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BRENT LAWSON
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Major Professor: Maria Kamenetska, Assistant Professor of Physics and Chemistry
ABSTRACT

Increasing the degrees of freedom in molecule-metal junctions presents new
opportunities for expanded functionality in molecular circuits and could pave the way to
next generation electronics integrating single molecules as active components. For
example, molecular junctions with spin degrees of freedom have been explored as a
materials platform for Quantum Information Science (QIS). In this thesis, | present
experimental and computational investigations of how incorporating transition metal atoms
(Chapter 1), new oxygen-based linker groups (Chapter 2) and radical backbone elements
(Chapter 3) into molecular junctions can expand the range of observable phenomena in
molecular circuits.

In Chapter 1, | present a collaborative investigation of the nature of group 8
metallocenes, which can be prepared with a range of transition metal atoms at the center of
the molecule, in molecular junctions formed at both cryogenic and room temperature. We
characterize the direct gold-n bonds between the molecule and the metal electrodes and
their effect on molecular conductance during molecular junction evolution. Analysis of the
junction persistence as well as conductance fluctuations reveals these metal containing

“barrel-shaped” molecules preferentially bind to dull atomic electrode tips through van der
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Waals interactions. We support our measurements by modeling different binding motifs
within density functional theory (DFT). Interestingly, our study finds that for closed-shell
metallocenes, the electrode-molecule interface and environmental conditions have by far
larger influence on electron transport than the identity of the metal atom in the molecular
backbone.

In Chapter 2, I report single molecule conductance measurements with a new
phenol-based linker group involving the formation of a direct, single O-Au bond to anchor
the molecule to the electrode. We find that deprotonation of the phenol is necessary for
molecule-metal binding, enabling pH control of junction formation. The activation of
metal-phenol binding through deprotonation is supported with DFT calculations that model
the binding interaction before and after deprotonation. We determine that transport through
phenol systems is mediated by the molecular HOMO orbital. Accurate quantitative
predictions of the electron transport properties of phenol-based linkers require higher levels
of corrections to DFT which underestimates the HOMO-LUMO gap, unless supplemented
by DFT+X methodology. Crucially, our study establishes principles for achieving pH
control of the metal-molecule interface for the molecular electronics community.

Last, | demonstrate experimentally and from first principles, the unique transport
properties of a family of quinoidal cyclic aromatic hydrocarbons with intermediate
diradical character. These molecules exhibit “anti-ohmic” conductance, with the longer
molecules having greater single molecule conductance than shorter ones. This behavior is
atypical of quantum tunneling commonly observed in molecular junctions. Unlike prior

examples of diradicals in molecular junctions, these compounds do not require oxidation
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or complex environments. We accurately model the electronic and conductance properties
of these molecules by developing a modification to the 1D Su-Schrieffer-Heeger (SSH)
model for cyclic quinoidal molecules with accurate experiment-based parameterization.
The 1D SSH model suggests that the anti-ohmic behavior is typical of intermediate
diradical molecules and predicts anti-ohmic trends across a broad range of molecular length
regimes. Our work suggests the search for long range high conducting molecular wires
should focus on molecules with neutral intermediate diradical character that have the

increased benefit of stability, diversity, and experimental accessibility.
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CHAPTER 1 Introduction
1.1 Motivation

With the realization in the middle of the 20™" century that silicon-based electronics
will likely reach their minimum size limits due to quantum effects, alternatives to silicon
were proposed. Aviram & Ratner suggested in 1974 that a molecule could behave like a
diode in a simple circuit, driving forward the possibility of molecular electronics as a viable
alternative for silicon.! Within two decades the first set of experimental measurements of
conductance of single molecules via the use of scanning tunneling microscopes was
reported with additional techniques such as mechanical break junctions introduced soon
after.>~® Since those first measurements, the number and types of molecules that have been
incorporated into single molecule circuits has widely grown. Nevertheless, a real-world
commercial single molecule based electronic has not been realized. On the other hand, the
study of single molecule electronics has led to developments in the fields of chemistry,
biology, and physics with gains in fundamental understanding of molecule-surface
interactions and advances in technologies such as quantum information science, nanoscale
sensing, and electron transport.

