
the gold electrodes by binding through the nitrogen lone pairs of deprotonated molecules,
as has been previously found for Im. The HG conductance signals from Im and BI are
attributed to monomer (G1), dimer (G2), and trimer (G3) junction formations.

We fit the 1D histograms with a sum of three Gaussian fits to obtain G1-3
conductance values for BI. Results from four experiments are averaged and summarized in
Table 4-1. Im fitting results using a similar protocol have been published previously and
are reproduced in Table 4-1. We note that the standard error is less than 1%, and the day-
to-day variation in G1-3 peak positions is less than 3%. Interestingly, we observe that the
monomer peak (G1) conductance is lower for Bl than for Im; we measure 1.1x102 Go and
2.0x102 Gy for Bl and Im, respectively. G2 peaks of Im junctions occur at multiples of the
Im G1 conductance value, which is expected for molecules binding in parallel to create
two uncoupled conductance channels. This phenomenon is reflected in the G2/G1
conductance ratio for Im junctions, which is ~2 in Table 4.1. Notably, in Bl junctions,
comparing the conductance of G1 and G2 peaks, we observe a ratio of G2/G1 equal to 2.3.
These results indicate that the conductance of 2 molecules of Bl bound in parallel in the
junction is more than double the conductance of a single Bl monomer by a significant

margin. We note that this result is different from previous work, both in early model
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approaches, 33134 or atomistic calculations and experiments,*” which reported increased
conductance in double-backbone molecules. While in those cases, the origin was the
spectral properties of two molecular structures coupled to the electrodes through the same
linkers, here, as we show below, the increased per-molecule conductance is due to more

transparent geometries induced by the dimer assembly.

Gl G2 G2/G1 Gl G2 G2/G1
(102Gg) | (102Gy) (102Go) | (102Gy)
Im 1.96 4.08 208 |BI 1.14 2.62 2.30
2Melm | 1.97 4.36 221 | 2MeBI | 1.31 2.94 2.35
2Phim | 2.07 4.94 238 | 2PhBI | 1.30 2.79 2.26

Table 4-1. List of measured conductance histogram peak values and their ratios for six
molecules studied. Each entry in Table 4-1 is an average of at least 4 experiments conducted
on different days with a minimum of 5000 traces collected per experiment. The uncertainty,
as measured by standard error, is less than 1%.

To understand these conductance trends and the source of conductance
enhancement in dimer junctions, we turn to DFT atomistic calculations. We use the
SIESTA? and TRANSIESTA packages, including van der Waals interactions in a self-
consistent description®*® to calculate the structure and conductance of Bl and Im junctions.
We build neutral junctions where Bl and Im molecules form chemical bonds to the
electrodes through Au trimer structures on the (111) surfaces. Each molecule in the
simulations establishes a strong Au-N bond to each electrode. The calculated binding
energy of individual molecules at the junction is -2.71 eV (BI) and -2.40 eV (Im), shown
in Table 4-2. These values are about double and ~30% larger than amine and pyridine-

linked molecules, respectively, and are supported experimentally by the relatively longer
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molecular features observed in 2D histograms in Figures 4-3a and 4-3b than would be
expected for similar length amine alkanes, for example.”?3" This result is consistent with
the deprotonation of N atoms in Bl and Im, where the charge on the molecule reinforces
the binding to gold through image-charge interactions, as has been previously

shown 26,103,124

Molecular structure Eb (eV) Molecular structure Eb (eV)
Bl monomer -2.71 Bl dimer -5.19
Im monomer -2.40 Im dimer -4.74

Table 4-2. Calculated binding energy of Bl and Im molecular junctions.

We first investigate the energetics of Bl and Im dimers at the junction. Since van
der Waals distances between conjugated molecules are comparable to the Au-Au nearest-
neighbor separation (~3.0 A), we build junctions where two molecules are bonded to the
same tip structures.®® For this reason, we use trimer motifs in the structure and electron
transport simulations. Figure 4-4a illustrates the unit cell used in the energy profiles,
consisting of both molecules bonded to trimer structures and three Au(111) layers. To study
the structure of the dimers, we scan the relative angle between both molecules. We
constrain the position of all C and N atoms in each molecule such that these atoms can
move rigidly but cannot rotate around an axis.**® This way, the relative angle between both
molecular backbones is fixed. H atoms, as well as Au tip atoms, are allowed to move

unconstrained.
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Figure 4-4. a) Unit cell used in the simulations to probe the angular dependence of the total
energy in Im and BI junctions with two molecules. B) Total energy (relative to the minimum
value of each species) as a function of the relative angle between both molecules, calculated
for two Im (red) and two BI (blue) molecules adsorbed on the same tip structures. The inset
illustrates the relative angle 0 from a top view of the molecules and tip structures.

We prepare junction geometries with a given value of the relative angle 6 and relax
the junction by allowing each molecular backbone to rigidly move while maintaining the
value of 0. Figure 4-4b shows the relative total energy of the junction as a function of 6 for
Bl and Im dimers. Zero energy represents the most stable configuration for each species.
In both cases, the most energetically favorable conformation is found when the molecules
in the dimer adopt a parallel orientation (6 = 0 deg). There, both conjugated backbones are
parallel and 7 stacking is maximized.'*® At negative values of 0, the molecules are close to
each other, and the repulsion of electron clouds dominates. In the positive range, as 0
increases, attractive intermolecular interaction is reduced as the conjugated systems are
rotated away from coplanarity, and the energy increases. Fig. 4-5 shows that van der Waals
dispersion interactions are largely responsible for this intermolecular attraction in Bl

dimers. Both systems exhibit a second local minimum at large values of 6. For BI dimers,
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this happens at 6 = 110 deg, and around ~0.4 eV less favorable than the parallel

arrangement. For Im dimers, these values are 6 = 140 deg and ~0.15 eV.
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Figure 4-5: Energy scan of Bl and Im dimers, as a function of 0, with and without vdW

contributions.

A fully relaxed geometry optimization, with no constraints, of the antiparallel

orientation finds that Bl and Im dimers at the junction also exhibit a local minimum in this

configuration, but in both cases, this is less favorable than the parallel arrangement by 0.26

and 0.05 eV, respectively. These relative differences at the junction are consistent with the

values found for gas-phase dimers, as shown in Table 4-3.

P, Einter P, Esubstituted BI/EBI AP, Einter (V) | AP, Esubstituted BI/EBI
(eV)

Bl -0.60 1 -0.23 1

PhBI -1.07 1.78 -0.75 3.26

MeBI -0.68 1.13 -0.65 2.82
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P, Einter Esubstituted im/Eim AP, Einter Esubstituted im/Eim
(eV) (eV)

Im -0.33 1 -0.23 1

Phim -0.74 2.24 -0.72 3.13

Melm -0.42 1.27 -0.37 161

Table 4-3. Calculated intermolecular energies for all gas-phase dimers in the parallel (P) and
antiparallel (AP) configurations; intermolecular energy ratios of substituted BI/Im dimer
over BI/Im dimers.

To summarize the initial Im and Bl packing studies, calculations indicate that in Bl
dimers, the most likely configuration at the junction is overwhelmingly one where the
molecules are arranged in parallel. In contrast, in Im dimers, the energy profile is less
sensitive to the relative angle between Im molecules. We conclude that Im dimer junctions
are significantly more likely to explore geometries with large relative angles than BI.
Although the structures investigated here are simplifications of the actual geometries in the
experiment, we expect the findings of Figure 4-4 to be general and applicable.

Having established the most likely relative orientations of Im and Bl dimers, we
now turn to electron transport simulations. We first discuss the conducting properties of
individual Im and Bl molecules. We determined the most energetically favorable
orientation of single Im and Bl molecules at the junction without any constraints and
performed electron transport calculations on optimized geometries. Figure 4-6a compares
the calculated transmission spectra of Im and Bl junctions. Both spectra exhibit sharp
features approximately 0.5 eV below the Fermi level, which corresponds to = molecular

resonances. Im has a single narrow peak at -0.6 eV, while in BI monomer junctions, two



56

features are present at -0.6 eV and at -0.4 eV. The real-space representation of the most
transmitting orbital at -0.4 energy, shown in Figure 4-6b, reveals that it derives from a &
state delocalized over the imidazole and benzene rings. However, at the Fermi energy, the
most transmitting orbital have in-plane ¢ symmetry in both Im and BI junctions. This
relationship is evidenced by their real-space representation calculated at the Fermi energy
for BI (Figure 4-6¢) and Im (Figure 4-6d), which exhibit a very similar nodal pattern to
each other. In both molecules, this ¢ resonance peaks at -1.5 eV, but its coupling at the
Fermi energy is lower in Bl than in Im. The calculated conductance values of Im and Bl
are 6.4 x 102 Go and 4.2 x 102 Gy respectively, in reasonably good agreement with the
experimentally determined values for the G1 peak listed in Table 4-1.120141142 |n the
positive region of the spectrum where E-Ef > 0 eV (inset in Fig. 4-5a), multiple
transmission peaks are visible close to 3.5 eV (BI) and 4.6 eV (Im) and do not contribute

to transport.
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Figure 4-6. a) Transmission spectra of individual Im and Bl molecular junctions. Real-space
representation of the most conducting transmission eigenchannel at the center of the Brillouin
zone for b) Bl at -0.4 eV, c) Bl at the Fermi energy, and d) Im at the Fermi energy.

