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ABSTRACT
Probing Electronic and Thermoelectric Properties of Single Molecule Junctions

Jonathan R. Widawsky

In an effort to further understand electronic and thermoelectric phenomenon at the
nanometer scale, we have studied the transport properties of single molecule junctions. To carry
out these transport measurements, we use the scanning tunneling microscope-break junction
(STM-BJ) technique, which involves the repeated formation and breakage of a metal point
contact in an environment of the target molecule. Using this technique, we are able to create
gaps that can trap the molecules, allowing us to sequentially and reproducibly create a large
number of junctions. By applying a small bias across the junction, we can measure its
conductance and learn about the transport mechanisms at the nanoscale. The experimental work
presented here directly probes the transmission properties of single molecules through the
systematic measurement of junction conductance (at low and high bias) and thermopower.

We present measurements on a variety of molecular families and study how conductance
depends on the character of the linkage (metal-molecule bond) and the nature of the molecular
backbone. We start by describing a novel way to construct single molecule junctions by
covalently connecting the molecular backbone to the electrodes. This eliminates the use of
linking substituents, and as a result, the junction conductance increases substantially. Then, we
compare transport across silicon chains (silanes) and saturated carbon chains (alkanes) while
keeping the linkers the same and find a stark difference in their electronic transport properties.

We extend our studies of molecular junctions by looking at two additional aspects of

quantum transport — molecular thermopower and molecular current-voltage characteristics. Each



of these additional parameters gives us further insight into transport properties at the nanoscale.
Evaluating the junction thermopower allows us to determine the nature of charge carriers in the
system and we demonstrate this by contrasting the measurement of amine-terminated and
pyridine-terminated molecules (which exhibit hole transport and electron transport, respectively).
We also report the thermopower of the highly conducting, covalently bound molecular junctions
that we have recently been able to form, and learn that, because of their unique transport
properties, the junction power factors, GS’, are extremely high. Finally, we discuss the
measurement of molecular current-voltage curves and consider the electronic and physical
effects of applying a large bias to the system. We conclude with a summary of the work

discussed and an outlook on related scientific studies.
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(a) Example of a single Lorentzian transmission function. The conductance of the
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Gy, the quantum of conductance. (b) Example of a double Lorentzian transmission
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in the chain for P1-P4, and analogous measurements with the related amine-terminated
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series. Dotted lines represent linear least-squares fit to P2—P4 series. Note the point for
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ramp used, including a “hold” portion between 150 and 200 ms. Middle panel: External
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applied voltage across the leads which drops to zero during the center of the “hold”
portion. Bottom panel: Sample trace for an example molecular junction. The measured
current is shown in red and the voltage measured across the junction is shown in blue.
Note: The voltage is applied across the junction in series with a 10 kQ resistor.
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The bin size is 10 Go. Inset: Conductance plotted as a function of number of phenyls in
the molecular backbone.
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(a) Schematic of experimental set-up: V, is the applied bias voltage, I is the measured
current and Vy is the voltage measured across the junction. The ~100 k€ series resistor is
also shown. Structures of all three molecules are also shown. The N-N lengths of these
molecules are about 1.2 nm, 1.3 nm and 0.9 nm for 1, 2, and 3 respectively. The
molecules bind to the gold leads through the lone pair of the amines, represented here by
arrows. (b) Normalized conductance histograms for all three molecules measured with a
bias Vy = 45 mV and a 1mM solution of the molecules in 1,2,4-Trichlorobenzene. A
linear bin size of 10™ Gy is used for 1 and 2 (showing molecular peak and conductance
quantum peaks), and a bin size of 10° Gy is used for 3. The peaks, determined using
Lorentzian fits (or Lorentzian fit with background subtraction for 2), are marked with
arrows. Inset: Sample measured traces for each of the three molecules showing the
molecular conductance steps. All traces except for the extreme left trace have been offset
horizontally to the right for clarity.
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Linearly-binned normalized conductance histograms constructed from over 5000 traces
without data selection for (a) 1, (b) 2, and (c) 3 measured at four different bias voltages,
Vm. The peak locations are tracked by the arrows. Note: The histograms have been
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(a) Sample trace measured during a voltage sweep for molecule 1. The piezo
displacement (grey line) is shown in the upper panel. The measured current (red, left

axis) and voltage (blue, right axis) are shown in the bottom panel. Note that the voltage is
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very low when the junction conductance is low due to the series resistor. (b) Multiple
sample current-voltage traces for molecules 1 (upper panel) and 2 (lower panel). These
traces are obtained from the middle section of the voltage sweep, with V) starting at
+450 mV and ending at -350mV and are chosen to illustrate the variety in measured
traces. (c¢) Schematic level alignment diagram for two different biases showing the
change in charge transfer (extent of grey shaded region within the bias window) between

the molecule and metal at a large applied bias.

(a) and (b) Two-dimensional current-voltage histogram for 1 and 2 made from about
4500 and 6000 individual I-Vy traces, respectively. The current bin size is 0.5nA and the
voltage bin size is 5 mV. A vertically cross-section (black line) is displayed in the inset.
The upper part is fitted with a Gaussian (red curve) in order to extract the peak location.
(c) I-V curves for 1 (red), 2 (blue) and 3 (green) determined from the peak locations of
the cross-sections at all voltage bins, like those shown in the insets of (a) and (a). The
curves represent the most frequently measured current as a function of bias voltage.
Inset: Relative differential conductance (dI/dV) for 1, 2, and 3 normalized to the
respective differential conductance values at Vyy = 45 mV. These are obtained from the
slopes of the linear fits to the IV curves in a small voltage interval about each voltage.
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Average IV curves determined from 2D I-Vy histograms using a small ramp (450 mV)
or large ramp (+ 900 mV) for all three molecules. Each averaged IV curve is determined

from one tip/sample pair and two or three such data sets are superposed for each
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molecule and ramp value. Variations in the IV curves from the small and large bias ramps
are larger for 1 and 2 than the variations.
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Conductance histograms for C6SnPh;, C6 and C9, generated from over 15000
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molecules include the synthetic precursors as well as possible linkerless/oxidized

products.
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Chapter 1

Introduction



1.1 Motivation — Single Molecule Junctions

When asked to motivate the study of single molecule junctions, we respond by saying
that it can help answer many of the technological questions and challenges posed in today’s
society. But what exactly is a single molecule junction, what can we learn from it, and how can
what we learn be useful? The idea behind a single molecule junction is simple — attach a single
molecule to metallic electrodes and pass a current through it (see Figure 1.1 for illustration). Yet
in practice, creating molecular junctions reliably and reproducibly, so that pertinent transport
studies can be performed, has proven to be a tough experimental challenge. The primary
question that arises usually addresses the confidence that a junction with one — and only one —
molecule has been successfully constructed and characterized. Second, concerns are raised about
whether a target molecule can be designed and synthetized with useful intrinsic properties.
Lastly, mainly in order to achieve this, discovery of what we need to know in terms of
fundamental physics to be able to engineer and control functionality at this scale still remains.
These are precisely the critical issues that surround the field of molecular electronics.

Since the birth of the solid state transistor[1] more than sixty years ago, extensive effort
has been invested into miniaturizing circuit components. This was due to the growing demand
for fast, energy efficient, and cheap methods to compute and store immense amount of data
information. The most telling gauge for this was proposed by Intel co-founder Gordon E.
Moore, thereby inspiring his eponymic law[2], which tracked the exponentially shrinking size of
the silicon transistor with time. As the transistor gate length approaches the 10s of nanometers,
silicon technology has reached a physical limit[3, 4]. Bulk solid state properties are no longer
applicable at lengths of this scale, making the impact of impurities, heating, or leakage current

significant. Studying single molecule junctions allows us to probe charge transport at the



Figure 1.1: Illustration of a single molecule junction. The linker groups have separated from the
molecule and as a result, the molecular backbone is directly attached to the gold electrodes.

nanoscale, where systems are governed by the laws of quantum mechanics. At the nanometer
level, classical Drude-type diffusive transport[S], where the magnitude of current flow obeys
Ohm’s Law (V=IR; R=pL/A), ceases to be directly applicable. Transmission of charge carriers
through the junction now becomes ballistic[6, 7]; the charge carrier can traverse the entire length
of the junction devoid of interaction with a scattering site. Understanding how this works, while
keeping the hope of developing viable molecular electronics in mind, is essential.

The first molecular device was proposed in a paper by Aviram and Ratner[8] in 1974, in
which the authors suggest that a molecule with two, effectively-separated electron systems —
where, through the use of chemical substituents, one is electron donating (“n-doped”) and the

other is electron withdrawing (“p-doped”) — can act as a molecular rectifier[9]. Since then, many



new ideas have been proposed towards the development of a broad list of molecular sensors[10,
11], switches[12-17], transistors[18, 19], and potentiometers[20, 21], etc., controlled by
mechanics light, electrochemistry, or through chemical reactions under a multitude of different
environmental conditions. Unfortunately, until the last decade, being able to capture a single
molecule and hold it in a junction long enough to do apposite electronic transport measurements
had largely eluded the scientific community. Lithographic fabrication techniques served as the
basis for first attempts to construct SAM or single molecule junctions[22-24] beginning in the
late 1990s, and while good results were reported, agreement and reproducibility across the
studies were questioned. The problem was that the gap between the electrodes was often too
wide for a single molecule to span or that contact to a few molecules was being made. Steps have
been taken to create smaller gaps with the more recent development of electromigration-based
fabrication[25-29], but state of the art methods have also involved the implementation of break
junctions. Because these methods involved the repeated, quick formation and rupture of metal
point contacts, they allowed for the measurement and statistical analysis of many individual
single molecule junctions[30-32]. Today, the two most commonly used techniques are the
mechanically controlled break junction (MCBJ)[33-35] and scanning tunneling microscope

break junction (STM-BJ)[36, 37]. STM-BJ is the main tool employed in the studies herein.



1.2 Outline

The focus of this Thesis is the development of highly conducting single molecule
junctions and study of their electronic and thermoelectric conduction properties. This opens the
door for the investigation of fundamental quantum transport physics. More specifically, it allows
us to better understand charge transport across organic/inorganic interfaces and across specific

media. The following is an outline of the work carried out in this Thesis:

Chapter 2: Here, I describe the experimental setup and the steps taken to determine the
electrical conductance of single molecules attached to gold leads using the STM-BJ
technique. This involves the acquisition of thousands of conductance traces that are
analyzed statistically through the use of both one-dimensional and two-dimensional
conductance histograms. Also, I describe how the experimental procedure is modified to
make thermoelectric and large bias transport measurements. Finally, using a single level
model for transmission, I will explain how the molecular orbitals, and their alignment to
the Fermi level of the electrodes, play a key role in determining the low-bias properties of

the junction.

Chapter 3: In this chapter, I will break down transport across a molecular junction by
focusing on two aspects of the junction — 1) the nature of the bond between the organic
backbone of the molecule and the inorganic electrode and 2) the conductive nature of the
backbone itself. We have developed a method to bypass the use of traditional linker

groups and directly attach the molecular backbone to the electrode with a covalent bond



(Figure 1.1). This allows us to form strongly bound junctions while minimizing the
effect of contact resistance. In addition, we demonstrate that using a silicon chain as the
molecular backbone instead of a saturated organic alkane can dramatically affect the

conduction properties we observe.