The multi-field impacts of single molecule conductance research is due to the
enormous diversity of molecules. This includes variations of molecular core structure
(backbone) or of terminal groups (linkers) which provide the ability to chemically bind/link
to the external metal electrodes to form the molecular circuit. For example, recent studies

have used single molecule conductance measurements to probe dative donor-acceptor



bonds to metal electrodes as well as van der Waals inter and intramolecular interactions
which are not easily studied in macroscale systems.’”™®

One of the largest drawbacks associated with single molecule electronics, is the low
conductivity of molecular systems. This phenomenon derives from the quantum nature of
electron transport at the sub-nanometer scale. A number of solutions have been proposed
and reported to overcome this drawback such as incorporating a metal atom or diradicals
into molecules.'®* Both approaches are hypothesized to provide additional conducting
channels within the molecule. Transition metal atom-containing molecules have d and f
electronic states leading to an increased density of electronic states and switching
functionality due to distinct redox states which can be accessed through environmental
control. Diradical containing molecules have additional nontrivial topological electronic
states which have been shown to be high conducting in some circumstances.

To further the development of the field of molecular electronics, it is critical to
understand how these degrees of freedom, such as new metal-molecular linking modalities
and atypical molecular backbones with additional electronic or spin states, contribute to
electron transport through single molecule circuits. This thesis presents three experimental
and computational investigations of electron transport phenomena in metal-containing
metallocenes molecules (Chapter 1), oxygen-linked molecular junctions (Chapter 2) and

neutral organic diradicaloids (Chapter 3).



1.2 Scanning Tunneling Microscope Break Junction (STMBJ) Technique

The scanning tunneling microscope break junction (STMBJ) is a technique based
on scanning tunneling microscopy that was modified to study the conductance of single
molecules bound to electrodes. The STMBJ involves repeatedly smashing and pulling apart
two metal electrodes (tip and substrate) which are connected to a voltage source. As the
electrodes are pulled apart and a sub nanometer junction is formed in the presence of
molecules, a molecule can bind to the tip and substrate electrodes, creating a single
molecule circuit. The electrode position is maintained using a piezoelectric positioner with
the voltage (V) and current (1) measured across the junction using a voltmeter and ammeter

respectively. This allows for the conductance (G), the inverse of resistance (R):

= I
v
to be determined as the electrode displacement is monitored to create an individual

conductance trace, shown in Figure 1.1.
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Figure 1.1 Single conductance traces of clean Au (orange) and an example molecule (red).



The measurements in this thesis were done using two different types of STMBJ
instruments: a commercial Createc STM, shown in Figure 1.2.A at ultra-high vacuum
(UHV) and 4 K (L T) was used in Chapter 2; a home built STMBJ under ambient conditions
and at room temperature (RT), shown in Figure 1.2.B was used in Chapters 2, 3, and
431516 A significant difference in the two instruments is in the choice of amplifier. While
the UHV-LT-STMBJ uses a logarithmic amplifier to convert the picoamp current to a
voltage, the RT-STMBJ uses a fixed gain linear current to voltage amplifier. Operationally,
the technique for depositing molecules in the junction are different depending on the
environment, with vapor-deposition onto pristine Au[111] substrate and solution-
deposition onto a gold-coated metal AFM substrate used for the UHV-LT-STMBJ and RT-

STMBJ respectively.

Figure 1.2. (A) Image of the ultra-high vacuum 4K STMBJ Ceatec setup with the tip and
substrate shown in the inset. (B) Image of the home-built ambient room temperature STMBJ
setup with the tip and substrate shown in the inset.