Next, we calculate the conducting properties of Im and Bl dimers (2Im and 2BI) to
investigate the experimentally determined G2 values. We build junctions with molecular

dimers and optimize the interface geometry, where no restrictions are imposed on the
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geometry of the molecules. Figure 4-7a shows the computed transmission spectra of 2Bl
and 2Im in their lowest-energy configurations, where both Bl and Im molecules are in a
parallel orientation. As in the spectra of single Bl and Im junctions, sharp resonances
appear near the Fermi level in the E-Ef < 0 eV part of the spectrum. Their energy and
width are different from those of Fig. 4-5a. This is caused by the enhanced interaction
resulting from the small intermolecular distances. In Im dimers, the & resonance closest to
the Fermi level is at -0.6 eV. In contrast, for Bl dimer minimum energy geometry, the n
resonance is found at -0.4 eV and is significantly broader, indicative of stronger electronic

coupling, yet it does not determine zero-bias conductance.
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Figure 4-7. a) Transmission spectra of Im and Bl dimers. Real-space representation of the
most conducting transmission eigenchannel for b) Bl dimers at the Fermi energy and c) Im
dimers at the Fermi energy.

The most conducting orbitals at the Fermi level, calculated at the center of the
Brillouin zone, are shown in Figures 4-7b (Bl dimer) and 4-7c (Im dimer). In the geometry
that each molecule adopts in the dimer assembly or alone at the junction, the molecular

orbital nodal pattern is the same, indicating that the same o states are responsible for low-
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bias transport in all junctions. The calculated conductance values of 2Im and 2Bl in their
parallel configuration are 14.3 x 102 Go and 9.1 x 107 Gy, respectively, which yield G2/G1
ratios of 2.2 for both species when considering the parallel arrangement of molecules in
the dimers. This ratio is close to the experimentally determined value of 2.3 for Bl but is
higher than the one for Im, 2.08. However, we found previously that non-parallel
configurations were energetically accessible for Im and inaccessible in Bl at room
temperature. Therefore, we computed the conductance of the Im dimer for other values of
0 compatible with an increase in energy of ~2kgT from the minimum, which all yield lower
conductance values: 12.5 x 102 Go (0 = -10 deg), 12.3 x 102 Gy (0 = 10 deg), and 12.3 x
10 Go (0 = 20 deg). These geometries all result in G2/G1 ratios of ~1.9. We conclude that
when considering accessible conformations for Im dimers, the averaged G2/G1 ratio will
be lower than that at © = 0 deg and closer to the measured value of 1.96 x 102 Go and 4.08
x 102 Go. In Bl dimers, on the other hand, the parallel orientation is strongly favored over
other relative angles, and the conductivity and transmission calculation results of the

parallel geometry are, therefore, representative.
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To investigate the electronic structure origin of the increased conductance of the
dimers, we compute the transmission of each molecule individually in the geometry that it
adopts in the dimer. Starting from the structure of the dimer junction in the parallel
conformation, we remove the coordinates of one molecule without changing the
coordinates of the remaining atoms in the junction and compute the transmission. We
determine that the calculated conductance values of the two Bl (Im) molecules, frozen at
the geometry adopted in the dimer, are 4.6 x 102 Go (7.5 x 10 Go) and 4.5 x 10 Gy (7.3
x 102 Go), approximately 10% higher than the value obtained when the geometry of a
single Bl (Im) molecule is optimized, as shown in Table 4-4. When comparing isolated
monomers and dimer assembly geometries for both Bl and Im, we observed no significant
changes in intramolecular parameters. However, the molecule's orientation relative to the
tip, which differs in the dimer configurations, impacts the conductance. We investigate
conductance of Bl and Im monomers as a function of the torsional angle a between an Au-
Au bond in the tip and the molecular plane (Figure 4-8), noting a clear correlation with
monomer conductance. Upon comparing conductance values at o for monomer (-45° and -
35° for BI and Im, respectively) and dimer configurations (approximately 5° for both), we
find this difference largely accounts for the observed ~10% increase between monomer
and dimer assemblies. The presence of & stacking thus restricts each molecule of the dimer
to a conformation that is different and more conductive than the conformation it adopts

when there is only one molecule in the junction.
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G1(102Go) | G2p (10°Go) | G2p/G1 G2ap (107 Go) G2ap/G1
Im 6.4 14.3 2.22 14.9 2.31
(7.3) (7.3)
(7.1) (7.5)
Bl 4.2 9.1 2.19 8.9 2.12
(4.6) (4.6)
(4.5) (4.3)

Table 4-4: Calculated conductance of Bl and Im molecular junctions. For the dimers,
conductance values of each of the individual molecules are given in parentheses.
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Figure 4-8. Torsional angle a between tip and molecule, and calculated conductance scans of
BI and Im monomers as a function of a.

Guided by these insights into conductance enhancement mechanisms, we chose
molecules that can self-assemble into dimer junctions with increased cooperativity due to
intermolecular coupling as in BI but which retains the high monomer conductance of Im.
To do this, we retain the Im core but substitute it with aliphatic or bulky aromatic moieties,
increasing the surface area for intermolecular interactions. The histograms and structures

of these Im derivatives, 2-phenylimidazole (2Phim), 2-methylimidazole (2Melm), are
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shown in Figures 4-9a and 4-9. For comparison, we also measure the conductance of
analogous BI derivatives, 2-phenylbenzimidazole (2PhBI), 2-methylbenzimidazole

(2MeBI), shown in Figure 4-9b.

2Melm
— 2PhIim

2-Phenylimidazole
(2Phim)

Counts

O

2-Phenylbenzimidazole
(2PhBI)

Counts

107 10™ 10°

Conductance(Gy)

Figure 4-9. (a) Conductance histograms of 2-methylimidazole (2Melm) and 2-
phenylimidazole (2PhIm). Inset: Chemical structures of 2Melm and 2PhIm. b) Conductance
histograms of 2-phenylbenzimidazole (2PhBI) and 2-methylbenzimidazole (2MeBl). Inset:
Chemical structures of 2PhBI and 2MeBI. Both conductance histograms are cut off at
1073 G, to focus on the HG region only.
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Figure 4-10. Full conductance histograms of a) 2-methylimidazole (2Melm) and 2-
phenulimidazole (2PhIm); b) 2-phenylbenzimidazole (2PhBI) and 2-methylbenzimidazole
(2MeBlI). All four molecules show low conductance features at 10™4G,.

For all four molecules, the HG features of Bl and Im are preserved, indicating
successful junction formation through the nitrogen atoms as before. The steric bulk of the
substituents decreases the amplitude of G2 in all molecules but does not abrogate the
formation of dimers in the junction. The fits to the conductance of all Bl derivatives are
listed in the right column of Table 4-1. We observe that the G1 and G2 peak positions of
2PhBI and 2MeBI are nearly identical, and G2/G1 ratio for these molecules remains ~2.3
as in the BI result. We conclude that substituents do not significantly alter the ability of Bl
to n- 7 stack in the junction.

The conductance histograms and the fitted values in Figure 4-9 and Table 4-1 for

Im substituted molecules reflect a different pattern. The 2Melm and 2PhIim display a
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G2/G1 ratio of 2.21 and 2.38, respectively, which is higher than Im, suggesting increased
intermolecular stacking interaction in both substituted molecules. For 2Melm, we note that
the electron-donating nature of the methyl group increases the electron density on the =
system of the Im core to promote van der Waals interactions and parallel binding in the
junction. Notably, the measured dimer conductance enhancement in 2Phim is greater than
in 2Melm and approaches the level in Bl at G2/G1 ~2.3. For 2PhIm, we propose that the
bulky phenyl substituent introduces an extensive m system to the Im core. This addition
potentially facilitates the formation of the Im dimer in a parallel configuration, which, in
turn, leads to a significant increase in dimer conductance.

To confirm this hypothesis, we perform calculations of 2PhIm dimers as a function
of the relative angle (Figure 4-11) show that the computed energy profile is not as steep as
in Bl dimers, as the phenyl group can rotate relative to the imidazole units but is steeper
than in Im dimers. The calculated G2/G1 ratio of 2Phim dimers is 2.12. Though not as
strong as in BI, substituting an aryl ligand in the 2 position, as in 2Phlm, enhances the
cooperative binding of stacked molecules and increases the conductance of dimer junctions

as in Bl.
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Figure 4-11: Energy profile of 2PhIm, calculated as in Figure 4-4, as a function of the relative
angle between both Im units. 2lm and 2B1 are reproduced from Figure 4-4 for comparison.

While the G2/G1 ratio is similar in 2PhIm and Bl, the absolute conductance of the
2PhIm dimer is 4.94 x 102 Go compared to 2.64 x 10 Go for BI. We have succeeded in
engineering a self-assembled molecular junction with nearly double the transmission of Bl
by leveraging a higher monomer conductance of the Im core and increased intermolecular
coupling through aryl substitution, which promotes dimers with higher conductance per
molecule unit.