Chapter 4:  Single molecule conductance measurements have also been extended to the study
of thermoelectrics. The development of viable organic thermoelectric devices has
centered on finding materials that maximize the thermoelectric figure of merit, ZT. One
strategy to increase the figure of merit is to focus on improving the power factor, GS?, the
numerator of ZT. Measuring material performance at the single-molecule level can
provide a better understanding of structure-function relations in these systems. In this
chapter, we investigate the thermoelectric properties of a few systems of molecular
junctions, including those with amine and pyridine linkers, as well as the highly
conducting junctions discussed in Chapter 3. Several models are introduced to explain the
trends observed in experiment. Additionally, since we can simultaneously determine
conductance and thermopower, we are able to evaluate and compare the power factors of

the molecule junctions.

Chapter 5:  Chapter 5 is centered on the measurement of molecular current-voltage (I-V)
curves. In this work, we explore the electronic and physical effects of applying a large
bias to the system. We observe an inherent difference in the response of
electron/LUMO-conducting junctions and hole/HOMO-conducting junctions and

investigate the mechanism behind this. Also, we see that the degree of non-linearity of



the I-V curves depends on the proximity of the conducting orbital to the Fermi energy of
the electrodes. Consequently, I-V measurements tell us about properties of the
transmission functions complimentary to zero-bias conductance and thermopower

measurements.

Chapter 6:  Conclusions and outlook.
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12
2.1 Scanning Tunneling Microscope Setup

According to Newton’s laws, an object moving in a potential landscape experiences an
exchange of energy between its kinetic motion and stored potential energy. In the absence of
outside forces that do work on the system, the total energy (TE = KE+PE) must remain constant,
and at no point can the object be found at a location where its potential energy is greater in
magnitude than its total energy (called the classically forbidden region). This fundamental
notion was challenged by realization of quantum mechanics, where quantum particles have the
ability to move through potential barriers that exceeds its total energy. This phenomenon is
called quantum tunneling and it is the primary mechanism behind the Scanning Tunneling
Microscope (STM). The STM was invented by Binnig and Rohrer[1] in 1983 as a means to map
the topography of gold and silicon surfaces with sub-angstrom to nanometer resolution. The
authors did so by raster-scanning a sharp, metallic tip across the biased substrate while
measuring the tunneling current. Displaying the magnitude of the current as a function of
location allowed them to generate an image of the surface with atomic resolution[2].

This is the basic principle behind the experimental technique employed in this Thesis.
Here, a traditional STM geometry was modified so that the tip could only travel perpendicular to
(as opposed to across) the surface. This addition allows us to use the STM to perform the break
junction technique[3, 4]. In this method, a gold tip is repeatedly driven into and out of contact
with the gold substrate. Upon breakage of the gold point contact, a small gap (~0.6 nm) between
the tip and substrate opens up. If there are molecules with specific binding groups in the vicinity
of the gap between the electrodes, they can bridge the gap and their conductance (G=I/V) can be
measured. When this is repeated thousands of times, the conductance of a molecular junction

can be determined from a statistical analysis.
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Figure 2.1: (a) Picture of the basic home-built modified scanning tunneling microscope (STM).
The commercially acquired piezo actuator gives the system z-axis mobility with sub-angstrom
position resolution. Zoom in: Picture of a gold tip cut on an angle to taper above a gold-on-mica
substrate. The reflection of the tip is observable in the substrate as well. (b) Schematic of the
STM-BJ setup circuit, which includes a series resistor, Rg.

2.1A  Description of the Home-Built System and Measurement

The scanning tunneling microscope (STM) used was a home-built system, pictured in
Figure 2.1(a), designed only with z-axis mobility and the capability of performing thermal
measurements. The conductance of each molecule was measured using an Au tip (Alfa Aesar,
99.999%) cut at an angle to be sharp and a substrate of ~100 nm of gold (Alfa Aesar, 99.999%)
thermally evaporated onto cleaved mica disks. The substrate is magnetically mounted on a
piezoelectric positioner (Mad City Labs, P15), so that sub-angstrom resolution in position is
achieved. During the entire break junction procedure, a constant bias (10-350 mV) is applied

between the tip and the substrate while the current is measured (Keithley 428-Prog) in series
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with a resistor (typically 10 kQ, but in some cases, up to 1 MQ). The Keithley I-V converter was
chosen because of its large dynamic range, so that, given the influence of the series resistor,
currents through junctions from 10s of the quantum of conductance, Go = 2¢’/h = 77.5 puS down
to about 107 Gy in gain 6 or to 107 Gy in gain 7 can be measured in a single measurement. Piezo
control and data collection were performed using a National Instruments PXI Chassis System
(with PXI-4461, PXI-6289) at 40 kHz and driven and managed with a custom-written program
using Igor Pro (Wavemetrics, Inc.). The entire apparatus is placed on top of an optical air table
(TMC, 63-563) and put under an aluminum/foam hood for acoustic and electrical isolation.

For each experiment, the substrate is cleaned under UV/Ozone for 15 minutes prior to use
and the tip is freshly replaced and cut. The system is kept under ambient conditions throughout
all of the experiments. First, clean gold breaks are collected to ensure the cleanliness of the
setup. Then, the target molecule is deposited on the substrate using one of two methods,
depending on the nature of the molecule and the particular experiment being run. In the first
case, the analyte is dissolved in 1,2,4-trichlorobenzene (Sigma Aldrich) to produce a ~1 mM
solution and drop cast directly onto the substrate. The break junction measurement is therefore
carried out in solution as long as the solvent persists, typically about 10 hours. In the second
case, the analyte is dry deposited onto the substrate by thermal evaporation or drop cast using a
low-boiling solvent, such as acetone or toluene, which is allowed to evaporate before
measurement. Because the molecule is analyzed in dry form, the run time can last indefinitely.
Every molecule was measured using multiple tip/substrate pairs, on different days, to check for

consistency and reproducibility.
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Figure 2.2: Example I-V trace measured during a voltage sweep for a typical molecular junction.
The piezo displacement (gray line), shown in the upper panel, includes a momentary hold section
to freeze the junction during elongation event. The measured current (red, left axis) and voltage
(blue, right axis) are shown in the bottom panel. Note that the voltage is very low when the
junction conductance is low due to the series resistor.

At the start of each break junction iteration, the STM tip is brought into hard contact with
the substrate so that a conductance greater than ~ 10 Gy is achieved. At this point, the junction
electrodes are pulled apart at a speed of 16 nm/s for 0.25 seconds while conductance is recorded.
During this time, the initial 10 Gy gold contact thins out and ruptures, resulting in the formation
of a single molecule junction, which itself proceeds to elongate and rupture. The circuit diagram
of a single molecule junction is given in Figure 2.1(b) and example measurements are shown in
the next section. For measurement of molecular I-V curves[5], the withdrawal of the tip is
temporarily stopped in the middle of the piezo ramp after a distance that ensures the highest
likelihood for capture of a molecule in the junction. The tip—substrate distance is held constant
for about 150 ms and the applied voltage is ramped either sinusoidally or linearly between ~ +/—
1V (as seen in Figure 2.2). The current is measured as a function of applied voltage. To confirm

that the IV is measured for a single molecule, the conductance is checked immediately before
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Figure 2.3: (a) Top: Schematic of the STM-BJ setup modified to perform thermal measurements.
Bottom: Simplified diagram illustrating measurement of thermoelectric current (/1) when a
temperature gradient is imposed. (b) Top: Piezo ramp used, including a “hold” portion between
150 and 200 ms. Middle: External applied voltage across the leads which drops to zero during the
center of the “hold” portion. Bottom: Sample trace for an example molecular junction. The
measured current is shown in red and the voltage measured across the junction is shown in blue.
Note: The voltage is applied across the junction in series with a 10 kQ resistor.

and after the voltage ramp. At the end of this ramp, the applied voltage is again set to be constant

and the tip is withdrawn an additional distance to fully break the junction.

2.1B  Modifications for Thermal Setup

For measurement of thermoelectric current, the STM-BJ setup was modified[6] as given
in Figure 2.3(a). The substrate was mounted onto the hot side of a thermoelectric (Peltier)
device, while the cold side was held near room temperature. Additionally, the STM tip was kept
near room temperature throughout the measurement. The temperature of the hot side of the

Peltier was controlled using a DC power supply (BK Precision, 1750A) between room
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temperature and 70°C, though typically only about 40 °C or 50 °C, and recorded using a T- or K-
type thermocouple. In order minimize for unaccounted thermoelectric voltages across the leads,
a pure gold wire (99.998%) of known thermopower (S,,, =2 uV/K[7]) was connected from the
hot side of the Peltier to the cold side to provide electrical connectivity and so that the
thermoelectric voltage across the reverse temperature gradient (—AT) was known and fixed. As
in the I-V measurement, a 50 ms hold portion was added to the piezo ramp (Figure 2.3(b)).
During the central two quartiles of the hold (middle 25 ms), the applied bias was dropped to
zero, so that all of the current measured here would be due solely to the thermal gradient between
the hot substrate and the tip. The data acquisition electronics were carefully calibrated after every
50 measurements to ensure that there were no other sources of bias across the junction. The
setup is also allowed to thermally equilibrate for about an hour after adjusting the temperature of
the Peltier before the experiment proceeds. A simplified circuit diagram is shown in Figure

2.3(a).
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2.2 Conductance Traces, Conductance Histograms,
and Statistical Analysis

2.2A  Collection of Conductance Traces

Conductance (= current/voltage) is plotted as a function of piezo displacement for every
break-junction iteration measured, yielding conductance traces. Conductance traces for clean
gold (Figure 2.4(a)) exhibit steps near multiples of G, (= 2e?/h), the quantum of
conductance[8-11]. (Discussion of the origin of Gy to follow.) Below 1 Gy, there is a sharp drop
in junction conductance symbolizing the opening of a tunneling gap, which may contribute a few
data points but is otherwise featureless. The break of a Gy contact (or gold point contact) ensures
that the resulting electrodes are atomically sharp, so that upon addition of a target molecule, the
molecule may bridge the gap and its conductance can be measured.

When a molecule is successfully captured, features at values less than 1 Gy become
evident[3, 4]. Conductance traces for 1,4-diaminobutane (C4A) in Figure 2.4(a) show molecular
plateaus at ~10~ Gy in about 30% of traces, and this percentage typically goes up for longer
molecules[4]. The STM system takes (on the order of) a single second to record, process, and
store each conductance trace. Therefore, up to tens of thousands of conductance traces can be
collected during each experiment for a given molecule. The raw data conductance traces are
stored as Igor Binary Waves, along with the current and voltage traces for the thermal or I-V

measurements when necessary.
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Figure 2.4: (a) Sample conductance traces for clean gold (yellow) and in the presence of 1,4-
Diaminobutane (blue) measured at 25 mV. The conductance traces exhibit steps at integer
multiples of Gy. The blue traces also show a molecule-dependent plateau below 1 Gy due to the
formation of a molecular junction. (b) Conductance histograms for clean gold (solid yellow) and
for 1,4-Diaminobutane (blue). The blue histogram exhibits a peak (arrow) above the tunneling
background that can be fit to determine the most frequently measured conductance.