In both instruments, junction conductance is determined by collecting thousands of
conductance traces as the electrodes are pulled apart and pushed back together. A typical
individual conductance versus tip displacement trace without the presence of molecules
using gold (Au) electrodes is shown in orange in Figure 1.1. The conductance is shown on

a log scale in units Go, the quantum unit of conductance (Go):

2e?

where e is the elementary charge, h is Planks constant and S is the Sl unit of conductance,
Siemens. As the substrate and tip stretch, the conductance decreases in quantized steps
which correspond to the formation of a tip-substrate contacts with only a couple (integer)
of Au atoms in the cross-section.!” A single Au atom contact is characterized by a
conductance of 1 Go.!® Upon further electrode displacement, the tip and substrate break
contact, and the conductance drops off exponentially with electrode displacement, due to
quantum tunneling of electrons across the gap, until reaching the noise floor of the
instrument below ~10° Go as shown in Figure 1.1.

Thousands of these individual traces are then analyzed by binning the trace into a
1D conductance histogram, as shown in Figure 1.3.A, which allows us to identify
molecular conductance features when compared to 1D conductance histograms from clean
Au measurements. Additionally, 2D conductance versus displacement histograms are
created to investigate and compare the lengths of the molecular conductance features as

shown in Figure 1.3.B.



Clean Au o‘g
- Molecule =
o1t £
9
& §, -2
c =
3 8 34
8 s
S 44
°
c
S
(A) (B)
& B8 4 - : : 0 T 00 0.4 0.8 1.2
Conductance [Log(G/G)] Displacement (nm)

Figure 1.3. (A) 1D conductance histograms of clean Au (orange) and the example molecule
(red). (B) 2D conductance versus displacement histogram of the example molecule.

1.3 Fundamentals of Electron Transport

Charge transport on the macroscopic scale, occurs by diffusive transport and

behaves according to Ohms Law:
V =1IR

where V is the voltage across a resistor, I is the current flowing across the resistor and R is
the resistance of said resistor. The resistance is largely a product of the scattering of
electrons off atoms as they are driven by the voltage through the resistor.'® For a typical
conductor or resistor with some given length (L), cross-sectional area (A), conductivity

(o), the conductance is expected to obey the relation:

which predicts typical “Ohmic-conductance” where conductance decreases as the length
of a conductor or resistor increases.
At the single molecule level, electron transport is no longer diffusive but instead

ballistic governed by the Landauer formula:



G =Gy ) Ti(E)
i
which states that the total conductance is given by the sum over all energy dependent
transmission channels (T;(E)) in a ballistic conductor, which in this case is either a single
atom contact or molecule.?°?? This transmission function, T; describes the probability that
an electron with energy E will transmit across the junction rather than be reflected back.
For molecular junctions, these transmission channels derive from discrete energy states of
the molecule, as shown in Figure 1.4. To first approximation, we only include the frontier
orbitals egomo and e,ymo, corresponding to the Highest Occupied Molecular Orbital
(HOMO) and the Lowest Unoccupied Molecular Orbital (LUMO). When a molecule binds
to metal electrodes, the discrete molecular energy levels hybridize with the continuous
band structure of the metal electrodes, resulting in broadening of the energy levels, given
by I'. In addition, energy renormalization near the metal surfaces causes a shift in the

energy levels (from eyoum0 OF €Lumo 1O €;) around the Fermi Energy (Er).?
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Figure 1.4. (A) General molecular energy levels of a molecule before coupling to the
continuous energy bands of Au electrodes related to electron transport. (B) Molecular
junction energy levels, g; after coupling, given by T, to the continuous energy bands of Au
electrodes related to electron transport.



In most molecules, the energy levels are offset from the energy of the incident
electrons Er, leading to off-resonant transport. The transmission function, T (E) associated
with a coupled single energy level can be approximated as a Lorentzian function, shown in
Figure 1.4.B, and given by:
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1.4 Anatomy of a Molecular Junction
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Figure 1.5. Schematic representation of a single molecule junction in an electrical circuit with
a voltage source and ammeter.

A molecular junction is typically composed of a molecule characterized by a
backbone structure and by functionalized linker groups that bind to metal electrodes on
both sides, as diagrammed in Figure 1.5. Each of these components, (1) molecular
backbone, (2) linker group, and the (3) atomic structure and composition of the electrodes

all contribute to transport characteristics and conductance of the molecular junction.