4.5 Conclusion

To conclude, we demonstrate that w-stacked Bl molecules bridge gold electrodes
in parallel, resulting in multimer junctions with higher conductance per molecule than
monomer BI junctions. We perform detailed theoretical studies to explore the origin of the
enhanced conductance effect. Our calculations show that in parallel-stacked Bl dimers, the

intermolecular binding energy is greater than 20 kgT. In comparison, Im dimers have
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higher conformational freedom to access a greater relative range of stacking angles
between molecules. The preferential binding of Bl molecules with aligned backbones leads
to a conformation that is distinct from and more conductive than the conformation adopted
by a single molecule in the junction and results in conductance enhancement in dimer
junctions. We demonstrate the potential of harnessing cooperative binding for molecular
electronics by choosing Im derivatives that have higher monomer conductance and
promote n—m coupling to achieve further conductance enhancement in dimer junctions.
This work identifies the potential for m-n driven self-assembly of more transparent
molecular circuits and points to new ways of engineering molecular devices by tuning

intermolecular interactions.
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CHAPTER FIVE Atomically Precise Binding Conformations of Adenine and Its
Variants on Gold Using Single Molecule Conductance Signatures
5.1 Preface

A version of this chapter has been published in the Journal of Chemical Physics,
authored by Xiaoyun Pan, Cheng Qian, Amber Chow, Lu Wang, and Maria Kamenetska.?®
For this work, | carried out the scanning tunneling microscope-based break junction
measurements and data analysis. | would like to express my gratitude to Cheng Qian and
Lu Wang from Rutgers University for performing the computational work, Amber Chow
for her assistance in data collection, and Maria Kamenetska for her guidance throughout
the project.

5.2 Introduction

Detecting the binding conformation of biologically functional molecules, such as
nucleobases, on noble metal surfaces is important for biosensor development, biotic-abiotic
interface engineering, and electronic measurements of biomolecular conductivity.**® Of the
nucleobases, adenine in particular, has demonstrated the strongest binding affinity for
gold.}#41%5 Developing an understanding of gold-adenine chemistry, such as molecule-
surface interactions and reactivity, has the potential to advance the development of
biosensors that effectively detect and distinguish biologically relevant adenine derivatives.
Numerous studies on the adsorption orientation of adenine on noble metal surfaces have
been performed in the last several decades. These include surface!*®4° and tip-
enhanced®™®'®! Raman scattering methods (SERS and TERS, respectively), and other

surface-enhanced vibrational spectroscopic techniques.!*”1521%3 |n addition, density
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functional theory (DFT)6:14815415  has heen widely used to simulate the surface
interaction and determine the most probable absorption orientations of adenine on gold or
silver surfaces. Collectively, these studies have established that the interaction of adenine
with the gold surface occurs primarily through the lone pairs on the nitrogen atoms within
the molecule. However, the presence of five potentially nucleophilic nitrogen atoms within
adenine that can potentially compete for the binding to gold have made the determination
of the most likely configuration of adenine on gold challenging.®

Here, we tackle the long-standing question of the most likely binding orientation of
adenine to gold using a combination of single adenine-gold junction conductance
measurements and DFT calculations of the junction structures and transport. We also
demonstrate how single molecule conductance measurements can be used to distinguish
the binding of adenine from its biologically relevant variants, 6-methyladenine (M6A) and
2’-deoxyadenosine (2°-dAdo). In single molecule conductance measurements, donor-
acceptor binding of the nitrogen lone pairs to the gold electrodes results in metal-molecule-
metal junctions whose conductance can serve as a signature of molecule-metal binding
geometry. Lone pairs on amine??, pyridine*, and imidazole?® molecular moieties have been
shown to form stable and selective donor-acceptor bonds to undercoordinated gold atoms
on metal electrodes. Single molecule conductance measurements of molecules containing
two such linker atoms result in molecular junctions whose conductance signatures are
exquisitely sensitive to the binding chemistry and orientation, allowing for a conductance-

based mapping of binding geometry with atomic sensitivity to interface structure.?
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Adenine (Ade) is one of the purine nucleobases, containing two fused nitrogen-
containing heterocycles. The five-membered imidazole ring consists of a pyridine and a
pyrrole nitrogen, N7 and N9 respectively, which can tautomerize into either of the N7H
and N9H forms shown in Figure 5-1.2" The six-membered pyrimidine ring contains two
pyridine-like nitrogen atoms, N1 and N3, and an exocyclic amino functional group with
the nitrogen atom 6-NH2. Within the DNA double helix, the pyrrole-like N9 is bound to
the deoxyribose moiety, which then links to the phosphodiester backbone. The Watson-
Crick pairing between adenine and thymine within the double helix occurs through the
hydrogen bond between N1 (adenine) and N3 (thymine) and the 6-NH2 and O of the
pyrimidine rings. The molecule is entirely planar, which makes it compatible with the
rung-on-a-ladder structure in the DNA.>® The isosurface plots of the frontier orbital
electron density in Figure 5-2 show that the electron rich areas on the molecule correspond
to the m system as well as the nitrogen lone pairs. These features enable the base-pairing
and the 7 - © stacking within the DNA structures.
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Figure 5-1. (A) Chemical structures of the two dominant adenine (Ade) tautomers with the
non-H atoms numbered. (B) A cartoon of junction evolution while the two electrodes are
pulled apart in the presence of Ade. (C) Sample conductance traces of clean gold (Au)
junction (yellow) and Au-Ade-Au junction (black).
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Figure 5-2. DFT-calculated frontier molecular orbitals and their corresponding energies for
the isolated N7H, N9H, and anionic forms of the Ade molecule in the gas phase.

Here, we use the Scanning Tunneling Microscope-based Break Junction (STMBJ)
technique to measure the conductance of single Ade and Ade-derivative molecules on gold.
By recording and analyzing statistically significant datasets of single molecule
conductance measurements, we identify reproducible conductance signatures
corresponding to distinct binding configurations of this molecule on metal electrodes.?"

We compare conductance features of Ade and other structurally similar molecules that lack
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one or more of the candidate binding sites of Ade. Through this systematic comparison, we
assign individual molecular features to specific metal-molecule binding configurations.
Our results indicate that Ade binds with gold electrodes through N7, N3, and N9, but not
through N1 or 6-NH2. We identify N9, for the first time, as a strong binding site in slightly
basic conditions when the molecule becomes deprotonated. DFT calculations of the
junction structures and charge transport support these conclusions and identify the
importance of charge transfer in the binding strength of different conformations. More
broadly, our combined experimental and theoretical approach provides a detailed picture
of the most prevalent Ade-gold binding conformations and how they depend on the solvent
environment and electrode geometry. We also demonstrate that conductance signatures
unambiguously distinguish Ade from its biologically relevant derivatives, 6-methyladenine
and 2’-deoxyadenosine, in single molecule junctions. These results establish single
molecule conductance measurements as a powerful new tool for characterizing the atomic
structure of metal-organic interfaces and for biosensing applications.
5.3 Additional calculation methods and polarizable continuum model

DFT calculations are performed to evaluate the interactions between Ade and the gold
electrode. Since Ade is deprotonated under basic conditions, shown in Figure 5-3, we use
the Ade anion with a deprotonated N9 atom in the calculations to account for the pH effect
observed in the experiments. An Auzo pyramid with or without an adatom on the tip is used
to represent the gold electrode in the sharp or blunt configuration, respectively. The
electronic structures of the systems are described using the PBEO density functional**, the

D3 dispersion correction'®®, and the 6-311G(d,p) basis set for Ade and the LanL2DZ basis
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set for the Au atoms. All the calculations are performed using the conductor-like
polarizable continuum model (PCM) with a dielectric constant of 78.4 to mimic the
aqueous environment. Here we do not treat the water molecules explicitly due to the high
computational costs associated with accurately describing the fluctuating solvation
structures around the Ade anion using quantum chemistry methods, which is beyond the
scope of the current work. Despite its lack of molecular details, we expect the PCM model
to capture the solvation environment in the experimental measurements and give

qualitatively correct predictions for the binding geometries and affinities.

—— AdepH7

—— Ade pH12 H
—— Ade pH2

Counts
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Conductance (Gg)

Figure 5-3: Conductance histograms of Ade measured at different pH levels: pH 2, pH 7, and
pH 12.