2.2B  Construction of Conductance Histograms

Due to the trace-by-trace variability within the measurement[12], molecular conductance
is defined statistically through the construction of a conductance histogram. The y-axis of each
conductance trace is divided into either linearly- or logarithmically-spaced conductance bins into
which the data points are collapsed. The histogram is compiled from thousands of traces without
any data selection and presented on a logarithmic conductance scale. Peaks in the histogram
correspond to values of conductance that are measured more frequently[3, 8]. Conductance
histograms for clean gold break junctions contain peaks near multiples of Gy and a linear
tunneling background below Gy, as shown on a log-log scale in Figure 2.4(b). When a target
molecule is introduced into the system, a molecule-dependent peak on top of the linear tunneling
background is formed due to conduction through the molecule, as shown for 1,4-diaminobutane

in Figure 2.4(b) . The peak can be fit with a distribution function (i.e. Lorentzian, Gaussian, etc.)
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Figure 2.5: (a) Histogram for C4A constructed using a logarithmic binning of 100/decade. (b)
Two-dimensional conductance histogram for C4A composed of 10,000 conductance traces
measured at 25 mV. Bin sizes of 0.008 nm along the displacement axis and 100/decade along the
conductance axis are used. The molecular step at 10~ Gy extends to a length 0.3 nm from the
rupture of the gold point contact. Clear steps at integer multiple values of Gy are also evident, as
well as the experimental background at 10™ G,

so that the most frequently measured value of conductance, defined as the molecular
conductance, can be determined. In this case, for example, the molecular conductance of 1,4-
diaminobutane is found to be 8.6 x 10 Gy. Also, constructing the same histogram with
logarithmic bins, one method to artificially subtract the background, is shown in Figure 2.5(a).

In some instances, preserving the piezo length information is useful to better define and
understand the system. To do this, two-dimensional histograms are constructed[13-15], in which
the conductance traces are aligned at the Gy break and stacked vertically into conductance vs.
length histograms. The break is found according to an algorithm by either setting a cross-level
threshold value or setting a cutoff parameter on the differentiated conductance trace. Two-
dimensional conductance histograms allow for the determination of a conductance step length,
which is usually proportional to the length of the molecule and thus an indication of the junction

elongation length. The 2D histogram for 1,4-diaminobutane is given in Figure 2.5(b).
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2.3 Understanding Molecular Conductance with a
Single Level Model

In order to understand why a molecule exhibits a particular conductance, let us first
consider a model system with two independent and isolated atoms, so that the atomic orbitals of
each atom are identical. If the two atoms are brought together and allowed to interact, the levels
of the orbitals would change to make the system more energetically favorable. The simplest case
for us to consider is molecular hydrogen. Iftwo 1s hydrogen atoms are brought close together so

that the interaction energy between the two is 1, the resulting Hamiltonian becomes

Diagonalization of the Hamiltonian results in the formation of two new states that are linear

combinations of the original 1s states and the energies of these states are given by

One state, £_, called the bonding state, is lower in energy than the original 1s states and is
occupied to facilitate energetic stabilization. The second state, £,, which has an energy greater
than the 1s states, is called the antibonding state and is empty. A depiction of this energy
splitting is given in Figure 2.6(a).

For molecules with a greater number of shell atomic orbitals, the tight binding approach

is commonly used to gauge how the orbitals change with interaction. Within the tight binding



22

T ANTIBONDING T r r
€1s |- E- |-
Is 1~¢ Is A{\ f\Au
ST BONDING & Molecule

Figure 2.6: (a) Energy level diagram describing the formation of molecular hydrogen. The two
original 1s atomic orbitals hybridize to form an occupied bonding state and unoccupied
antibonding state. (b) Energy level diagram of a ‘single-level’ molecule bound to metallic
electrodes with coupling I'. A picture of a junction with C4A is given as well.

formalism, hybridization only occurs between the valence atomic orbitals while core atomic
orbitals remain largely unaffected. These hybridized molecular levels are filled to a particular
energy state, called the highest occupied molecular orbital (HOMO) (for H,, the bonding state).
Beyond that, the states are empty, and the first of these is called the lowest occupied molecular
orbital (LUMO) (for H, the antibonding state). The energies of these molecular states are one of
the factors affecting the molecular conductance.

Let us now assume that only one of these molecular orbitals is responsible for conduction
and that we bring this ‘one-level’ molecule close to an electrode. The electrode exhibits a
continuous distribution of energy states, which are filled to an energy Ej, the Fermi level. The
energy of the molecular orbital will shift as it interacts with the electrode due charge transfer and
image charge effects. Also, according to the Heisenberg uncertainty principle, given a state
lifetime t, the molecular level will go from being discrete to broadened (as h/21) due to coupling
to states in the electrode. Let us denote £ as the difference in energy between the Fermi energy
of the electrodes and the adjusted molecular orbital and I' as the level-broadening parameter
which arises from the electronic coupling. The transport model for this is shown Figure 2.6(b).

Both € and T could be different for different molecules and both can independently affect the
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Figure 2.7: (a) Example of a single Lorentzian transmission function. The conductance of the
junction is equal to the value of the transmission function at the Fermi energy in units of Gy, the
quantum of conductance. (b) Example of a double Lorentzian transmission function, with the
Fermi energy shown between the highest occupied and lowest unoccupied molecular orbitals.

tunnel conductance across the molecular junction. The coupling can be approximated as an

imaginary correction to the orbital energy, so that

E-E—-Il

From this, the transmission function, J'(E), can be calculated according using the Green’s
function formalism[16-18]. When the coupling to the left and right electrodes is equal (I}, =

[z =TI, the transmission function is Lorentzian[19] and of the form

r2 r2
E—E2 (E—&)2+TI2

T(E) =

A sample Lorentzian transmission curve is given in Figure 2.7(a). The low-bias conductance, G,
is determined using the formula derived by Landauer[20] for transport through a one-
dimensional system. For a single, perfectly conducting 1D channel, G = G, = 2e?/h =

77.5 uS, and is defined as the quantum of conductance[21]. When conduction occurs through a
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multi-channel 1D system, the conductance is equal to the sum of the transmission probabilities
through the conducting channels given in units of Gy, so that[18]
M
6=6G ) 7,
—

L

where M is the number of conducting channels and J; is the probability of transmission through
particular channel i. In the case of our ‘single level’ molecule (which has one transmitting

channel), the conductance is given by

2

G = Go T(Ef) =SZ—+FZGO
When the molecule is connected to the electrodes with a donor-acceptor bond (or coordinate-
covalent bond), as is the case with common linkers such as amine[4, 17], pyridines[14, 22], or
methyl sulfides, the electronic coupling is much less than the difference in energy between the
conducting orbital and the Fermi energy ([ K £) so that G =~ (I'/€)?Gy < 1G,. This
establishes limitations on the possibility of finding molecular junctions with unit transmission
(thereby minimizing resistive loss), especially when considering the length scale of one to
several nanometers.

A single level model is too simple to describe transport through most molecular
systems[6]; it is only directly applicable if all other molecular orbitals are sufficiently far away
from the Fermi level and no other bond/electrode states interfere. If two molecular orbitals

contribute to transmission, such as in a two level (HOMO and LUMO) system, the transmission
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function is double Lorentzian (Figure 2.7(b))[23]. In other cases, the d-state of the gold
electrode becomes visible in the transmission function[24]. The impact of such features is non-
trivial and can vary dramatically when focusing on different systems. By probing both electronic
and thermoelectric properties of molecular junctions, we can learn more about the possible forms
of the transmission functions of various families of molecules. Results of these studies will be

described in the following chapters.
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Chapter 3

The Development of Highly
Conducting Junctions

The work described in this chapter was performed in collaboration with synthetic chemists from
Prof. Ronald Breslow’s group, including Zhan-Ling Cheng, Rachid Skouta, Severin Schneebeli,
and Wenbo Chen, and Rebekka Klausen from Prof. Colin Nuckolls’s group. Theoretical work
was provided by Mark Hybertsen, Hector Vazquez, and Michael Steigerwald. I performed all of

the STM measurements and data analysis.
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The development of molecular-scale electronics hinges on understanding the charge
transport properties of single molecules. A molecular junction consists of a molecule bound
between two electrodes via terminal functional groups that link the molecule both electronically
and mechanically. The measured conductance of the trapped molecule depends not only on
nature of the molecular backbone, but also on the choices of the electrode metal and the chemical
link group. All of these together control both the junction’s mechanical stability as well as its
observable electronic properties. Several single molecule junction experiments have been
performed in search of a link group that combines the selectivity needed for junction formation
with reproducible conductance and mechanical stability over a prolonged period. Attempts to
build stable single molecule junctions include using diphenylphosphine terminal groups[1],
frustrating the rotation of methyl-sulfide linkers[2], and attempting to directly attach molecular
chalcogenide clusters to the electrodes[3].

We took a large step forward when we found that we were able to use in sifu chemistry to
directly attach the carbon-based molecular backbone to the leads. This is done with
trimethylstannyl end groups, which cleave off to allow the formation of covalent Au-C bonds.
We generally saw that, when compared to other linkers that use donor-acceptor bonds, the
covalent bond dramatically reduced the junction contact resistance. These results were
highlighted in a Chemical & Engineering News review[4].

In this chapter, we report the conductances of alkanes and polyphenyls when directly
attached to gold electrodes and study the effect of the Au-C bond on transmission with DFT
studies. We also investigate conduction across silanes and compare them to several families of

organic molecules.
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3.1 In situ Formation of Highly Conducting Covalent
Au—C Contacts for Single-Molecule Junctions*

Abstract

Charge transport across metal-molecule interfaces has an important role in organic
electronics[5]. Typically, chemical link groups such as thiols[6] or amines[7] are used to bind
organic molecules to metal electrodes in single-molecule circuits, with these groups controlling
both the physical structure and the electronic coupling at the interface. Direct metal-carbon
coupling has been shown through C60, benzene and n-stacked benzene[8-11], but ideally the
carbon backbone of the molecule should be covalently bonded to the electrode without
intervening link groups. Here, we demonstrate a method to create junctions with such contacts.
Trimethyl tin (SnMes)-terminated polymethylene chains are used to form single-molecule
junctions with a break-junction technique[6, 7]. Gold atoms at the electrode displace the SnMe;
linkers, leading to the formation of direct Au—C bonded single-molecule junctions with a
conductance that is ~100 times larger than analogous alkanes with most other terminations. The
conductance of these Au—C bonded alkanes decreases exponentially with molecular length, with
a decay constant of 0.97 per methylene, consistent with a non-resonant transport mechanism.
Control experiments and ab initio calculations show that high conductances are achieved because
a covalent Au—C sigma (o) bond is formed. This offers a new method for making reproducible
and highly conducting metal-organic contacts.

In this work, we synthesize a series of SnMes-terminated polymethylene chains with 4—
12 carbons in the backbone, and measure the conductance of single-molecule junctions formed
from these molecules using a scanning tunneling microscope (STM)-based break-junction
method[6, 7]. We show that these junctions have a conductance that is significantly higher than
those formed with conventional linkers such as thiols[6] and amines[7]. For example, with 1,4-
bis-trimethylstannylbutane we form a single-molecule junction with a conductance that is about
one-tenth of the quantum of conductance Gy = 2¢*/h (where e is the electron charge and 4 is
Planck's constant). This conductance is ~100 times larger than that achieved with 1,4-

diaminobutane[7]. The high conductance we observe suggests strongly that the SnMes groups

* Z-L Cheng, R. Skouta, H. Vazquez, J. R. Widawsky, S. Schneebeli, W. Chen, M. S.
Hybertsen, R. Breslow, and L. Venkataraman, Nature Nanotechnology 6, 353-357, (2011)
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are cleaved in situ, leading to the formation of covalent Au—C bonds (Figure 3.1(a)). Although
other explanations (such as C—Sn—Au bonds; see below) are possible in principle, compelling
evidence for direct Au—C sigma (o) bond formation comes from the fact that the conductance of
two control molecules that contain covalent Au—C bonds (1,6-bis-
(triphenylphosphinylauryl)hexane  (C6Au) and 1,8-bis-(triphenylphosphinylauryl)octane
(C8Au)) are the same as those of the respective SnMes-terminated alkanes[12]. Finally,
calculations using density functional theory (DFT) show that formation of a direct, covalent Au—
C bond is energetically favorable and results in a high zero-bias conductance.