1.4.1 Molecule Backbone

The molecular backbone is the core of the molecule which determines the nature of
the molecular orbitals and the dependence of conductance on molecule length. Most often,
the backbone is composed of a series of repeating units such as alkanes, alkenes, phenylene,
thiophenes, silanes, or others.?** One of the main differences between the various
backbones is the electronic structure composed of either conjugated = orbitals (alkenes and
phenylenes) or localized ¢ orbitals (alkanes, silanes). Since single molecule conductance
occurs via quantum tunneling, the conductance is expected to decrease exponentially with
length or each additional repeating unit, described by:

G x e BN o=FL

where f3 is the decay constant associated with an individual unit (or per unit length).3! Prior
measurements comparing £ associated with alkane versus alkene chains, showed B,kane
> Bakene-24?° This result indicates that the conjugated m orbitals characteristic of alkenes
make for better transmission channels than the localized o orbitals in alkanes. This is due
to a smaller HOMO-LUMO gap in the conjugated molecules and a smaller energy offset
between the molecular transmission channels and Er. Similar considerations apply to
cyclic conjugated molecular systems, composed of phenyl rings for example, though
additional effects arising from quantum interference need to be considered as well,32-34

Prior work suggests that incorporating metal atoms or diradicals into the molecular
backbone can mediate conductance decay associated with tunneling.'>!2# Unlike organic
molecules composed of p-block elements C, O, N with 2s and 2p frontier orbitals,

organometallics also incorporate transition metal atoms with additional frontier energy
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levels coming from the d band (d.,, dy;, d,,, d,2,and d,=_,2). Molecular orbitals derived

from the d states typically have a certain degree of degeneracy depending on the molecular
symmetry and can have a range of effects on molecular conductance. Studies report both
low and high conductance due to destructive and constructive interference in transition-
metal containing systems, respectively.'**>% Overall, the impact of metal atoms on
electron transport in molecular junctions is not fully understood and requires further study
to inform the design of highly conductive and robust molecular circuits.

The energy levels of diradical containing molecules are described through the
framework of topological insulators, within the 1D Su-Schrieffer-Heeger (SSH) Model.®"-
3 The energy levels associated with the frontier orbitals in diradical containing molecules
are known as edge states. These edge states are topologically distinct from the typical
conjugated molecular energy levels and are associated with a localized orbital at the Fermi
energy Er that can provide a viable transmission channel with high transmission near unity
as long as the molecule is relatively short, ~1.5 nm.% Electron transport through charged
diradical containing molecules have been shown to behave “anti-ohmically” with
conductance increasing as molecular length also increases. In prior studies, the limitation
of these ionic diradicals is in the high localization of electronic edge state, which leads to
the reversal of the anti-ohmic behavior to standard tunneling decay beyond a certain
molecule length. Synthetic incorporation of repeating units of radicals with edge states has
been shown to restore anti-ohmic behavior in molecules longer than ~1.5 nm.*° But the
caustic solvent requirements and long-term instability of charged radical species,

particularly in molecular junctions under an applied field, decrease the feasibility of this
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approach. New and more stable molecular materials with topological edge states are
required to realize high-conducting molecular junctions in accessible experimental

conditions.

1.4.2 Linker Group

The linker group is fundamental for the formation of molecular junctions. Typical
linker groups used in single molecule conductance studies are amines (NH>), thiomethyl
(SMe), dimethylphosphine (PMe,), pyridine, and carboxylic acids (CO,H).1416.28.3041-49
All of these linkers bind to undercoordinated atoms on the electrodes via a dative donor
acceptor bond where a lone pair on the linker donates electron density to the metal.*® It has
been shown that donor-acceptor bonds select for a narrow range of metal-molecule binding
configurations and result in consistent and reproducible molecular conductance
signatures.** Functional groups such as thiols, bind to gold covalently and not specifically
leading to broad conductance signatures?3°!