We first compute the binding energies between Ade and the sharp or blunt gold tip

using the Gaussian 16 program.*®® We optimize the structures of the sharp and blunt Auzo
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pyramids in the aqueous environment and fix the positions of the gold atoms in the
following analysis of the Ade-gold complexes. To construct the initial structures of the
complexes, we place the Ade anion close to the Auzo pyramid in the sharp or blunt
configuration, with a distance of 2.5 A between the N1, N3, N7 or N9 atom and the tip of

the pyramid. After optimizing the geometry of each Ade-gold complex, we obtain the

binding energy as AE,(,f,)T = Ecompiex — (Eage + Egora) Where Eq. and Eg, 4 are the

energies of the isolated Ade anion and Auzo pyramid, respectively. Note that E,g . iS

calculated from the geometry in the optimized Ade-gold complex so that AE,(,f,)T can be
used in the energy decomposition analysis. To assess the validity of this approach, we
repeat the calculations by optimizing the structure of the isolated Ade and find that the
differences in the resulting binding energies are within 0.7 kcal/mol (Table 5-1). To ensure
that the calculations reach the optimal complex geometries, we vary the initial structures
by keeping the corresponding N-Au distance at 2.5 A and rotating the Ade anions by 30°,
45°and 60°. In addition, we vary the initial positions of Ade around the blunt Auzo pyramid
by placing its N1, N3, N7 and N9 atoms at a distance of 2.5 A away from 1, 2 or 3 Au
atoms on the top surface of the pyramid. We then repeat the optimization processes and the

reported AE,(,f,)T values are from the most stable Ade-gold complexes. We also carry out the

161 and find that the relevant

same calculations in vacuum with counterpoise corrections
basis set superposition errors in the binding energy calculations are 3.3-3.9 kcal/mol. We
then perform energy decomposition analysis on the optimized Ade-gold complexes using

the ALMO-EDA(solv) method?®? as implemented in the Q-Chem 5.3 software.*62
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From DFT calculations, we obtain the binding energies between the Ade anion and

the blunt Auzg pyramid at different binding sites. AE,(,f,)T and AE} %™ are computed as the
energy difference between the optimized Ade-gold complexes and the isolated fragments
in the aqueous environment (using the PCM model) and in vacuum, respectively.

AEiNT = Ecompiex — (Eade + Egota)

Here the structure of the blunt Auzo pyramid is optimized in the corresponding
solvation or vacuum condition and fixed in the Ade-gold complexes. For each binding site,
Eaqe 18 calculated from the Ade structure in the complex to allow the decomposition of the
total interaction energy in the following analysis. To validate this approach, we also
compute the binding energy after optimizing the isolated Ade structure in the aqueous

environment,

AEI(IfI)T,OptAde = Ecompiex — (Eade,opt + Egota)
As shown in Table 5-1, it is crucial to include the solvation environment in the binding
energy calculations as AE ,(If,)T and AE[SFY™ differ by over 24 kcal/mol. It is also
reasonable to calculate the binding energies without optimizing the isolated Ade structure
considering that the differences between AE). and AE,(If,)T'Opt g are smaller than 0.7

kcal/mol in all cases.

.. . AEI(IfI)T,optAde
Binding site AE,(If,)T (kcal/mol) AERF*™ (keal/mol)
(kcal/mol)
N1 -26.7 -26.6 -56.4

N3 -40.7 -40.0 -67.1
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N7 -30.6 -30.1 -55.2

N9 -40.7 -40.0 -74.8

Table 5-1. Binding energies between Ade and the blunt Auz, pyramid in aqueous environment
and in vacuum as obtained from DFT calculations.

5.4 Results and Discussion
A conductance histogram made without data selection from at least 6000
consecutively measured traces in the presence of Ade is shown in Figure 5-4B (green). We
observe several clear peaks in this unfiltered histogram data that arise from several bridging
configurations of Ade on gold. We hypothesize that the multiple amine and imine moieties
on the molecule, specifically N1, N3, N7, N9 and the exocyclic amine 6-NH2, allow for

multiple distinct bridging configurations in the junction. The binding of several molecules

in the junction in parallel can also lead to additional conductance peaks in the histogram.?®
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Figure 5-4. (A) Chemical structure of benzimidazole (BIm), purine (Pu), 4-azabenzimidazole
(CN3) and 5-azabenzimidazole (CN1) with atomic positions numbered. (B) Conductance
histograms of Ade, BIm, and Pu were binned from at least 6000 traces without any data
selection. All molecules were measured using the dip-coating method from water as detailed
in the SI. We identify at least two distinct conductance features labeled LG (yellow shading)
and HG (green and red shading) in all or a subset of the molecules. (C) Conductance
histograms of CN3 and CN1 compiled from at least 6000 traces without any data selection
measured using the dip-coating method in pH 12. (D) Two-dimensional conductance-
displacement histogram constructed from 7000 traces of Ade dip-coated from water with no
data selection.

To disentangle the adsorption configurations corresponding to the distinct
conductance signatures, we select molecules that are structurally similar to Ade but lack
one or more of its candidate binding sites, and probe their conductance. As shown in Figure
5-4A, all the molecules are derivatives of benzimidazole (BIm, pink), which contains a
fused system of imidazole and a six-membered benzene ring with no nitrogen lone pairs
for binding to gold. Similar to Ade, in purine (Pu, black) the six-membered ring is a
pyrimidine that contains two nitrogens. The 4- and 5-azabenzimidazole (CN3 and CN1,
blue and red respectively) contain only one of the pyrimidine nitrogens at the 4 and 5
positions, respectively, which are analogous to the N1 and N3 atoms in Ade. As we vary
the presence of the nitrogen binding sites by tuning the structure of the molecules, we

compare the reproducible conductance features appearing in corresponding histograms.

LG(1072GY) HG1(1072G,) HG2(1072G,)
Blm 1.13 2.62
Pu 0.36 1.16 2.48

Ade 0.34 1.31 2.84
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CN3 0.40 1.25 2.74

CN1 0.98

Table 5-2. The most probable conductance values of all molecules as obtained by fitting the
linear conductance histogram with Gaussian fits. The standard errors of the Gaussian fitted
values for all molecules are less than 1%.

We aim to distinguish the role of the imidazole, the pyrimidine ring, and the
exocyclic amine on the binding of Ade to gold. First, we compare the conductance
histograms of BIm, Pu, and Ade in Figure 5-4B. We observe that all three molecules
display a conductance peak near 1 x 10 Go. We label this peak as HG1 and determined
the most likely HG1 conductance value by fitting a Gaussian to the linear histograms for
each molecule as shown in Figure 5-5A. The resulting HG1 values are listed in Table 5-2.
We compare the HG1 peak to the most likely conductance of imidazole, which isa common
component of all the molecules in the sample and has a value of 1.9 x 102 Go.2® Imidazole
bridges the tip-sample junction only in basic conditions when both nitrogens can be

deprotonated and bind to gold.?6:124
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Counts

Conductance (Gy)

Figure 5-5. Linear binned (bin size = 10*) histograms of (A)Pu (black), Ade (green), BIm
(pink) , (B) CN3 (blue), and CN1 (red). Inset: Ade linear histogram (green) with two Gaussian
fits (black dashed line) representing the HG1 and LG peaks.

We hypothesize that the observed conductance features of BIm are due to binding
through imidazole nitrogen atoms and will occur at pH conditions above the pKa of BIm.
We perform single molecule conductance measurements on BIm in a range of pH
conditions and plot the resulting conductance histograms in Figures 5-6. We observe that
the molecular signature intensitiesof BIm are significantly reduced in acidic environments,
consistent with binding through imidazole. These experimental results allow us to assign
the HG conductance features of BIm and, by analogy, to the other molecules in our sample
including Ade, to a configuration where the molecule bridges the tip-sample gap through

the imidazole moiety nitrogen atoms N7 and N9. Slight shifts in the HG1 conductance
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values listed in Table 5-2 are consistent with the effect of substituents and chemical

structure variations on orbital energies as previously documented in the literature, 4284121

Counts

10™ 107 107 10™ 1

Conductance (G;)
Figure 5-6. Conductance histograms of (A) Pu and (B) BIm measured at pH 2 and pH?7.

All three molecules plotted in Figure 5-4B also show peaks at values of
conductance higher than HG1 (green shading), which we term HG2 (red shading). The
results of Gaussian fits to HG2 are listed in Table 5-2 and occur near an integer multiple
of the main HG1 feature. As with imidazole, multiple molecules can bridge the junction in
parallel to result in these secondary conductance features?. We also note that BIm and Pu
both display a higher junction yield as indicated by the higher amplitudes of HG signal

than Ade. This result indicates that Ade bridges a smaller fraction of the junctions in the
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HG configuration than the BIm and Pu variants, possibly because of the steric interference
of the amine or the reduced charged density at the binding sites due to the electron
withdrawing effects of the other pyridine-like nitrogens in Ade. 284164

In addition to the HG peaks discussed above, Pu and Ade display a lower
conductance signature, at 3.6 x 10~ Go, which we term the LG peak (yellow shading). We
investigate the role of the exocyclic amine 6-NH2 in Ade binding in the LG configuration.
We note that Ade and Pu differ only in the presence or absence, respectively, of 6-NH2.
However, the conductance histograms of the two molecules share all the same conductance
features. These results suggest that neither the HG nor the LG features observed in Ade are
attributable to 6-NH2 binding. To verify this result, we measure the conductance of 6-
methylpurine (6MePu) where the exocyclic amine group is replaced by a methyl group.
The resulting conductance histogram in Figure 5-7 shows the same number and position of
conductance features, confirming that 6-NH2 does not serve as an anchor point for Ade on
gold electrodes. We conclude that the pyrimidine nitrogens N1 and/or N3, instead of the

6-NH2 amine, must participate in binding to result in the LG configuration.
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Figure 5-7. Conductance histograms of Ade and 6MePu. Inset: chemical structure of 6MePu.