Single-molecule junctions were created by repeatedly forming and breaking Au point
contacts[6] with a modified STM (Figure 3.1(a)) in a 10 mM 1,2 4-trichlorobenzene solution of
the target molecules. Conductance (current/voltage) was measured as a function of the relative
tip/sample displacement to yield conductance traces, which were used to generate conductance
histograms. The SnMe;-terminated alkanes used in this study were prepared by coupling the
corresponding di-Grignard reagents with SnMes;Cl following known procedures taken from the
literature[13].

Figure 3.1(b) compares individual conductance traces from measurements of butane,
hexane, octane and decane molecules terminated on both ends with SnMe; linkers (C4, C6, C8
and C10, respectively). We see clear conductance plateaus at molecule-dependent conductance
values below Gy that are due to conduction through a molecule bonded in the gap between the
two Au point contacts. The position of the conductance plateaus is ~0.09G, for C4, and
decreases by about an order of magnitude for every two carbons added to the molecular
backbone. Furthermore, sample traces show that the plateau length increases with molecule

length, as has been observed for other linkers[14, 15]. For the longer molecules, we also see
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Figure 3.1: (a) Junction formation and conductance measurements with 1,4-
bis(trimethylstannyl)butane molecules between gold electrodes. (H atoms, white; C atoms, grey;
Sn, green). (b) Sample traces showing conductance (on a logarithmic scale) versus relative
displacement for SnMe3-terminated alkanes with four (C4: red), six (C6: blue), eight (C8: green)
and ten (C10: yellow) methylene groups in the backbone. (¢) Conductance histograms for C4, C6,
C8, C10 and C12. Each histogram is constructed from 10,000 traces and is generated without any
data selection. Bin size is 10* G, for C4, 10 > G, for C6 and C8, 10 ® G, for C10 and 10”7 G, for
C12. Upward arrows indicate primary conductance peaks; downward arrows indicate lower
conducting shoulders; asterisks indicate conductance peaks due to the dimer molecule formed in
situ. (d) Conductance at the peak (as determined by fitting a Lorentzian to the histograms) on a
logarithmic scale versus number of methylene groups in the backbone for SnMe3-terminated
alkanes (red) and analogous diamine-terminated alkanes (blue).

sharp dips within the conductance plateau, separated by about 2 A. We will discuss these

features later.
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Repeated measurements give a statistical assessment of the junction properties. Figure
3.1(c) presents conductance histograms, generated without any data selection from over 10,000
measurements for each of the five alkanes studied (C4-C12). Each conductance histogram
reveals a clear peak at a conductance value that decreases exponentially with molecule length.
The positions of these peaks are shown in Figure 3.1(d), together with conductance
measurements of the same linear alkanes terminated at both ends with amine linkers[16].

We find that conductance G decays as G ~ ¢ ” where f = 0.97 + 0.02 is the decay
constant and N is the number of methylene groups on the backbone; this value of f is
equivalently to a decay constant of 0.76 per A using a C—C vertical separation of 1.27 A. This
value is comparable to that of alkanedithiols (0.8 per A in refs [6, 17, 18]) or alkanediamines[19]
(0.79 per A in Figure 3.1(d)), indicating that the mechanism for electron transfer across these
alkane junctions is by means of non-resonant tunneling or super-exchange[20]. Thus, in these
single-molecule junctions, we measure transport characteristics of the molecular backbone—
tunneling through the o-system for alkanes—while achieving a very high coupling across the
molecule-metal interface. Extending the fit in Figure 3.1(d) towards the origin shows that we
would achieve a Gy conductance with a backbone of 1-2 carbons, implying that the transport
mechanism will change from non-resonant to resonant at this length. This view is supported by
the calculations discussed in the following.

In addition to the main peaks discussed above, we see additional peaks for C4 and C6 at
conductance values that correspond to the main peaks for C8 and C12, respectively (indicated by
asterisks in Figure 3.1(c)). There are, therefore, a statistically significant number of junctions
formed with conductance plateaus corresponding to the molecule that has twice the number of

backbone carbons, which must be formed in sifu. From analyzing over 10,000 traces measured



34

with a 10 mM solution of C4, we see that ~50% of traces show plateaus at the conductance value
for C8. As a comparison, ~60% of the traces measured with a 10 mM solution of C8 show
plateaus at the conductance value corresponding to C8, but no conductance peak is seen if the
C8 solution is diluted to a concentration of 1 mM or lower. A similar analysis of the
measurements carried out in a ~10 mM solution of C6 shows that 85% of the traces have a step
at the C12 conductance value compared with measurements in a C12 solution, where nearly
100% of the measured traces show a conductance plateau corresponding to C12.

Because we see a large number of traces with conductance plateaus of alkanes twice as
long as those prepared synthetically, in situ dimerization of the carbon backbones must be
occurring. This could only result if the C—SnMe; bond was cleaved during measurements. The
Grignard reaction that we use for synthesis could also yield longer alkanes, but nuclear magnetic
resonance (NMR) analysis of the synthesized compounds shows that we could have only trace
quantities (<1%). Such small quantities, corresponding to concentrations of 0.1 mM or less, do
not yield a peak in the conductance histograms. These results confirm that we are measuring
transport through a Au—(CH,),—Au junction rather than through Au—SnMe;-(CH;),-SnMe;—Au,
because in the latter case, the ‘dimer’ molecular junction (Au—SnMes-(CH,),-SnMes—SnMes-
(CH,),-SnMes—Au) would have a different conductance when compared with the molecular
junction with twice the number of backbone carbon atoms (Au—-SnMes-(CH,),,-SnMes—Au).
These results also support the idea that molecules could be bound on one side to the gold surface
and can dimerize, making new C—C bonds before bridging the break-junction gap. Although the
exact mechanism for dimerization cannot be determined from these measurements, dimerization

could occur through a reductive elimination mechanism[21].
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Histograms in Figure 3.1(c) also show a small shoulder at a conductance value below that
of the main peak for all compounds other than C4, as indicated by the downward-pointing
(dashed) arrows. The values of the conductance for these broad shoulders correspond to the
values observed in the sharp dips seen, for example, in the individual conductance traces shown
in Figure 3.1(b). This indicates that during junction formation and elongation, the conductance
value can drop as a result of structural rearrangement within the junction. The fact that these dips
occur with a separation of ~2-2.5 A in traces with longer plateaus (see Appendix section A.1 for
details) suggests that junction rearrangement involving gold periodicity is involved[22]. Finally,
the lack of such dips for C4 could indicate that for this molecule, where plateau lengths are
shortest, junction structures do not allow for reorganization of the molecular attachment point on
the electrode[14].

To provide conclusive experimental evidence that we do indeed measure the conductance
of Au—C coupled single-molecule junctions, we measured transport through two molecules,
C6Au and C8Au, which, by design, have a Au—C bond built into the structure (Figure 3.2(a),
inset). These were made by reacting the corresponding di-Grignard reagents with
triphenylphosphine (PPh;) gold bromide and were stored under argon until just before
measurement because of their limited air stability[23]. Figure 3.2(a) shows conductance
histograms for these and for C6 and C8. We can see that the peaks are at precisely the same
location, irrespective of the terminal group. Moreover, for these control molecules, we do not see
a peak corresponding to the dimer molecule or the shoulder at lower conductance. As the C6Au
and C8Au molecules have a direct Au—C link by design[1, 14], these control measurements
show that in the case of the SnMe;s-terminated alkanes, Au—C coupled single-molecule junctions

are formed. However, these conductance measurements alone are not sufficient to determine
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Figure 3.2: (a) Conductance histograms for two SnMejs-terminated alkanes (C6 and C8) and two
Au-PPh;-terminated alkanes (C6Au and C8Au). Bin size is 10~ Gy. Inset: structures for SnMes-
terminated alkanes (bottom) and Au-PPh;-terminated alkanes (top) with n = 6 or 8. (b)
Conductance histograms for SnMejs-terminated benzene (Ph) and Au-PPh;-terminated benzene
(PhAu). Bin size is 10 *G,. Inset: structures for Ph (top) and PhAu (bottom).

whether the PPh; capping ligand remains bonded locally to the Au link atom or is removed when
the junction forms.

To probe transport through a Au—C coupled conjugated molecule, we synthesized 1,4-
bis(trimethylstannyl)benzene (Ph) and 1,4-bis-(triphenylphosphinylauryl)benzene (PhAu)
(Figure 3.2(b), inset)[12]. Conductance measurements of Ph and PhAu were carried out as
described above for the alkanes. For Ph, we had to wait about 2.5 h after adding the ~10 mM
solution of the compound in 1,2,4-trichlorobenzene before conductance traces demonstrated
molecular plateaus, indicating that a chemical transformation was occurring before the
conducting molecule was formed. We deduce that the Sn—C link is transformed to a Au—C link
during this waiting period while the solution is in contact with the gold electrodes. This result
also indicates that breaking the C—SnMe; bond is harder with the sp” benzene carbon than with
the sp’ carbons of the alkanes. For measurements with PhAu, conductance plateaus were

observed as soon as the measurement started (unlike with Ph), as we saw with the alkane—Sn
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compounds. In Figure 3.2(b), it can be seen that conductance histograms show a peak around
0.03Gy for both Ph and PhAu. It is noteworthy that the conductance of these benzene derivatives
is not very high; C4 conducts better than a benzene connected directly to Au electrodes[24], in
contrast to what is observed with other linkers[7]. This is because the Au atoms are not well
coupled to the benzene m system in these molecules, and mainly conduct through the sp” linked o
system.

To understand the energetics, physical structure and conductance for the junctions formed
in these experiments, we carried out DFT-based, first-principles calculations with a gradient-
corrected exchange-correlation functional[25]. We first probed the initial C—SnMe; bond
scission by calculating the energy required to break the C—Sn bond for an isolated molecule[26].
We found the energy required to break the backbone C—SnMe; bond is ~0.3 eV lower than that
required to break the Sn—CHj bond. This clearly favors direct binding of the C backbone to the
gold tip over a scenario in which a single Me group is removed and a Sn—Au bond forms. We
then analyzed the binding of the resultant products to model the gold electrodes, which were
represented by multilayer slabs and a small, localized structure of Au atoms to represent the tips
of the electrodes[27]. For this purpose, we used a shorter example, trimethylethyltin
(C,HsSnMe;) and considered several sites on an Au surface with a four- or six-atom model tip
structure.

Two scenarios were compared, as shown in Figure 3.3(a) and Figure 3.3(b). For cleavage
at the C—SnMe; bond, the SnMe; group binds to different Au motifs, including an atop, hollow
and bridge site on a flat Au surface, as well as to an apex atom on our tip structure. However, the
C,H;s part binds only to an undercoordinated gold atom of our tip structure or to the atop site on

the Au surface. The energy gained from breaking the C—SnMes; bond and forming a Au—C bond
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Figure 3.3: (a) Sample geometry used to determine the energy required to first cleave a C—SnMe;
bond and then bond the SnMejs to the Au(111) surface and the C,Hs to a model electrode structure.
(b) Sample geometry used to determine the energy required to first cleave the Sn—CHj; bond and
then bond the CHj; to the Au(111) surface and the SnMe,C,H; to a model electrode structure. (c)
Sample geometry used in transmission calculations for C6. (d) Transmission (on a logarithmic
scale) versus energy (relative to the Fermi energy) for C1 (dashed back line), C4 (red), C6 (blue)
and C8 (green) junctions. Inset: molecular scattering state at the Fermi energy showing o
character.

on the tip and a Au—SnMe; bond on the surface was found to be ~0.8 eV, and varied by ~0.05 eV
depending on the location of the SnMe; group. In contrast, for cleavage of the Sn—CHj; bond, the
resultant methyl bonds either to an apex atom on the tip structure (energy gain, 0.6 eV) or atop
on the flat Au surface (energy gain, 0.3 eV; Figure 3.3(b)). Although these energies do not

provide details of the reaction path or transition barriers for rupturing the Sn—C bond and
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forming an Au—C and Au—Sn bond, they do show that the formation of an Au—C coupled single-
molecule junction in the final state is favored energetically and entropically. Finally, we find that
the energy required to rupture the Au—C bond in a C6 junction bonded to a single gold atom as a
model of the electrode is 3.0 eV, which is substantially higher than the associative bond formed
between gold and benzene[10, 11] or the links that form donor—acceptor bonds to gold[14, 16,
19].