Other studies report linker groups, such as pyridine, which exhibit two discrete
binding geometries characterized by distinct conductance values that can be toggled
mechanically.*® Other linker functionality includes switched on an off through external
control.> The choice of solvent has been shown to impact the ability for linker groups to
bind to electrodes. For example, while amines readily bind to metal electrodes in organic
solvents, they are protonated in neutral aqueous conditions, preventing the lone pair from
donating to the electrodes.*® On the other hand, linker groups such as imidazole and

carboxylic acids have been shown to require deprotonation and only bind to metal
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electrodes under basic aqueous conditions.’>#°3°5 The variability in linker group
properties warrants further study and presents an opportunity for engineering a diverse

range of molecular circuits with switching or sensing capabilities.

1.4.3 Electrodes

The structure of the electrode and its effect on junction conductance is largely
overlooked in molecular junction studies. Most STMBJ measurements are done using
metal electrodes (Au, Ag, Pt, Ni, and Cu).>®®1 A few reports include measurements on
nonmetal electrodes such as graphene or carbon nanotubes.®2-% The choice of metal is
important for transport properties in part because it sets the value of Er and determines the
mismatch with frontier molecular orbitals (MOs).?2 Au is most often used in ambient
conditions because it is inert in the presence of oxygen, while more reactive metals such as
Cu are reserved for UHV. Soft metals such as Au and Ag are easily deformable and rupture
easily in typical break junction pulling experiments, leading to undercoordinated atoms at
the surface upon rupture.*#°%% However, the exact atomic structure of the electrode contact
varies hugely over the thousands of junctions that are probed during an experiment.
Variability in the electrode structure at the junction can impact the measured conductance
by promoting distinct binding configurations.®®®” This variability is difficult to control and
is an obstacle for reproducible junction formation. The effect of metal-molecule interface
on electron transport is an unsolved challenge in the field requiring further study. for

molecular junctions which is why it’s worth better understanding.
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1.5 Thesis Outline

This thesis explores different distinct degrees of freedom that can lead to new
functionality in single molecule junctions.

Chapter 2 focuses on single molecule conductance measurements as well as density
functional theory calculations of metallocenes made using a LT-STMBJ. We study how
the flat conjugated metallocenes bind preferentially to dull electrodes during junction
pushing and the transport properties of the resulting junctions. We also study the role of
the metal atom, M, in the molecule on the conductance and junction evolution, comparing
junctions formed at 4K and at room temperature with ferrocene (M = Fe) and ruthenocene
(M = Ru). This work was published in JACS in 2022.5¢

Chapter 3 reports reproducible single molecule conductance measurements using a
new linker group, the phenol. We show that phenols only bind to metal electrodes to bridge
the junction in basic aqueous conditions upon deprotonation. This switching behavior is
not observed with more conventional linkers or with other hydroxyl groups such as alcohol.
This work was published in Nanoscale in 2024.68

Chapter 4 reports the single molecule conductance measurements of a series of
neutral diradical molecules that exhibit “anti-ohmic” conductance. We also develop a
theoretical approach modifying the 1D Su-Schrieffer-Heeger model to accommodate
fused, cyclic, conjugated carbon diradical systems, such as those probed here. We find that
these types of molecular backbones are characterized by an intermediate diradical character
which results in anti-ohmic conductance across a broad range of molecular lengths. Our

work lays the foundation for development of highly conductive molecular wires realized
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in simple and accessible experimental conditions. This work is currently in preparation for

publication.
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CHAPTER 2 Formation and evolution of metallocene single molecule circuits with