The lack of amine binding in the junction is surprising in light of the established
view in the literature that amine-linked molecules can affectively bridge metal-molecule
junctions through a donor-acceptor bond between the electron lone-pair on the amine and
an undercoordinated gold atom on the electrode.?? We probe the difference in the electronic
structure between the 6-NH2 atom in Ade and the amine linkers in 1,4 benzenediamine
(BDA).8%116.165 \We compare the DFT-calculated gas phase structure of Ade and BDA in
Figure 5-8. The exocyclic N-C bond lengths of Ade and BDA are 1.35 A and 1.40 A
respectively. Importantly, the dihedral angle between the two H-atoms on the amine,

which is defined as the angle between the two C-N-H half planes, is 180° in Ade and 129°
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in BDA. These differences suggest that the 6-NH2 atom in Ade has sp? character, whereas
it is predominantly sp3-hybridized in BDA. The planar configuration of 6-NH2 in Ade

results in a delocalized nitrogen lone pair which is unavailable for binding to gold.

Figure 5-8. Definition of C-N-H-H dihedral angles and the exocyclic C-N bond lengths of (A)
Ade and (B) 1,4 benzenediamine (BDA).

To distinguish which of the two sites, N1 or N3, on the pyrimidine results in the
LG conductance configuration, we collect thousands of conductance traces in the presence
of two Pu derivatives CN3 and CN1. The corresponding conductance histograms are shown
in Figure 5-4C. Both molecules display HG conductance features, consistent with the
shared imidazole moiety between all the molecules in the sample. However, CN3, but not
CNL1, binds in the LG conductance configuration. In addition, CN3 has higher HG1 and
HG2 conductance signals than CN1, suggesting that the N3 nitrogen participates in
anchoring the molecule in the HG configuration as well. We can conclude that the N3 site,
rather than the N1 site, in Ade is necessary for the LG conductance signature and is directly
involved in the molecule-gold binding.

To summarize our results so far, we list all the molecules in our sample and the

most likely conductance values obtained from Gaussian fits to the linear histograms in
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Table 5-2. Our results indicate that Ade has well-defined bridging geometries in the metal-
molecule-metal junction and it binds on gold through the imidazole moieties, N7 and N9,
and through pyrimidine N3. We cannot discount the possibility of simultaneous binding to
all three sites.

To probe these junction geometries in more detail, we track how molecular
conductance signatures evolve during junction stretching. Two-dimensional (2D)
conductance histograms allow us to retain both the conductance and displacement
information and correlate conductance to molecular binding configurations in the
junction.?” A 2D histogram for Ade, Figure 5-4D, indicates that the LG plateaus occur at
longer elongation compared to the HG features. The HG features, on average, begin
immediately following Go rupture and last for ~1.5A. The LG conductance plateaus appear
after an additional ~0.5 A of stretching following gold point contact rupture and persist for
~2 A on average. We note that the N7-N9 and N7-N3 distances in Ade are 2.2 A and 3.6
A, respectively, as calculated by DFT methods. These results indicate that at shorter tip-
sample distances, the conductance path across the molecular circuit occurs through the
more proximal N7-N9 sites. The binding through the imidazole N7 and N9 atoms is
stronger than a typical donor-acceptor bond due to the deprotonation of the imidazole
moiety and added electrostatic interactions?®'?* As the junction is stretched and the tip-
sample distance widens, a reorganization of the molecule in the junction occurs to yield a
binding configuration with a conducting pathway that includes N3, as illustrated in Figure

5-1B.



83

Complementary to the single-molecule conductance measurements, we carry out
DFT calculations to investigate the electronic structures of the molecular junctions and the
charge transfer process that affects the junction formation and conductance characteristics.
Here we use the Aux pyramid structures both with and without an adatom on the tip to
approximate the sharp and blunt electrodes, respectively. We find it essential to perform
the calculations in an aqueous environment, which we represent using the PCM model, as
it stabilizes the charged species in the molecular junctions and reduces the binding energies
between the Ade anion and the gold electrode by over 24 kcal/mol as compared to those in
vacuum (Table 5-1). Since it is generally accepted in the field that the blunt tips containing
two or more apex atoms predominate in break junction single molecule measurements,
especially in room temperature conditions when reorganization and flattening of the tips
typically occurs immediately following rupture of the 1 Go contact,2434113.166-168 \ye ]
mainly discuss the calculation results using the blunt gold electrode in the following.

The optimal binding geometries of deprotonated Ade on the electrode are shown in
Figure 5-9A-D, and the binding affinity of the different nitrogen sites follows the trend of
N3 = N9 > N7 > N1. In all cases, one or more nitrogen atoms in Ade adsorb on the
electrode with a distance of 2.2 A from the closest Au atoms. Interestingly, the blunt tip
configuration provides a large contact surface for the binding and the constrained purine
ring structure allows the N3 and N9 atoms to interact simultaneously with the gold
electrode, leading to nearly identical optimal structures for the binding of Ade through the
N3 and N9 sites and the strongest binding energies of -40.7 kcal/mol (Figure 5-9B and D).

With a blunt tip, both N3 and N9 can interact with the top layer simultaneously, leading to
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identical resulting structures. These energies are followed by those for the N7 site with an
interaction energy of -30.6 kcal/mol between Ade and the Auzo pyramid. Consistent with
the experimental observations, binding through the N1 site is energetically least favorable,
possibly because the exocyclic amino group in Ade hinders its contact with the gold
electrode. We observe similar trend in the binding of Ade on the sharp Auzo pyramid, as
shown in Figure 5-10 and Table 5-3. However, the differences between the binding
energies are much smaller than those in the blunt cases because only one of the N1, N3,

N7 and N9 atoms of Ade can bind to the tip of the gold electrode in each configuration.
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Figure 5-9. Optimized geometries for the binding of Ade on the blunt Au20 pyramid at the
(A) N1, (B) N3, (C) N7 and (D) N9 sites. Yellow, gray, blue and white represent the Au, C, N
and H atoms, respectively. The dotted lines represent the interactions between the Au atoms

and the closest N atoms on Ade. The total interaction energy AE,NT is also included for each

binding configuration. (E) Decomposmon of AEEIS\,)T into the frozen interaction energy

(A E(s)z) polarization energy (AE OL) and charge transfer energy (AE(ST)).
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Figure 5-10. Optimized geometries for the binding of Ade on the sharp Auz pyramid at the
(A) N1, (B) N3, (C) N7 and (D) N9 sites. Yellow, gray, blue and white represent the Au, C, N
and H atoms, respectively. The dotted lines represent the interactions between the Au atoms
and the closest N atoms in Ade. (E) Decomposition of the interaction energies between the
Ade anion and the sharp Auz pyramid at different binding sites. For each binding site on

Ade, the total interaction energy (AEE,SV)T) is partitioned into the frozen interaction energy

(AEE,S;Z , polarization energy (AEE,%L) and charge transfer energy (AE(S))
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Ade-blunt Auzo pyramid Ade sharp Auzo pyramid

Binding site | N1 N3 N7 N9 N1 N3 N7 N9
AElg?él)ULl 1199 | 2343 |136.6 | 2344 | 1125 115.7 | 141.2 | 130.7
(kcal/mol)

AEE?EC -96.9 |-193.4 |-108.5 | -193.5 | -93.9 -101.8 | -119.7 | -116.1
(kcal/mol)

AE[()(;)SP -17.2 | -23.4 -22.9 | -234 | -13.7 -11.7 -155 | -121
(kcal/mol)

AEgo,, 67 |186 |90 |186 |8.3 128 |11.3 [145
(kcal/mol)

AEIS?L -18.8 | -415 214 | -415 | -17.3 -19.0 -225 |-21.9
(kcal/mol)

AEéST) -204 | -35.3 -234 |-353 |-18.1 -185 | -225 |-20.3
(kcal/mol)

AEI(;)T -26.7 | -40.7 -30.6 | -40.7 |-22.2 -225 | -27.7 |-25.2
(kcal/mol)

Table 5-3. Decomposition of the binding energies between Ade and the blunt and sharp Auz
pyramid.

To uncover the origin of the observed trend that N3 = N9 > N7 > N1 in the binding
affinities, we use the blunt Auzo pyramid as an example and perform energy decomposition

analysis for its interactions with Ade using the ALMO-EDA(solv) method.'®? The total
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interaction energy, AE,(,f,)T is partitioned into the frozen interaction, polarization and charge
transfer energies,
) _ Ap® (s) )
AEINT - AEFRZ + AEPOL + AECT
The superscript (s) indicates that all the energies are calculated in a solution

environment using the PCM model. The frozen interaction energy, AES'?)Z, can be further
partitioned into the Pauli repulsion (PAULI), permanent electrostatics (ELEC) and

dispersion (DISP) contributions in vacuum and a solvation term (SOL),

AEIS?Z = AElg?cl)ULl + AESI),)EC + AEL()%p + AEsq,..
The superscript (0) denotes the properties of the solute without the solute-solvent
interactions, (although the orbitals are optimized with the solvation environment). The
decomposition results for the Ade-gold complexes are listed in Table 5-3.