We used a non-equilibrium Green function approach[28] to calculate electronic
transmission through junctions formed between gold electrodes and alkane backbones, as
illustrated in Figure 3.3(c). Transmission curves for three alkanes used in the experiments, C4,
C6 and C8, as well as for C1, are shown in Figure 3.3(d). Transmission at the Fermi level results
primarily from the ¢ channel, as shown by the transmission channel for C6 in the inset of Figure
3.3(d). The conductance is dominated by the occupied resonance that is physically derived from
the Au—C o-bond orbitals. These transmission curves have not been corrected for the inherent
errors of DFT, so calculated conductance values are larger than those in the experiment, as
typically found for other junctions[29-33]. For more quantitative comparison to experiment, the
resonance positions are shifted to account for intramolecular self-energy effects as well as the
image potential in the junction with a simplified procedure that corrects the conductance[29].
The corrected conductance at zero bias is 0.12Gy, 0.02G, and 0.004 G, for C4, C6 and C8,
respectively, falling within the conductance peak of the experiments. The computed decay
constant S for C4, C6 andC8 is 0.86 per methylene group, somewhat smaller than that measured,
but still indicative of non-resonant tunneling. Calculations for Ph were also carried out. We find
that transmission near the Fermi energy is dominated by the ¢ channel, consistent with the low

conductance measured and in agreement with recent calculations[34].
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Finally, we return to the trends in conductance seen for C4—C12. The exponential decay
indicates that the conductance mechanism occurs by means of non-resonant tunneling. Given the
direct Au—C bond link to the electrode, the high conductance found here is due in part to the
tunneling path being shorter (no intervening link groups). Even taking this into account, and
comparing, for example, C6 with 1,4-diaminobutane, we find that the conductance for direct
Au—C coupled junctions is a factor of 10 higher. The calculations show that electronic coupling
is mediated by a broad resonance due to the Au—C o-bond orbitals, which is relatively close to
the Fermi energy, resulting in high electronic coupling at the interface. Extrapolating to the limit
of a backbone with a single CH, group, the electronic coupling through that single unit is large
enough that the calculated transmission for C1 shows near unit transmission over an extended
energy range (Figure 3.3(d)). A cross-over from through bond tunneling to single-channel
resonant transmission should therefore occur at a backbone length between C1 and C4.
Unfortunately, attempts at synthesizing these shorter alkanes were not successful. Focusing on
the contribution of the link groups, the high measured conductance and the calculations suggest
that the contact resistance has a value that is close to the minimum value (1/Gy) dictated by
fundamental quantum mechanics for a single conducting channel.

In conclusion, we have created a class of single-molecule junctions that exhibit well-
defined structure and high conductance. Starting with organo—tin compounds, in situ reactions
result in junction formation where the Au electrodes are covalently bonded directly to the C
backbone without an intervening link group. For these single-molecule junctions, the
conductance depends on the molecular backbone, allowing molecule-dependent, selective highly

conducting linkers for single-molecule junctions.
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3.2 Highly Conducting n-Conjugated Molecular
Junctions Covalently Bonded to Gold Electrodes*

Abstract

We measure electronic conductance through single conjugated molecules bonded to Au metal
electrodes with direct Au—C covalent bonds using the scanning tunneling microscope based
break-junction technique. We start with molecules terminated with trimethyltin end groups that
cleave off in situ, resulting in formation of a direct covalent ¢ bond between the carbon backbone
and the gold metal electrodes. The molecular carbon backbone used in this study consist of a
conjugated m system that has one terminal methylene group on each end, which bonds to the
electrodes, achieving large electronic coupling of the electrodes to the m system. The junctions
formed with the prototypical example of 1,4-dimethylenebenzene show a conductance
approaching one conductance quantum (Go = 2¢’/h). Junctions formed with methylene-
terminated oligophenyls with two to four phenyl units show a 100-fold increase in conductance
compared with junctions formed with amine-linked oligophenyls. The conduction mechanism for
these longer oligophenyls is tunneling, as they exhibit an exponential dependence of conductance
on oligomer length. In addition, density functional theory based calculations for the Au—
xylylene—Au junction show near-resonant transmission, with a crossover to tunneling for the
longer oligomers.

It is a great challenge to achieve electronically transparent connections between metal
electrodes and organic molecules[5], so as to minimize resistance introduced by the chemical
linkers normally used to form such interfaces[7, 8, 10, 11, 19, 35-38]. Typically, thiols[6, 36, 39,
40] that bind covalently to gold, or amines[7, 36, 41] that form donor—acceptor bonds to under-
coordinated gold, are used to electronically couple organic backbones to metal electrodes. For
each link group, analysis of a series of single-molecule junctions as a function of length has
generally revealed a large contact resistance, significantly larger than the ideal limit for a single
channel of one conductance quantum (Gy = 2¢*/h)[7, 19, 42]. A junction with conductance close

to Gy has been demonstrated for H, and benzene molecules with platinum electrodes under high-

* W. Chen, J. R. Widawsky, H. Vazquez, S. T. Schneebeli, M. S. Hybertsen, R. Breslow, and
L. Venkataraman, J. Am. Chem. Soc. 133, 17160-17163 (2011)
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vacuum conditions at low temperatures[8, 43]. However, the ability to create and control
transport through highly conducting molecular-metal interfaces remains a major challenge,
especially under ambient conditions.

We have shown previously that direct Au—C covalent ¢ bonds can be created in situ at the
molecule—gold interface, resulting in highly conducting c-bonded systems[43]. For example, a
conductance of 0.1 Gy through a butane backbone was demonstrated. These direct Au—C bonded
molecular junctions were created starting with trimethyltin-terminated alkanes. The trimethyltin
end-groups cleaved off in situ, yielding direct Au—C bond coupled junctions. Our density
functional theory (DFT)-based calculations showed that, in the limit of a single methylene group,
a conductance approaching Gy could be achieved, suggesting that the direct Au—C link has near-
ideal transmission characteristics. While we succeeded in forming junctions with benzene, the
conductance was relatively low, consistent with calculations indicating conduction occurred
through the o system[34, 43].

Here, we create single-molecule junctions using conjugated backbones terminated with
methylene groups that bind covalently to gold metal electrodes, again through the use of SnMe;
groups that cleave off in situ. We find that the resulting junctions have a conductance that is 100-
fold higher than those of similar junctions formed with conventional linkers[44]. These junctions
are highly conducting because the Au—C bonds to the terminal methylene units are well coupled
to the conjugated © system. This is in contrast to similar junctions created previously, where Au
was bound directly to a carbon on the benzene ring[43]. Specifically, we find that the
conductance of p-xylylene bonded to gold electrodes approaches 1 Go. Our theoretical

calculations show that conductance occurs via near-resonant transmission. For longer
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Figure 3.4: In situ formation of direct Au—electrode—C bonds starting from SnMe; precursors.

polyphenyls with 2—4 phenyl units, we find that the conductance decreases exponentially with
increasing length, with a characteristic decay constant of 1.9/phenyl group.

We synthesized a series of trimethylstannylmethyl-terminated polyphenyls and measured
the conductance of single-molecule junctions formed from these molecules using the scanning
tunneling microscope based break-junction (STM-BJ) method (Figure 3.4)[6, 7]. In this
technique, single-molecule junctions are created by repeatedly forming and breaking Au point
contacts[6] in a ~10 mM 1,2,4-trichlorobenzene solution of the target trimethyltin-terminated
molecules. Conductance (current/voltage) is measured as a function of the relative tip/sample
displacement to yield conductance traces, which are used to generate conductance histograms.
We synthesized 1,4-trimethylstannyl-terminated xylylene using two different methods. In one,
we converted 1,4-bis-bromomethylbenzene (p-xylylene dibromide) to the dilithio compound and
reacted it with trimethylstannyl chloride[45]. In the other method, we reacted the p-xylylene
dibromide with trimethylstannyl lithium[46, 47] The latter procedure was used to attach the
trimethylstannyl groups for the polyphenyl compounds. We note here that these compounds are
toxic and should be handled with care.

Figure 3.5(a) compares individual conductance traces from measurements of solutions of
stannylated 1,4-dimethylenebenzene, 4,4'-dimethylenebiphenyl, 4,4"-dimethylene-p-terphenyl,

and 4,4""-dimethylene-p-tetraphenyl (P1, P2, P3, and P4, respectively). We see clear



45

a [V I c
1 — e
10° -‘ T
10" H Sw'k e
o 9 © 10 R
g © 8 h
c 107 S 5§ 2 .
s £ 5107 P -
S 10° [ 3 2 R :
5 Au|O o AN o
o 4 —P1 O 3 s T
0 P2 e A
LN == A
10° R 1 10 ] I b ]
e
5nm 10" 10° 10?7 10" 10° o2z 3 4
Relative Displacement Conductance (Gy) Number of Phenyls

Figure 3.5: (a) Individual conductance traces measured in solutions of the SnMe;-terminated
polyphenyl compounds P1-P4. Measurements in solvent alone are also shown for comparison
(Au). The applied bias is 250 mV. (b) Conductance histograms of over 10,000 traces generated
with linear bin size of 0.0001 Gy, shown on a log—log scale. Inset: the same data on a linear scale.
(c) Conductance versus number of phenylene units in the chain for P1-P4, and analogous
measurements with the related amine-terminated series. Dotted lines represent linear least-squares
fit to P2—P4 series. Note the point for P1 above the line.

conductance plateaus at molecule-dependent conductance values, although in the case of P1 it is
not straightforward to distinguish the molecular plateau from that of the single-atom contact at a
conductance around Gy. These plateaus are due to conduction through a molecule bonded in the
gap between the two Au point-contacts. These conductance plateaus are seen in the
measurements immediately after a solution of the target molecule terminated with SnMesgroups
is added, in contrast with measurements of 1,4-bis(trimethylstannyl)benzene[43], where
conductance plateaus were seen in measurements only after 2.5 h. This delay seen in
measurements of 1,4-bis(trimethylstannyl)-benzene indicated that conduction did not occur
through trimethylstannyl terminated molecules. In our past work[43], this was confirmed by
showing that the conductance of auryltriphenylphosphine terminated compounds were the same
as those terminated by SnMej; groups.

In addition to plateaus seen at a high conductance, the traces in Figure 3.5(a) show a

second series of plateaus at 0.001 Gy for P1 (red) and 3 x 10> G for P2 (blue). These are
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attributed to in situ dimerization of the target compounds after the SnMe; linkers have been lost
on the gold electrodes, in which the conjugated systems are linked by a dimethylene bridge.
Indeed, some traces show two plateaus, one due to the monomer and one from the dimer.
However, we cannot determine, on the basis of conductance alone, whether both are present
during the entire measurement. We will return to these features later in this section.