direct gold-m links

2.1 Introduction

Formation and characterization of single-molecule circuits with organometallic
molecules enhance the scope of observable phenomena due to the incorporation of a
transition-metal atom with new degrees of freedom.®®-"2 Metallocenes are a class of such
molecules where a metal ion (M) is sandwiched between two cyclopentadienyl rings (Cp).
They are synthetically accessible, tunable, and stable in a variety of conditions, making
them ideal model compounds for these applications. It has been theoretically predicted and
later experimentally observed that molecular junctions and self-assembled monolayers
(SAMs) containing ferrocene (M = Fe) bound to gold through organic linkers exhibit
electronic functionality such as current rectification, conductivity enhancement, negative
differential resistance, and spin filtration.14364073-82 Other metallocenes (M = nickel,
vanadium, cobalt) have also been studied using single-molecule methods such as scanning
tunneling microscopy (STM) and break junction (BJ) approaches. Similar electron
transport properties such as spin filtration, spin sensing, and near-unity conductance were
found to depend on the orientation of the molecule in the junction.®%¢ The sensitivity of
conductance phenomena to the physical structure of the nanoscale junction highlights the
need for a clear understanding of how these molecules coordinate to the electrodes and for
methods to control the metal-molecule interface structure.

Most organic molecules incorporated into single-molecule circuits to date closely

approximate one-dimensional (1D) molecular wire rods with high aspect ratios and specific
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linker motifs that bind to the electrodes and form the electrical contacts that close the
circuit. We have previously demonstrated that junction evolution and conductance of
organic molecular wires are sensitive to the atomic shape of the Au electrode and to the
length of the molecule between the linking moieties.'®87#8 In those junctions, the Au—
molecule interface is a localized bond between an Au undercoordinated atom and a single
donor atom on the organic molecule, usually nitrogen (N) or sulfur (S). During junction
elongation, the molecular linker can slide along the electrode and change its attachment
point on the Au structure, resulting in a flat conductance plateau during pulling over a
distance range significantly longer than can be understood from just stretching the link

bonds.
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Figure 2.1. (A) Structure of Group 8 metallocenes: ferrocene, ruthenocene, and osmocene.
Also shown is a ball-and-stick model of ferrocene with a constant charge density contour
color-coded to the electrostatic potential, indicating electron rich (red) and electron deficient
(blue) regions. (B) STM image and height profile (inset) of sub-monolayer clusters of
ferrocene deposited on Au(111) at 5 K. (C) Conductance trace measured in the presence of
ferrocene on the Au(111) surface while pulling the tip out of contact with the surface and then
pushing the tip back in to contact. The snapback distance is calculated from the difference in
the displacement (grey) at the points when the tip breaks and reforms contact, as indicated
by the dashed arrows.
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In contrast, organometallic compounds such as metallocenes (Figure 2.1.A) are
bulkier with a “barrel” shape. Recently, both vanadocene (M = vanadium) and nickelocene
(M = nickel), studied by STM, have been found to bind to metal electrodes either through
the metal atom for vanadocene (Au—M-Au) or through the Cp ring (Au-Cp—M-Cp-Au)
for nickelocene and vanadocene.®88° Metallocenes can also be extended with specific
functional linker groups to direct the anchor point to gold, as demonstrated in some
conductance studies.**38%% Sjgnificantly, the metallocenes as such offer a distinctive
feature, the delocalized electrons on the Cp rings that can coordinate to the electrodes. This
aspect is emphasized by the electrostatic potential map of the molecule in Figure 2.1.A,
which shows increased electron density on the flat Cp ends of the barrel and relatively
decreased density along the sides of the molecule. We hypothesize that the formation and
evolution of molecular junctions with barrel-shaped organometallic molecules, without
functional linker groups, follow scenarios dictated by the electron-rich rings and the
atomic-scale shape of the metal electrodes.

Specifically, we investigate the geometry, conductance, and evolution of molecular
junctions made with group 8 metallocenes (M = Fe (1), Ru (2), Os (3)) on gold, as shown
in Figure 2.1.A. These closed-shell, barrel-shaped molecules serve as a convenient test
case for studying atomic arrangements and evolution of molecular junctions with
organometallic molecules containing multihaptic ligands forming a three-dimensional (3D)
structure rather than a 1D rod. Here, using scanning tunneling microscope break junction
(STMBJ) conductance measurements in cryogenic and room-temperature (RT) conditions,