The frozen interaction energy, AE ;;?Z, describes the energy difference between the
Ade-gold complex and the isolated Ade and Auz pyramid without relaxing their orbitals.
It can be further partitioned into the Pauli repulsion, permanent electrostatics and
dispersion contributions in vacuum and a solvation term.®? The effect of orbital relaxation
is incorporated in the polarization and charge transfer contributions, AE F(,sgL and AEEST). As
shown in Figure 5-9E, the frozen interaction weakens the binding of Ade on the gold
electrode, while polarization and charge transfer act to stabilize the bound complex. From
Table 5-3, the positive AE S?)z terms mainly come from the large Pauli repulsion (> 119
kcal/mol) between Ade and its nearby Au atoms in the pyramid, with a small contribution

from the solute-solvent interactions that smear out the net charge on the Ade anion.
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The attractive electrostatic and dispersion interactions cancel about 90% of these

unfavorable interactions, leading to a AE Se)z of ~14 kcal/mol for the N1 and N7 sites and
36 kcal/mol for the dual binding through the N3 and N9 sites. As the gold electrode

approaches the Ade anion, their molecular orbitals overlap and charge reorganization

occurs. Accordingly, the AE ISSO)L and AE é“? terms are negative and are the main sources of
stabilization in the binding process (Figure 5-9E). Among all the nitrogen sites, only the

N3 and N9 atoms of Ade can interact simultaneously with the Auzo pyramid, providing the

most stable Ade-gold complex structures. Compared to N7, the N1 site gives the AEISSO)L

and AE ésT) components that are 2.6 and 3.0 kcal/mol higher in energy, respectively, making
the binding though the N1 atom least favorable among all the nitrogen sites. Similar
properties are observed for the sharp Auzg pyramid (Figures 5-10 and Table 5-3). Therefore,
the binding of Ade on the gold electrode results from a series of competing interactions, in
which electrostatics, polarization and the purely quantum mechanical charge transfer and
dispersion interactions play the major roles in determining the observed preference for the

binding of different N atoms.
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Figure 5-11. Relaxed structures of proposed binding geometries of N3/N7/N9 (black),
N7/N9(red), and N3/N7(green) to Aul8 pyramids and their corresponding transmission
spectra.

We compare the conductance expected for Ade junctions arranged in three of the
lowest energy binding configurations discussed above. Figure 5-11 (top inset) shows
converged junction geometries where Ade bridges the gold pyramids through N7 on one
side and either N9 (N7/N9, red), N3 (N3/N7, green) or both (N3/N7/N9, black) on the
other. The calculated transmission curves plotted in Figure 5-11 for these junction
configurations represent energy-dependent electron transport across the junction®® ., We
compare the calculated transmission values at the Fermi energy (0 on the energy x-axis) to

our low-bias conductance measurements reported above as is standard practice in the
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literature.*+120.169-171 \we observe that the binding through N7/N9 and N3/N7/N9 results in
very similar predicted conductances, which we cannot distinguish in our experiment. Since
the N7/N9 geometry is bound less strongly that N3/N7/N9, we can assume the latter is
more likely to occur in Ade during the HG configuration. The more stable anchoring
through the three nitrogen atoms can also account for the higher probability of forming
HG1 and HG2 junctions with CN3 than with CN1. However, the N3/N7 junction in Ade
has a significantly lower conductance since the imidazole bridge through N9 is ruptured.
The DFT-predicted conductance values for these two configurations are 2.8 x 102 Go and
1.2 x 10 Go, which are several times higher than the measured results for the HG1 and
LG peaks respectively. The degree of DFT overestimation of conductance we observe here
is consistent with established trends in the literature.*”149 The Au-Au distance in the
imidazole-bridging junctions N7/N9 and N3/N7/N9 is ~6.2 A, which is 1 A shorter than in
the N7/N3 junction. We conclude that the computationally identified, most favorable Ade
binding configurations are consistent with the conductance and elongation experimental

measurements presented here.
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Figure 5-12. (A) Chemical structure of N¢-methyladenine (M6A) and 2’-deoxyadenosine (2°-
dAdo) with the non-H atoms numbered. (B) Conductance histograms generated from at least
6000 traces collected in the presence of M6A (blue), 2’-dAdo (red), Ade (green, dashed line)
deposited in neutral aqueous conditions.

Our results indicate that introducing changes to the structure of Ade through
substituents that occlude sites N3, N7 or N9 will produce distinct changes in the
conductance signatures. We propose that this sensitivity to molecular structure can be
leveraged for biosensing applications to distinguish and detect the presence of Ade
variants. To test this, we measure the conductance of M6A and 2’-dAdo, which are two
biologically relevant Ade variants. M6A is a ubiquitous epigenetic modification and 2’-
dAdo is a component of DNA and ATP with medicinal uses.'’? The structures of both
molecules are shown in Figure 5-12A. Based on how Ade binds to Au, we hypothesize that
in M6A, the steric hindrance from the methyl group at 6-NH2 group block the junction

formation from the N7 site. As N7 is key to anchoring Ade to one of the electrodes in the
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junction, we expect no conductance signatures in the presence of M6A. In 2’-dAdo, the N9
site is substituted so that imidazolate formation and binding is reduced, leaving only the
N7/N3 binding pathway characterized by the LG conductance signature. The 1D
conductance histograms constructed from at least 6000 traces measured in the presence of
the variant molecules are plotted in Figure 5-12B. Consistent with our expectations, the
MO6A does not show any conductance signatures, whereas the 2°-dAdo displays a low
amplitude peak at the LG position, suggesting that it binds in a small fraction of junctions
through N3/N7. The conductance spectra of the three molecules in Figure 5-12B are clearly
distinct. While more work is needed to fully characterize the binding of these and other
adenine derivatives, our results serve as a proof of principle for using conductance
signatures for sensing binding orientations and distinguishing biomolecules.
5.5 Conclusion

In conclusion, our combined single molecule conductance and DFT computation
study offers new evidence for the binding configurations of Ade on gold and establishes
single molecule conductance measurements as a useful tool for biomolecule detection. We
find that Ade-Au binding is robust at pH above the pKa of N7 when the imidazole moiety
on Ade is deprotonated. In these conditions, our experimental measurements reveal two
distinct single molecule conductance regimes, high (HG) and low (LG). Through
systematic comparison of conductance signatures of Ade and its derivatives, we can
unambiguously assign these conductance signals to specific binding conformations. We
determine that deprotonated Ade reproducibly coordinates with gold through N3, N7, and

N9; not 6-NH2 or N1. The exocyclic amine in Ade does not bind reproducibly to gold due
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to the sp? character of the 6-NH2 atom and the delocalized nature of the 6-NH2 lone pair
which discourages donor-acceptor bonding to gold. DFT calculations show that binding
through N7, N9 and N3 are more favorable than N1 and it is possible to form multiple
contacts when Ade interacts with the blunt tip configuration, which further stabilizes the
molecular junction. The stabilizing contributions to the interaction energy from
polarization and charge transfer, which occur upon binding of the deprotonated Ade to a
reorganized gold electrode, are the smallest for the N1 pyridine site than for N3, N9 and
N7. Calculated conductances through junctions bound through the most stable N3/N7/N9
and N3/N7 geometries are consistent with experimental measurements of the two
conductance regimes. Our results provide new insights into the interaction of adenine with
gold, which has been a subject of intense study and controversy. Additionally, we
demonstrate how STMBJ can be used to study the interaction of biological molecules with
noble metals and to detect variations in biomolecular structures by analyzing the
conductance signals of single molecule-metal junctions. This work provides a blueprint for

conductance-based sensing of biologically relevant molecules.
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CHAPTER SIX Single Molecule Conductance Signature of Intramolecular
Hydrogen Bonding in a Histamine Bound on Gold
6.1 Preface

The work presented in this chapter is based on a manuscript in progress, authored
by Xiaoyun Pan, Katherine Matthews (Haverford College), Brent Lawson, and Maria
Kamenetska. | was responsible for designing the experiments, performing theoretical
calculations, visualizing the data, and drafting the initial manuscript. Katherine and |
conducted the experiments and analyzed the data. Brent Lawson provided invaluable
assistance in setting up the flicker noise analysis. | adapted the code from Brent Lawson
for the theoretical calculations. The project was supervised by Masha Kamenetska, who
also provided editorial assistance for the manuscript.

6.2 Introduction

Hydrogen bonding (H-bonding) is a fundamental interaction that plays a crucial
role in the stability and function of biological molecules. In particular, it is widely
recognized for promoting the formation of secondary and tertiary structures of biological
macromolecules, such as DNA and amino acids.'”®'™ Intramolecular H-bonding can
promote folded conformations and affect the electronic structure of molecules and
chemical reactivity!’>7®. For example, histamine (hist), a biogenic amine with a structure
derived from the amino acid histidine, is believed to form intramolecular H-bonds under
physiological conditions.t’"-17

Hist plays a crucial role in numerous vital bodily functions, including immune

response*®®8 and neuro-signaling.'®2-18* Its structure, shown in Figure 6-1, consists of a
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heterocyclic five-membered imidazole ring with an attached ethylamine side group. Hist
can exist in two tautomeric forms, r and T, where the hydrogen atom coordinates either
N1 or N3, respectively, shown in Figure 6-1A. This unique structure can adopt multiple
configurations in a pH-dependent manner!’>179185186 axisting as a free base at high pH or
a monocation at physiological pH, as shown in Figure 6-1B. Additionally, the ethylamine
chain has significant degrees of freedom to freely twist and rotate'’®, allowing hist to exist
in several anti and gauche conformations. Upon twisting of the alkane chain, the imidazole
moiety can interact with the amine through H-bonding.