Repeated measurements give a statistical assessment of the junction properties. In Figure
3.5(b), we show conductance histograms for each of the compounds studied here. Each
conductance histogram, generated from over 10,000 traces without any data selection, reveals
clear peaks at conductance values that depend on the molecular backbone. The inset of Figure
3.5(b) shows the same conductance histograms on a linear scale around 1 Go. Here, we see a
clear peak around 0.9 Gy for P1 that can be distinguished from the peak near 1 Gy that is due to
the conductance through a single gold-atom contact. By fitting the peaks in these conductance
histograms with Lorentzians, we determine that the conductance of P1 is about 0.9 Gy, while the
values for P2,P3, and P4 are 0.1 Gy, 0.014 Gy, and 0.0022 Gy, respectively. The position of the
highest conductance peak in each histogram is plotted on a semilog scale against the number of
phenyl rings in the molecule in Figure 3.5(c). We find that, for the series P2—P4, the conductance
decays exponentially with increasing number of phenyl groups, with a decay constant B =
1.9/phenyl or 0.43/A. For comparison, in Figure 3.5(c), we also plot the conductance of
polyphenyls doubly terminated with amine linkers, which show a similar decay in conductance
with length[16].

The histogram for P1, in Figure 3.5(b), also shows a peak around 0.001 Gy due to the
presence of dimer molecules formed in situ during the measurement. To show that this is indeed

due to conduction through a dimer molecule, we synthesized the ditin precursor of p-xylylene
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Figure 3.6: (a) Structures of additional compounds studied. (b) Individual conductance traces
measured in solutions of the SnMe;-terminated compounds P1 (red) and 2MeP1 (black) at 25 mV
applied bias. (c) Conductance histograms of over 10 000 individual measurements, generated with
linear bin size of 0.0001 Gy, shown on a log—log scale. Inset: same histograms on a linear scale.

dimer (P1d, see Figure 3.6(a)) and measured its conductance in the STM-BJ setup. The
conductance histogram for P1d shows a clear peak at 0.001 Gy but no feature other than the gold
conductance peak at 1 Gy (Appendix Figure A.3(a)). This clearly demonstrates that the dimer
molecule P1d is created in situ when measurements of P1SnMe; are carried out. That the
conductance of the dimer is almost 3 orders of magnitude lower than that of the monomer can be
attributed to the saturated dimethylene bridge between the two conjugated parts.

We also synthesized and measured the conductance of two xylylene derivatives with
trimethyltin terminations. The first is a dimethyl-substituted xylylene (2MeP1), and the second is
a tetrafluoro-substituted xylylene (4FP1) (Figure 3.6(a)). For 2MeP1, we see a conductance peak

at ~0.9 Gy, very close to that of the unsubstituted P1, as shown in Figure 3.6(c). The fact that the
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methyl substituents do not affect conductance significantly is consistent with a near-resonant
transport mechanism, as will be discussed further below. Thus for both P1 and 2MeP1, we
demonstrate near-resonance transport across a molecular junction 0.8 nm in length.

The histogram for 2MeP1 in Figure 3.6(c) also shows a second peak around 0.002 G,
due to the formation of the dimer molecule, as in the case of P1. However, here we see a change
in the conductance of the P1 dimer when compared with that of the 2MeP1 dimer, as we expect
when the mechanism for transport involves tunneling through the saturated ethano group. In
contrast to the results with 2MeP1, we find that 4FP1 does not show clear evidence for junction
formation. The conductance histogram generated from 10 000 measurements does not show two
clear peaks around Gy or a peak due to the molecular dimer formed in situ (Appendix Figure
A.3(b)). We attribute this to a stronger Sn—C bond in 4FP1SnMe3, making in situ cleavage of the
SnMe; group more difficult.

In our past work with Au—C coupled alkanes and benzene [43], we found that the
conductance of 1,4-didehydrobenzene covalently bonded to Au electrodes was only 0.03 Gy,
significantly lower than that of p-xylylene. For benzene, only the molecular ¢ system, which is a
rather poor conductor, was well coupled through the Au—C bonds[34, 43]. In contrast, with
xylylene the Au—C bonds are very well coupled to the n system, yielding the high conductances
observed. In principle, this coupling will depend on the angle between the Au—C bond and the
phenyl plane and will be maximum when this angle is 90°[2]. On the basis of calculations for
this system, we find indeed that the minimum energy configuration has a 90° angle, and the
barrier for rotation is 10.4 kcal/mol, or 0.45 eV.

The conductance of P2, the biphenyl analogue of P1, is 0.10 Gy (Figure 3.5(b)). This

conductance is a factor of 9 lower than that of P1, while in the case of amine-terminated
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polyphenyls, the difference between benzene and biphenyl was a factor of only ~6. To see if the
difference between P1 and P2 is partly due to an anomalous internal twist angle at the central C—
C bond, we synthesized a trimethyltin-terminated analogue of fluorene with two methylene
groups (P2a) and measured its conductance using the STM-BJ setup. We find that P2a has a
conductance of 0.17 Gy (Appendix Figure A.3(c)), but the conductance ratio between P1 and
P2a (5.3) is still larger than the ratio for the diamine analogues (4.3)[44]. This indicates that the
lower conductance of an Au—P2—Au junction compared with that of the Au—P2a—Au junction
partly reflects a twist in the phenyl-phenyl bond that is absent in the fluorene analogue.
However, we see that an Au—P1-Au junction still has a higher conductance than one would
expect, just extrapolating the exponential dependence seen for the longer polyphenyl compounds
investigated here.

To understand the origin of the high conductance observed in these junctions, we carried
out DFT-based, first-principles calculations[27] with a gradient-corrected exchange-correlation
functional[25] and a nonequilibrium Green’s function approach[28] to calculate electronic
transmission through these junctions. Transmission curves for P1-P4 junctions are shown in
Figure 3.7. The calculated zero-bias conductances are 0.9 Gy, 0.5 Gy, 0.15 Gy, and 0.05 Gy for
P1-P4, respectively. Transmission at the Fermi level is derived from the molecular orbitals
(MOs) on the Au—C bonds that are very well coupled to the molecular © backbone and to the
gold electrodes. For P1, this results in two distinct resonances, one for an even combination of
the Au—C bond MOs and one for the odd combination, as seen from the isosurface plots of the
transmitted scattering state for each resonance (Figure 3.7(a))[48]. Physically, the Au—C bond
MOs and the nearby m backbone MOs are nominally fully occupied by electrons. The extent to

which the Fermi level for this junction falls within the nearest resonance depends on the amount
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Figure 3.7: (a) Calculated transmission spectrum for P1 bonded to Au electrodes. Inset: isosurface
plots of the real part of the transmitted scattering states for energies at the vertical bars (—1.15 and
—0.4 eV), showing the even and odd combinations of the Au—C bonds coupled through the ©
backbone. (b) Transmission spectra for P1-P4. Bars indicate the approximate position Au—C MO
energies.

of charge transfer from the molecule to the electrodes. An analysis of the Mulliken populations
for the P1 junction shows net positive charge, with the molecule having lost about 0.5 electron.
The electrostatic balance leads to the Fermi energy being placed slightly above the highest MO
resonance, resulting in conductance of P1 being near-resonant, with a magnitude close to Gy.

For the longer derivatives, the effective through-n-system coupling between the Au—C
MOs is reduced. The corresponding energy splitting between the even and odd combinations of
these MOs also gets smaller, and the two distinct resonances seen for P1 merge into a single,
broad feature at ~—0.5 eV, with decreased transmission at the peak (Figure 3.7(b)). However, the
distinct even and odd combinations of the Au—C MOs can still be clearly seen in the transmitted

scattering states. The charge transfer from the molecule to the electrodes is similar to that for P1,
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and the Fermi level is pinned at an energy just above the highest resonance. The computed decay
constant § for P2—P4 is 1.2/phenyl group.

There are inherent errors in the use of the DFT MOs and energies for transport
calculations in nanoscale junctions.[30, 32, 49-53] While the impact is minor for cases where the
junction conductance is close to Gy, e.g., for metal point contacts[54], the calculated conductance
values in the tunneling regime for single-molecule junctions are typically larger than those
measured in experiment[29, 49, 53, 55, 56]. In the present case, we expect that corrections to the
DFT-based theory will only change the P1 transmission modestly, leaving a resonance with near-
unit transmission close to the Fermi energy. However, the DFT-calculated © backbone MO
energy is likely too close to the Fermi energy in general, an effect that will be larger for longer
oligomers, where screening by the electrodes becomes less effective. In this case, the
conductance will be smaller than indicated by the DFT calculations, with an increase in the
effective B value forP2—P4.

In conclusion, we have demonstrated a clear method to create circuits with strong
electronic coupling between gold electrodes and conjugated molecules. We achieve a single-
molecule junction conductance close to one quantum across a length of ~ 0.8 nm. This
remarkable result opens up new methods to create long and highly conducting molecular

junctions.
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3.1 Conductive Molecular Silicon*
Abstract
Bulk silicon, the bedrock of information technology, consists of the deceptively simple electronic
structure of just Si—Si ¢ bonds. Diamond has the same lattice structure as silicon, yet the two
materials have dramatically different electronic properties. Here, we report the specific synthesis
and electrical characterization of a class of molecules, oligosilanes, that contain strongly
interacting Si—Si ¢ bonds, the essential components of the bulk semiconductor. We use the
scanning tunneling microscope based break-junction technique to compare the single molecule
conductance of these oligosilanes to alkanes. We find that the molecular conductance decreases
exponentially with increasing chain length with a decay constant f = 0.27 + 0.01 /A, comparable
to that of a conjugated chain of C=C n-bonds. This result demonstrates the profound implications
that 6 conjugation has on the conductivity of silicon.

Bulk silicon exclusively contains Si—Si ¢ bonds; indeed, the material can be imagined as
a series of one-dimensional chains of Si-atoms cross-linked in three dimensions. It was first
shown in the mid-twentieth century that short chains of Si atoms (oligosilanes) have markedly
differently electronic properties relative to their structural analogs, the alkanes[57]. While
alkanes do not absorb light above 190 nm, Gilman et al. observed that permethyloligosilanes
(e.g. hexamethyldisilane and higher oligomers) display strong absorbance in the range of 200—
300 nm[58]. In a trend similar to linearly conjugated systems such as oligoenes[59], the position
of maximum absorbance (Anax) and absorption coefficient (g) increases with the length of the Si
chain[58, 60]. This observation led to speculation that saturated oligosilanes may undergo
electron transfer chemistry similar to conjugated carbon-based materials. Indeed, the pioneering

work of West established that the stable delocalized decamethylcyclopentasilane radical anion

can be observed by EPR spectroscopy[61] and that linear and cyclic oligosilanes form charge

* R. Klausen, J. R. Widawsky, M. L. Steigerwald, L. Venkataraman, and C. Nuckolls, J. Am.
Chem. Soc., 134, 4541-4544, (2012)
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transfer complexes with m-acceptors such as tetracyanoethylene (TCNE)[62].

These promising initial experiments inspired considerable interest in the development of
polymeric silanes as electronic materials; however, the challenges in silane synthesis ultimately
hindered the widespread study of oligo- and polysilanes after the 1980’s[63-65]. High molecular
weight polymers are obtained via sodium-mediated Wurtz-type coupling of dichlorosilane
monomers. The harsh conditions limit the functional group tolerance to relatively inert alkyl and
aryl substituents[66] and the resultant polymers also suffer from low yields/wide molecular
weight distributions[67]. Herein, we report the synthesis of oligomeric silanes of specific length
functionalized with anchor groups, which enable single molecule conductance measurements.
We carry out these conductance measurements on a set of SiMe; oligomers that are terminated
with 4-(methylthio)phenyl groups (Figure 3.1Figure 3.8), which bind to undercoordinated Au to
form single molecule junctions with linear silane backbones that are stable under ambient
conditions[6, 19, 44].