we show that the metallocenes form reproducible metal-molecule—metal junctions despite
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a lack of coordinated linker groups such as amines or thiols. At 5 K in vacuum, we measure
and correlate the conductance evolution of each junction during pushing and pulling to the
shape of the electrodes deduced from the measured electrode snapback distance. Supported
by density functional theory (DFT)-based calculations of junction structure and
conductance as a function of tip-sample distance, we find that the metallocenes bind
primarily through the electron-rich cyclopentadiene (Cp) conjugated moieties on both sides
of the molecule. In addition to bonding between undercoordinated Au atoms and specific
C atoms of the Cp rings, we find a significant, additional role for binding of the barrel-
shaped molecule to flatter binding areas exposed on blunt electrodes, promoted by van der

Woaals interactions.

2.3 Experimental Section

2.2.1 Molecular Deposition and Measurements in Cryogenic Conditions

We perform single-molecule conductance measurements in ultrahigh vacuum using
a commercial STM (Createc) with custom control hard and software GXSM at the Center
for Functional Nanomaterials at Brookhaven National Laboratory.”>% The low-
temperature STM break junction (LT-STMBJ) measurements are performed at 5 K and
less than 1071° mbar. We repeatedly form and break quantum point contacts in the presence
of a sub-monolayer of molecules. Metallocenes are deposited on atomically flat Au(111).
A clean surface is achieved through two cycles of sputtering and annealing of a single-
crystal gold sample according to standard methods.®® To create the sub-monolayer, we

expose the Au(111) surface at 5 K to a ~10~" mbar vapor pressure of either ferrocene (1)
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(CAS: 102-54-5) or ruthenocene (2) (CAS: 1287-13-4) molecules sublimed at room
temperature in the preparation chamber of the STM under base pressure of 10~° mbar for
30 s. All gold tips are formed by mechanically cutting a 0.35 mm wire purchased from
Fisher Scientific (99.99% metals basis for Au). STM images of both 1 (Figure 2.1.B)
and 2 on Au(111) are taken at 0.7 V bias in Gain 9 to verify sub-monolayer formation. The
height profile of molecular islands, shown in Figure 2.1.B, is measured to be 3.5 A, which
is in good agreement with the long axis of the molecule and consistent with a sub-
monolayer of 1 adsorbed on the Au(111) surface.’* We do not observe dissociation
of 1 or 2 on the surface under the mild imaging conditions used here.%-%

Break junction measurements are performed both on the clean Au(111) sample
prior to the vapor deposition and on the sample with a submonolayer coverage of
metallocenes. For LT-STMBJ measurements, we record the current between a gold tip and
substrate under the constant bias of 50 mV while displacing the tip relative to the substrate
with sub-Angstrom resolution. To maximize the dynamic range of our measurement, we
use a log amplifier (part #AD8304). Our break junction measurement consists of a repeated
series of tip pulls and pushes. Using STM imaging, we first locate an unperturbed region
of the surface with submonolayer coverage of molecules such as the one shown in Figure
2.1.B. Then, we position the tip a few nanometers above the surface by adjusting the set
point current under 50 mV bias. We then initiate an automated protocol to collect 1000s of
conductance vs displacement curves. The protocol establishes tip-sample contact by
smashing the tip to a conductance > 1 Go and then successively pulls and pushes the tip in

and out of the sample by 4 nm as shown. We perform this pull-push motion 10 times in
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the same location. Then, we displace the tip by several nanometers laterally to access a
new area of the surface and repeat the pull-push protocol. Overall, this cycle is repeated
hundreds of times to acquire the full data set.

A single conductance trace measured at 5 K as a function of tip displacement during
junction pulling and pushing is shown in Figure 2.1.C. Both pull and push portions of the
trace display plateaus at multiples of Go, allowing us to identify the displacement
coordinates along the trace (dashed arrows in Figure 2.1.C), where the gold quantum point
contact breaks and reforms, respectively. To measure the snapback distance, we determine
the distance between the electrodes immediately after rupture relative to when the
electrodes come back into electrical contract during pu