Techniques such as Surface Enhanced Raman Spectroscopy (SERS)Y"178 Infrared
(IR) Spectroscopy*’"®® Nuclear Magnetic Resonance (NMR) Spectroscopy8"18 X-ray
Diffraction analysis (XRD)*°1%2 and Density Function Theory (DFT) calculations'®-1%3-
195 have been used to differentiate the various conformations of hist in solid state, solution,
and gas phase circumstances. But in solution at room temperature, H-bonding is transient
so that multiple conformations co-exist and can be challenging to differentiate using

ensemble measurements. 8179
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Figure 6-1. A. Chemical structures of histamine (hist) and its tautomeric forms; in the m (left)
and t (right) forms, the proton is at the N1 and N3 position, respectively. B. Monocation
form of hist mostly exists at pH between 6 and 9.75; the free base form of hist mostly
exists above pH 9.75. C. The most probable structure of monocationic hist in the gas
phase, as predicted by DFT calculations (FHIaims, light basis set). A positive charge
is added to the overall system to account for positively charged ammonium group.

We and others have shown that single molecule conductance measurements can be
used to determine the binding conformation of biological molecules, such as adenine, on
gold surfaces.? Adenine, like hist, contains the five-membered heterocyclic imidazole ring
containing two nitrogen atoms. We found that the imidazole ring can bridge between two
gold electrodes in basic conditions.?® Separately, single molecule conductance
measurements have also been performed through intermolecular H-bonding of biogenic
molecules.> %1% |n these studies, two molecules bridge the junction through an
intermolecular donor-acceptor or H-bond interaction, and the conductance signature of the
combined construct serves as a fingerprint of the H-bonded configuration®>°"-%°

In this study, we utilize the Scanning Tunneling Microscope Break Junction
(STMBJ) technique to detect and measure, for the first time, conductance through an
intramolecular H-bond in a single hist molecule. We first investigate the conductance of
hist under different pH and find that hist displays three conductance features but only under
basic conditions. Next, we identify these features, labeled A, B, and C, as corresponding
to distinct binding configurations and molecular conformations. We determine that feature
A results from the molecule bridging the junction through the imidazole ring, while
features B and C are signatures of the hist molecule spanning the gold electrodes through
an imidazole linker on one side and the amine on the other. Using DFT calculation and

flicker noise analysis, we unambiguously assign the higher conductance feature B to a H-
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bonded hist conformation and feature C to a fully extended molecule where transport
occurs through space and bond, respectively. This discovery is significant as we show we
can identify an intramolecular H-bonded structure within a single molecule junction. Our
results indicate that flicker noise analysis, which has previously been used for
intermolecular 7-bonded structures in the junction, can also identify H-bonded
confirmations. By identifying an intramolecular H-bonded structure of the hist molecule
we show that electron transport through H-bond is more efficient than through the alkane
linker.
6.3 Results and Discussion

We use a home-built STMBJ setup as previously described in chapter 2.2426197 AJ|
molecules are dissolved in water to a concentration of ~5mM, and the solution pH is
adjusted as needed. As detailed in the supplemental information and prior work, we deposit
molecules onto the gold-coated substrate using the dip-coating method onto the gold-
coated substrate.?>? A gold tip is repeatedly brought in and out of contact with the gold
molecule-coated substrate to record molecular conductance. At each cycle, the molecule
of interest can bridge the inter-electrode gap. We measure current across the junction under
a constant bias, recording thousands of conductance versus displacement traces during
junction elongation. Sample traces recorded in the presence of hist are shown in Figure 6-
2. Conductance plateaus in the traces indicate the formation of stable junction
conformations, which persist throughout junction pulling. Plateaus at integer multiples of
1 Go, the quantum of conductance, characterize junctions bridged by gold chains with

integer multiples of gold atoms in the cross-section.®* In contrast, plateaus at lower
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conductance values can be attributed to molecule-bridged junctions.®” All traces measured
in the presence of a molecule are compiled into a conductance histogram without data
selection. Conductance plateaus that occur regularly in single traces are peaks in
conductance histograms and represent average conductance signatures of particular metal -

molecule junction configurations.
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Figure 6-2. Sample conductance traces for clean Au only (yellow) and in the presence of the
hist molecule (black).

We measure the conductance of hist at various pH conditions to probe the available
conformations of the molecule on gold. Hist has two pKa values of 6.04 and 9.75,%
corresponding to the protonation of N3/N1 of imidazole and the amino side group,
respectively. We have previously shown that imidazole can bridge the junction electrodes
through N3 and N1 sites when deposited out of solution with a pH above the N3/N1 pKa,
typically around neutral pH.?® However, in hist, the amino side group is protonated at pH
below 9.75, and the hist molecule is a monocation, as shown in Figure 6-1A. We conclude

that between pH 6 and 9.75, the N3 lone pair can interact with the positively charged
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ammonium, as shown in Figure 6-1C blocking the N3 binding sites from binding with the
gold surface and preventing junction formation. At pH above 10, the molecule is anionic,

and the amine and the imidazole nitrogen lone pairs may bind to the surface as shown in

Figure 1C.
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Figure 6-3. A. Conductance histograms of hist at pH 7 (yellow) and pH 12 (black).
Conductance features of hist are labeled as A, B, and C, from highest to lowest conductance,
respectively. B. Chemical structures of 4-Methylimidazole (4Melm) in red, 3-
Methylhistamine (3MeHist) in blue, and 1-Methylhistamine (1MeHist) in green. C.
Conductance histograms of 4Melm (red), 3MeHist (blue), and 1MeHist in pH 12 (green). Red
and blue shaded regions represent conductance overlap of control molecules and hist. D. Two-
dimensional histogram of hist at pH 12, with the features A, B, and C marked. All
conductance histograms are constructed from at least 8000 traces without data selection.

The conductance histograms of at least 8000 consecutive conductance traces
collected in the presence of hist in various pH conditions are shown in Figure 6-3A. Under
neutral and acidic (not shown) conditions, we observe no conductance signals. This
observation is consistent with the features of hist shown in Figure 6-1A for pH below pH
10 as discussed above. When the pH of the environment becomes sufficiently basic to
deprotonate the ammonium side group above pH 10, distinct conductance peaks appear.

We label the three unique molecular features of hist as A, B, and C, from highest to lowest
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conductance, respectively, as shown in Figure 6-3A. We fit the 1D histogram to obtain the
conductance values for these features, which are 1.6 x 10 Go for feature A, 1.7 x 103 Go
for feature B, and 3 x 10 Gy, for feature C.

To assign these conductance features of hist in basic conditions to specific binding
configurations, we perform measurements on control molecules, 4-Methylimidazole
(4Melm), 3-Methylhistamine (3MeHist), and 1-Methylhistamine (1MeHist), whose
structures are shown in Figure 6-3B. Each molecule is missing one or two of the binding
sites of hist, allowing us to identify signatures of particular binding geometries. We first
measured 4Melm, which contains only imidazole ring binding sites, and its conductance
histogram is shown in Figure 6-3C in red. We observe that the feature A of hist, is identical
to that of 4Melm. Additionally, the higher conductance features observed at 3.2 x 102 Go
is double the conductance of A, consistent with two hist conducting in parallel through the
imidazole rings in the junction as was previously established.?°"124 We conclude that
feature A corresponds to configurations where both N1 and N3 of the imidazole ring are
directly bridging with the gold electrodes, as reported previously.?

Two additional features, B and C, do not align with the conductance signals of
4Melm. A 2D histogram of 8000 traces plotted in Figure 6-3D shows conductance as a
function of displacement. It reveals that hist features B and C are characterized by more
extended conductance plateaus, suggesting that a longer molecular structure is bound in
the junction to give rise to B and C conductance regimes. The amino side group is known

to anchor molecules in junctions,?>* so we hypothesize that both features B and C arise
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from binding configurations that involve the amine anchoring the molecule to one of the
electrodes.