We synthesize the oligomeric materials via silylation of an aryllithium reagent with a
symmetric a,m-dichlorooligosilane (Sa—e) (Figure 3.9(a)). a,w-Dichlorooligosilanes are a
known class of molecules and are typically synthesized by chlorination of
dodecamethylcyclohexasilane[68-70]. This method yields a complex mixture of chlorosilanes
that we found cumbersome. Instead, we employed an iterative synthesis of the o,w-
dichlorooligosilanes (5c¢—e) in which dimethylphenylsilyllithium (3)[70-72] is coupled to
commercially available dichlorodimethylsilane (5a) or dichlorotetramethyldisilane (Sb) to yield
a,o-diphenyloligosilanes (4a—b) (Figure 3.9(b)). Protiodesilylation with HCI/AICl; yields a,m-
dichlorooligosilanes (Sc—d) that can then be coupled with the aryl lithiates or with silyllithium 3

to yield pentasilane 4¢[73]. The arylsilylation reaction efficiently yielded the bis(4-
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Figure 3.8: (a) Molecular structures of methyl sulfide-capped oligosilanes Sil-5 and alkanes C2—
4. (b) ORTEP of a single molecule of silane Si2. Ellipsoids are shown at the 50% probability
level. (c) B3LYP/6-31G**-calculated lowest-energy structures of oligosilanes Sil-5. (d)
Perspective drawing of the lowest-energy conformation of pentasilane SiS, demonstrating the
flexible silicon backbone. In (b—d), H atoms have been omitted for clarity; S is shown in yellow,
Si in blue, and C in green.

(methylthio)phenyl)silanes in 60—-80% yield. These compounds are air-stable solids that are
soluble in common organic solvents including hydrocarbon, aromatic, and chlorinated solvents.
The crystal structure of disilane Si2 (Figure 3.8(b)) confirms that the Si-chain adopts a fully
staggered trans conformation, which is expected to have the optimal orbital overlap for
electronic communication[71, 74]. It is also important to note that there is no detectable
decomposition or oxidation during the break junction measurements.

The conductance of these oligosilanes Sil—5 is measured using a scanning tunneling
microscope-based break-junction (STM-BJ) technique[7, 19, 44]. This is carried out using a gold
tip and substrate to repeatedly form and break gold point contacts in solutions of the target
compounds (1 mM) in 1,2.4-trichlorobenzene. The conductance (current/voltage) is measured

across the Au tip/substrate pair as a function of the tip/substrate separation. The conductance
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Figure 3.9: Synthetic scheme for ao,0—Bis(4-methylthio)phenyloligosolanes Sil-5: (a)
Arylsilylation Reaction; (b) Synthesis of a,0—Dichlorooligosilanes 5c-e

traces show plateaus at integer multiples of Gy, the quantum of conductance, which correspond
to multiples of Au atoms. At a conductance value below Gy, a molecule-dependent plateau is
observed (Inset, Figure 3.10(a)). Thousands of traces are measured and used to generate two-
dimensional conductance-displacement histograms without data selection[75, 76]. Figure 3.10(a)
shows such a 2D-histogram measured with Sil generated with 27,000 traces (two-dimensional
histograms for other compounds are shown in the SI). We see an intense peak around 10™ G,
which extends approximately 0.5 nm indicating that single molecule junctions are formed
reproducibly with this molecule and can be elongated over that distance.

One-dimensional conductance histograms generated using logarithm bins for the five
silanes studied are shown in Figure 3.10(b). A broad peak in the histograms at a molecule
dependent conductance value is observed (black arrows). The peak broadness is attributed to
conductance variation from junction to junction primarily due to variations in the Au-S-C

torsional angle[2, 77]. The peak positions are plotted in Figure 3.10(c) on a semi-log scale
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Figure 3.10: (a) 2D conductance histogram for Sil showing a clear conductance peak that extends
over a distance of 0.5 nm relative to the break of the Gy contact. The histogram binning is 100 per
decade of conductance for the y-axis and 0.0079 nm for the x-axis. The scale bar shows points per
trace. The inset shows individual conductance traces. (b) Logarithm-binned conductance
histograms generated using a bin size of 100/decade for compounds Sil-5. (c¢) Conductance peak
values of the single-molecule junctions for the Sin (black) and Cn (red) series as functions of the
effective molecular length (L, in A), defined as the distance between the carbons para to the
methylthio substituent. L was determined from crystal structures Chem3D and DFT calculations.
The values thus obtained varied insignificantly (<3%). The measured decay constants B were 0.27
+0.01 A" for Sin and 0.68 + 0.05 A" for Cn.

against the length of the silane (the distance between the carbons para to the methylthio
substituent). We see that the conductance decreases exponentially with increasing length for the
first four silanes in this series, i.e. G ~ ¢ with a B =0.27 + 0.01 /A[78]. The decay constant
measured here is different than the value (f = 0.16 A™") measured in a study of photoinduced
electron transfer in porphyrin-silane-fullerene dyads[79]. This is not entirely surprising since
excited state relaxation and low-bias molecular conduction are fundamentally different
processes. This -value compares favorably to B-values observed for conjugated olefins, which
range from 0.17-0.27 /A[77, 80]. The statistically determined conductance of the pentasilane Si5
falls below this line, as can be seen in Figure 3.10(c). We attribute this small decrease in
conductance of Si5 to its slightly twisted backbone structure[81, 82], as determined from DFT
calculations (Figure 3.8(d), which decreases the “conjugation” of this molecule, similar to
gauche defects in alkane backbones[83]. Notably, the difference in through-space length between

trans-SiS and the twisted conformer shown in Figure 3.8(d) is insignificant.
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Figure 3.10(b) shows that in addition to a strong molecule-dependent peak, all these
histograms have a less intense peak at approximately 10~ G (blue arrows, Figure 3.10(a) and
Figure 3.10(b)). The two-dimensional histogram indicates this peak corresponds to conductance
features that occur immediately after the single atom contact is broken at a short tip/sample
displacement. Although the origin of this high-conductance feature is not fully understood,
control experiments with molecules with only one terminal methylsulfide or no anchor groups
were conducted to test if the molecule interacts with gold through the Si-backbone, in analogy
with an oligoene potentiometer[77]. Neither molecule showed clear conductance signatures (see
SI for synthesis and conductance histograms), demonstrating that in fact both sulfides are
required for junction formation. Another possibility is that at a short electrode displacement a
cis-conformation of the molecule in which the thioanisole moieties stack could be formed,
leading to a higher conductance with a short molecular plateau length. In support this hypothesis,
we offer that conductance through the m-mt stack in cyclophanes has been recently reported[84]
and that this hypothesis accounts for the observation of the same 10~ Gy peak in an analogous
alkane series (vide infra).

These conductance results confirm the prediction first advanced several decades ago that
while silanes are structural analogs of alkanes, their electronic properties are far more similar to

conjugated, unsaturated hydrocarbons[57]. The conductance of oligosilanes Sil—5 compared to
alkanes C2—4 inspired us to investigate electronic communication between terminal sulfur atoms
in these molecules. We conducted density functional theory (DFT) based calculations (B3LYP/6-
31G**) on Sil-Si5. We found in each case that the HOMO is distributed evenly across the
silicon chain, the 7 systems of the arenes and the p-m orbitals of the two sulfur atoms[85]. The

HOMO of Si4 is depicted as a representative example in Figure 3.11. The contrast with the
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Figure 3.11: B3LYP/6-31G**-calculated HOMOs of (a) tetrasilane Si4, (b) butane C4, and (c)
1,4-bis(4-(methylthio)phenyl)buta-1,3-diene (6).

carbon analog C4 is dramatic: there is essentially no electron density along the C-C backbone
and the HOMO is localized exclusively on the thioanisole fragments. In contrast, the HOMO of a
butadiene terminated with 4-(methylthio)phenyl groups (6) is fully delocalized, as in the silane,
indicating that the two sulfur p-m orbitals couple much more strongly across the Si—Si and C=C
bonds than the C—C bond.

To elucidate the greater coupling observed in the Si—Si and C=C materials, we separated
the molecular conductors into their constituent components: the 4-(methylthio)phenyl end groups
and conducting oligomer[82, 86]. Computational analysis of each part was conducted (see SI,
Table S3). We find that the HOMOs of tetrasilane and butadiene are delocalized over the
respective C and Si atoms. The HOMO level of 4-methylthioanisole lies at -5.49 eV with respect
to vacuum, and it is a close combination of the p-m lone pair on S and the m-space on the ring.
We find that of the three oligomers investigated, the tetrasilane (HOMO = -5.96 eV) and

butadiene (HOMO = -5.60 eV) lie closest in energy to that of the 4-methylthioanisole, suggesting
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that extensive mixing of the thioanisole and Si—Si orbitals (o(Si-Si)-n conjugation) is occurring;
moreover, Figure 3.11 demonstrates that the orbital mixing is geometrically accessible[87]. The
HOMO of hexane lies at the substantially lower energy of -8.29 eV, resulting in very minimal
mixing of the o-framework and thionanisole orbitals (negligible o(C—C)-n conjugation). As a
result, the HOMO of C4 is localized on the thioanisole. Our results indicate that uniform
delocalization of the HOMO over the entire molecule improves conductance. Consistent with
this observation, a siloxane variant of Si2 was synthesized in which the Si chain is disrupted with
an O atom; no conductance peak was observed (see Appendix Figure A.4 for conductance
histogram). We also note in passing that differential orbital coupling may account for the
difference in contact resistance observed for alkanes and oligosilanes as seen in Figure 3.10(c).
We present a quantitative comparison of the conductive properties of oligosilanes and
alkanes which is enabled by straightforward synthetic access to silanes functionalized with
aurophilic contact groups. We have found that saturated Si nanowires display very slow decay of
conductance with length; the decay constant is comparable to the decay constant of
polyacetylene fragments (oligoenes) and is considerably less than alkane structural analogs.
These results, coupled with our theoretical studies, highlight the important role of c-bond
conjugation in charge transport through Si—Si ¢ bonds. Currently the application of Si oligomers
and polymers in electronic devices is limited[64], while applications of conjugated carbon-based
materials such as polyacetylene are ubiquitous[88]. The materials described herein have
promising physical properties which are complementary to those of rigid, conjugated systems,
including conformational flexibility, air and thermal stability, as well as high solubility in

common organic solvents. We expect that the desirable physical properties and high conductance
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of the materials described herein will result in the development of novel molecular devices and

nanoscale architectures.
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Chapter 4

Concurrent Conductance and
Thermopower Measurements

The work described in this chapter was done in collaboration with Wenbo Chen, who performed
the synthetic chemistry, from the group of Prof. Ronald Breslow. Theoretical work was
provided by Mark Hybertsen, Hector Vazquez, Pierre Darancet and Jeffrey Neaton as well. I
built the thermal apparatus, performed all of the STM work and data analysis, and developed the

models that describe the observed trends.
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We can also use single molecule conductance measurements to study the thermoelectric
effect. When a temperature difference is imposed across a material, the electric charge carriers,
whether they are electrons or holes, will migrate from the hot side to the cold side, thereby
resulting in a thermally-induced electrical current (which is fundamentally distinct from the flow
of heat current). The extent to which this occurs is an inherent property of the material and
gauged by a parameter called the Seebeck coefficient, S. The Seebeck coefficient is given in
units of V/K, which describes the open-circuit potential buildup (thermoelectric voltage) that
occurs per degree difference in temperature.