We consider the possibility that the 7 and T tautomeric forms of hist bind to one
electrode with the NH2 amine group and to the other electrode through either N3 or N1 to
result in features B and C, respectively. We perform control measurements on 3Melm and
1Melm to mimic these m and T tautomeric forms of hist, respectively. The conductance
histograms are shown in Figure 6-3C. The green trace is 1MeHist and does not display any
conductance features. This result allows us to rule out N3 as the anchor site for hist. In
contrast, 3MeHist, plotted in blue, exhibits a broad conductance peak in the same
conductance regime ~3x10* G as feature C of hist. We conclude that hist bridges the
junction through N1 (Figure 6-1A) and the amine side group in two distinct molecular
configurations, resulting in conductance regimes B and C. In the 2D histogram in Figure
6-3D, we observe that B plateaus are on average shorter than C plateaus. We also note that
while C corresponds to a configuration that is accessible to both hist and 3MeHist, B is a
configuration that is accessible to hist only. These observations suggest that features B and
C correspond to a compacted gauche and an extended anti configuration of hist,
respectively.!’® The amine side chain can interact with the lone pair on the N3 position in

the cis configuration through an H-bond.
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Figure 6-4. A. Relaxed DFT-calculated junction geometries of a hist molecular junction with
two Au18 electrodes pulling or pushing along the Z direction in 0.15 A steps. The Au-Au edge
distance, highlighted using a pink arrow, represents the distance between the edges of two
Aul8 electrodes. Selected sample steps are from the FB9 structure to represent junction
opening. B. The energy landscapes of the three identified stable geometries for hist in
molecular junctions as a function of Au-Au electrode edge distance. The green numbering
corresponds to the example steps graphically represented in Figure 6-4A. C. Transmission
spectra of three local interaction energy maxima structures of free base hist, FB8 (yellow),
FB9 (green), and FB10 (blue). Inset: Relaxed structures of FB8, FB9, and FB10. A top-down
views of FB8 and FB9 are provided in Figure 6-5 to better visualize the differences between
these two structures.
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Figure 6-5: DFT calculated structures of A. FB8 and B. FB9, viewed from a different angle
to illustrate the varying binding orientations of the ethylamine chain to the gold surface. The
numbers on both figures represent the distances of the Na to N3 hydrogen bonds within each
junction.
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We carry out DFT-based transmission calculations to confirm this hypothesis using
the FHIaims package with AITRANSS.%8-70.741%8 e systematically search for the most
stable binding geometries of the free base form of hist. This approach involves
investigating the energy landscape of the ethylamine side chain conformations in the
junction. First, we relax the gas-phase molecule and bind it through the experimentally
determined N1 and amine lone pairs to the apex atoms of two gold pyramids containing 18
atoms (Aul8) each.’? Using this starting geometry, we displace the electrodes relative to
each other in steps of 0.15 A, as shown in Figure 6-4A, to mimic junction opening and
closing. We record the overall energy of the Aul8-molecule-Aul8 structure and calculate
the total interaction energy, plotted in Figure 6-4B, as:

Eiotal interaction energy = Emotecuie and etectrodes — (Egas motecute + Egas electrode)
To be consistent with experimental data shown in the 2D histogram in Figure 6-3D, we
only consider junctions where the Au-Au distances are larger than 7 A, which accounts for
the snap-back distance and the junction displacement lengths of ~3 and ~4 A for peaks B
and C, respectively.

This systematic process identifies three stable junction conformations characterized
by the interaction energy wells shown in Figure 6-4B.”? By fitting these potential energy
surfaces, we identify the three local energy minima at gold-gold edge distances of ~8.7A,
~9A, and ~10A. The corresponding geometries, FB8, FB9, and FB10, are shown in orange,
green, and blue, respectively, in the top inset of Figure 6-4C. FB10 (not shown in 6-4A)
corresponds to a fully extended trans conformation of the side chain. In contrast, the FB8

and FB9 geometries correspond to the shorter gauche molecular conformations with the
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side chain curved towards the imidazole ring. Notably, we observe the formation of an
intramolecular H-bond in both geometries, with the hydrogen in the amine group acting as
a donor to the N3 lone pair hydrogen acceptor. The distance between the N3 and the H on
the amine is 1.9A in both structures, consistent with typical moderate strength H-bond
lengths. The calculated energy difference between FB8 and FB9 is 0.0045 eV, far below
thermal energy, so we consider these structures to be degenerate. On the other hand, the
total interaction energy of FB10 is 0.35eV lower than that of FB9; this energy difference
is comparable to moderate H-bonding strength, which ranges from 0.17eV to 0.6eV. This
calculation suggests that the intramolecular H-bonded structures are significantly more
stable than the extended trans structure in molecular junctions.

We then calculate the transmission spectra corresponding to each local energy
minima,®® " and show them in Figure 6-4C. FB10 has a calculated conductance at the
Fermi energy of 2.2 x 10 Gy FB8 and FB9 exhibit a higher calculated conductance at
Fermi of 3.3 x 102 G and 4.5 x 10 Gy, respectively. We note that DFT calculated
conductance is consistently higher than experimental results, as reported by previous
studies, and these predicted trends are consistent.*#1?° Here, the DFT calculated
conductance of FB8/9 and FB10 geometries are higher than the measured features B and
C, respectively, but the trends match. In addition, DFT predicts that the lower conducting
geometry FB10 is about ~1A longer than the higher conducting geometries FB8 and FBO.
This difference is consistent with the comparison between experimentally observed

features C and B, as shown in the 2D histogram in Figure 6-3D. Guided by this comparison,
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we assign features C and B to the fully extended trans geometry and the shorter gauche H-
bonded configurations, respectively.

Notably, the calculated conductance values for FB8 and FB9 are higher than for
FB10. This result is unexpected, given the presence of gauche defects in FB8 and FBO.
Previous studies have shown that this type of gauche defects can significantly reduce
conductance through the alkane chain.'®*2%° However, here, the conductance of feature B
is higher compared to an alkane of similar length, 1,4-butanediamine.?”%” This surprising
result leads us to hypothesize that the conductance of feature B is primarily facilitated by

the intramolecular H-bond instead of the ethylamine side chain.
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Figure 6-6. A comparative analysis of transmission spectra between a cleaved hist molecule
conducting exclusively via a hydrogen bond and the models FB9 and FB8. Inset: the newly
modified structure where the ethylamine chain is detached from the imidazole, and two new
hydrogen atoms are attached to the structure to maintain structural integrity.

To validate the hypothesis that the intra-molecular H-bond serves as the main
conducting channel, we calculate conductance through a modified structure in which the

ethylamine chain is cut from the imidazole ring. We terminate with hydrogens where
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necessary and allow only the carbon chain to relax while holding all other atoms, including
the gold electrodes, the amine group, and imidazole, fixed to maintain the same H-bond
length. Once we obtain the relaxed structure shown in the inset of Figure 6-6, we then
compute the corresponding transmission spectrum. This modified structure maintains the
same H-bonding and N-Au bond lengths as FB9 and has a similar calculated conductance
to FB9, 7.2 x 10 Gy, as shown in Figure 6-6. We note that the only conducting channel in
this geometry is through the H-bond as the saturated alkane chain moves away upon
relaxation. This calculation further suggests that the intra-molecular H-bond provides the
dominant conducting channel through the shorter hist molecular junctions, giving rise to
feature B.

To validate this hypothesis experimentally, we perform flicker noise analysis which
can distinguish between through space and bond interactions by detecting conductance
fluctuations in the single-molecule junction.” To perform this analysis, we modify our
standard pull out procedure, and pause junction elongation after a short initial pull of 2 nm.
We then hold the electrodes fixed for 150 ms, as shown in Chapter 2. We repeat the
procedure thousands of times and then select only those junctions which had a molecular
conductance signature during the hold portion of the trace. We calculate the noise power
and average conductance during the hold period for each single-molecule junction and
analyze the correlation between these two parameters. Adak et al. demonstrated that the
flicker noise power scales with the N"' power of the averaged conductance, GN.”® When the

conductance occurs primarily through a covalent bond, the noise power scales with N~1.
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or hydrogen-bonding interactions, the noise power scales with N>1.4,

Noise power/G,,4

Hist peak B

N=1.65

Hist Peak C

3MeHist

Gavg(Go)

10%

Gavg(Go)

GayglGo)

Figure 6-7. Two-dimensional histogram of normalized flicker noise power versus average
conductance for A) hist feature B, B) hist feature C, and C) 3MeHist. The grey lines in each
figure represent a two-dimensional Gaussian fit for each dataset.

Our flicker noise analysis results of features B and C are shown in Figures 6-7A
and B, respectively. We plot the noise power normalized by the average conductance for
each molecular plateau against the average conductance, as described by Adak et al.”® We
determine that feature B has a scaling coefficient of N=1.65, indicating substantial
conductance fluctuations and suggesting through-space characteristics. On the other hand,
the flicker noise analysis shows that feature C has through bond characteristics, with a
scaling coefficient of N=0.97. In addition, we conduct a control flicker noise analysis
experiment on 3MeHist, where the methyl group on N3 prevents H-bond formation. The
observed scaling coefficient of N=0.98 suggests it shares the through-bond characteristics
with feature C.

This flicker noise analysis aligns with our experimental data and DFT calculations,

confirming that feature B corresponds to a through-space conducting pathway through the
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intramolecular H-bond in the hist molecule. While most single-molecule conductance
studies employ flicker noise analysis to examine n - © stacked or metal- ©= molecular
junctions,”® our results also indicate that H-bonding can be detected using this analysis.
This is consistent with the fact that the typical moderate H-bond strength is comparable to
metal- w and = - 7 interactions, 201203
6.4 Conclusion

In conclusion, we use single-molecule conductance signals to investigate the pH-
dependent binding configurations of hist on gold and discover and characterize
conductance through intramolecular H-bonding in this molecule. Our measurements reveal
that hist displays three unique conductance features, but only under basic conditions.
Through careful and systematic comparative analysis using control molecules and the
application of DFT calculations, we attribute these features to distinct binding
configurations of hist. Most importantly, one of these geometries is a self-assembled
intramolecular H-bonded structure of hist within a single-molecule junction, which
displays higher conductance than that through the saturated ethylamine side chain. Lastly,
we are able to differentiate between conductance signals originating from through covalent
bond interactions and those from H-bonding interactions using flicker noise analysis. Our
work not only elucidates the conductance characteristics of hist under different pH

conditions and binding configurations, and identifies intermolecular H-bond as transparent

to charge transfer.
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