Thermoelectric devices can be used to convert excess thermal energy to useful electrical
energy in order to minimize the impact of heat loss. The field of thermoelectrics has centered on
finding materials that maximize the thermoelectric figure of merit, ZT, a measure of device
efficiency. One strategy to do this is to focus on increasing its numerator, the power factor, GS*.
Here, we study the thermoelectric effect in single molecule junctions, where the thermopower
comes as a direct result of the different Fermi distributions in each of the leads. We investigate
the thermoelectric properties of a few systems of molecular junctions and because we can
measure junction thermopower and conductance concurrently in every junction, we are able to
compare junction power factor.

In this chapter, I use measurement of thermopower to identify the conducting orbitals
(charge carriers) of amine-linked and pyridine-linked junctions by observing the direction of
current flow and we compare the results to DFT calculations. Afterwards, I study how
thermopower changes as a function of molecule length by measuring the covalently bonded
junctions from Chapter 3. We find that the thermopower increases monotonically and non-

linearly with length and offer a tight binding model to explain the trend.
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4.1 Simultaneous Determination of Conductance and

Thermopower of Single Molecule Junctions*

Abstract

We report the first concurrent determination of conductance (G) and thermopower (S) of single-
molecule junctions via direct measurement of electrical and thermoelectric currents using a
scanning tunneling microscope-based break-junction technique. We explore several amine-Au
and pyridine-Au linked molecules that are predicted to conduct through either the highest
occupied molecular orbital (HOMO) or the lowest unoccupied molecular orbital (LUMO),
respectively. We find that the Seebeck coefficient is negative for pyridine-Au linked LUMO-
conducting junctions and positive for amine-Au linked HOMO-conducting junctions. Within the
accessible temperature gradients (<30 K), we do not observe a strong dependence of the junction
Seebeck coefficient on temperature. From histograms of 1000’s of junctions, we use the most
probable Seebeck coefficient to determine a power factor, GS?, for each junction studied, and
find that GS” increases with G. Finally, we find that conductance and Seebeck coefficient values
are in good quantitative agreement with our self-energy corrected density functional theory
calculations.

Understanding transport characteristics of single metal-molecule-metal junctions is of
fundamental importance to the development of functional nanoscale, organic-based devices[1].
Much work has been performed investigating the low-bias conductance of molecules attached to
gold leads using a variety of chemical link groups[2-7]. However, conductance measurements
provide only a partial description of electron transport through molecules, and cannot directly
probe molecular energy level alignment with the electrode Fermi energy or level broadening due
to electronic coupling to the leads. Thus, there is significant value in developing complimentary
methods to investigate junction electronic structure and attain a more complete understanding of

molecular-scale transport. In particular, molecular junction thermopower measurements can be

useful in determining the dominant molecular orbital for transport and the identity of the primary

* J. R. Widawsky, P. Darancet, J. B. Neaton, and L. Venkataraman, Nano Letters, 12,
354-358, (2012)
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charge carriers[8-11]. In a single-molecule junction, the thermopower or Seebeck coefficient, S,
determines the magnitude of the built-in potential developed across a material (or molecule)
when a temperature difference, A7, is applied. With the additional presence of an external
voltage bias AV across the junction, following Ref. [12], Equation (17), the total current, /, in this
case is simply

[ = —GAV + GSAT, )
where G is the electrical conductance. Eq. (1) applies for both bulk materials, where transport is
(e.g.) diffusive[13], and in single-molecule junctions, where transport can be coherent[14]. For
coherent tunneling, the conductance through a molecular junction, in the zero-bias limit, can be

given by the Landauer formula[13, 14],

2e?
6 =5 7(E) @

and the Seebeck coefficient by

_ m?kET 9T(E)
S(Er) = - 3eT(E) OF |,_, 3)

where 7(F) is the transmission function, 7 [= (7, + T,)/2] is the average temperature of the leads,
Eyis the Fermi Energy of the leads and k3 is the Boltzmann constant. In this coherent tunneling
limit, the current at zero external bias is then only due to a difference in temperature between the
two leads, and depends on the slope of the transmission function at the Fermi energy, Er. Thus,
from the sign of this thermoelectric current (and therefore S), we can potentially deduce whether
Er is closer to the highest occupied molecular orbital (HOMO) or lowest unoccupied molecular
orbital (LUMO) resonance energy, assuming a simple Lorentzian-type model.

Here, we present a study of thermopower measurements for several amine-Au linked

HOMO-conducting and pyridine-Au linked LUMO-conducting single-molecule junctions. In
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contrast to previous measurements in which thermal and electronic properties are not measured
on the same junctions[8-11] or have been measured simultaneously on a junction containing a
few molecules[15], we determine both the conductance, G, and the Seebeck coefficient, S,
concurrently for an individual molecular junction. Conductance values are obtained by
measuring the current across the gold-molecule-gold junction at an applied bias voltage of 10
mV. The Seebeck coefficient on the same junction is determined from the measured
thermoelectric current through the junction held under a temperature gradient while maintaining
a zero (externally-applied) bias voltage across the junction. We find that amine-terminated
molecules have S > 0, suggesting that the HOMO resonance is closest to Er, while pyridine-
terminated molecules have S < 0, indicating that the LUMO resonance is closest. We also find
that a diphenylphosphine-terminated alkane has an S near zero, indicating that Er is probably
very close to the middle of the HOMO-LUMO gap. We compare our measurements with first
principles transport calculations that are based on standard density functional theory (DFT) that
is extended to incorporate self-energy corrections[16, 17], and find quantitative agreement with
both conductance values and Seebeck coefficients. Our calculations confirm the sign of S in the
case of each junction, and its expected relationship with the frontier orbital closest to Er, but also
reveal a complex transmission for amine-linked junctions, with implications for the relationship
between S and G. In particular, for amine-linked junctions, 7(£) is non-Lorentzian and thus S
varies significantly more than G from junction to junction.

Single molecule junctions are created using the scanning tunneling microscope-based
break junction technique (STM-BJ), in which a sharp gold tip is brought in and out of contact
with a gold substrate in an environment of a target molecule[3, 18]. The molecules used in this

study are 4,4’-diaminostilbene (1), bis-(4-aminophenyl)acetylene (2), 1,5-
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Figure 4.1: (a) Top panel: Schematic of the STM-BJ setup modified to perform thermal
measurements. Bottom panel: Simplified diagram illustrating measurement of thermoelectric
current (/1) when a temperature gradient is imposed. (b) Top panel: Piezo ramp used, including a
“hold” portion between 150 and 200 ms. Middle panel: External applied voltage across the leads
which drops to zero during the center of the “hold” portion. Bottom panel: Sample trace for an
example molecular junction. The measured current is shown in red and the voltage measured
across the junction is shown in blue. Note: The voltage is applied across the junction in series with
a 10 kQ resistor.

bis(diphenylphosphino)pentane (3), 4,4’-bipyridine (4) and 1,2-di(4-pyridyl)ethylene (5). The
target molecules are deposited onto the STM substrate by thermal evaporation under ambient
conditions (except for (3) which is deposited from an acetone solution) and thus measurements
are not carried out in solvent. A thermal gradient is applied using a Peltier heater to controllably
heat the substrate to temperatures ranging from room temperature to 60°C while maintaining the
tip close to room temperature, and the thermoelectric current through these junctions is measured
at zero applied bias. The set-up is allowed to come to thermal equilibrium for about one hour at
each temperature before measurements are continued. In all measurements reported here, the
temperature difference (A7) between the tip and substrate is set at approximately one of three

values: 0K, 14K, 27K. In order minimize unaccountable thermoelectric voltages across the leads,
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a pure gold wire is used to apply the voltage to the hot substrate and is also connected to the cold
side of the peltier. A schematic of the circuitry as well as the STM layout is shown in Figure
4.1(a).

Conductance and thermoelectric current measurements are carried out using a modified
version of the STM-BJ technique[19]. Briefly, the Au STM tip is brought in contact with the
heated Au substrate while applying a bias voltage of 10 mV until a conductance greater than 5
Gy is measured. The tip is first retracted from the substrate by 2.4 nm at a speed of 15.8 nm/s,
then held fixed for 50 ms, and finally withdrawn an additional 0.8 nm as illustrated by the piezo
ramp shown in Figure 4.1(b). During this ramp, the current through the junction and the voltage
across the junction is continuously measured at a 40 kHz acquisition rate. The applied bias is set
to zero during the middle 25 ms of the 50 ms period when the tip/substrate distance is fixed
(Figure 4.1(b)). For every molecule, and tip/sample pair, over 3600 measurements are collected
at each of the three AT’s listed above. For each measurement, the data during the 50 ms hold
period are analyzed further, as described in detail in the SI. Briefly, the junction conductance
during the first and last 12.5 ms of the “hold” period is determined. If both values are found to be
within a molecule dependent range as determined from a conductance histogram, the trace is
selected, for this indicates that a molecular junction is sustained during the entire 50 ms “hold”
period. Conductance histograms for 4 and 5, show two peaks due to two different binding
geometries[17]. Here, we analyze these molecular junctions in the high conductance
configuration. The analysis of 4 in the low-conducting configuration is included in the Appendix
Section A.4. Typically, about 10-20% of the measured traces are selected for analysis, since
only these have a molecule bridging the tip and substrate during the “hold” period of the ramp. A

single selected measurement for 1 is shown in Figure 4.1(b), where measured current is in red
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Figure 4.2: (a) Average measured conductance histograms for molecules 1 (top) and 4 (bottom)
for the three ATs (AT= 0 K, green; AT= 14 K, blue; and AT= 27 K, red). (b) Average
thermoelectric current histograms for molecules 1 (top) and 4 (bottom) for the three ATs (AT =0
K, green; AT = 14 K, blue; and AT =27 K, red). For 1, the thermoelectric current shifts left with
increasing AT, while for 4, the thermoelectric current shifts right.

and measured voltage is in blue. The junction thermoelectric current is determined by averaging
the measured junction current during the middle 25 ms of the “hold” period and the junction
conductance is determined by averaging the conductance during the first and last 12.5 ms of the
“hold” period. This allows a determination of junction conductance and thermoelectric current
for each individual junction formed, and thus allows a simultaneous determination of G and S for
each junction.

In Figure 4.2, we show histograms of conductance values and average thermoelectric
currents for 1 and 4 determined on a trace by trace basis for measurements at three different AT
values. Conductance and thermoelectric current distributions for other molecules studied are

shown in the SI. We see that with a AT of 0 K, the thermoelectric current histogram is narrow
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Figure 4.3: Histograms of Seebeck coefficient for all molecules 1-5. Histograms are fit with
Gaussians (red). 1 and 2 exhibit positive S while 4 and 5 exhibit negative S. The Seebeck
coefficient for 3 is close to zero.

and centered about zero for both molecules, implying that on average, no current flows without
an applied temperature difference between the tip and substrate, consistent with the expression
for current in Equation 1. For molecule 1, we find that with a finite A7, the thermoelectric
current (from the tip to the substrate) is negative while for 4 we measure a positive
thermoelectric current. We also see that the peak of the thermoelectric current distributions for 1
(4) shifts to lower (higher) value with increasing A7, thus the magnitude of the thermoelectric
current increases with increasing AT.

The Seebeck coefficient for the entire system, Syeasured, 1S determined by first substituting,
in Equation (1), the conductance and thermoelectric currents determined for each measured trace

(Sveasurea=I/GAT). Since the system includes a section of gold wire which is maintained under the
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2
Molecule [1%‘]23)({;0] [ 5571‘2] [1( 53355‘1'22] [?(;)‘ETEO] [S;]:\Ffjié]
1 0.63 13.0 8.25 0.58 5.89
2 0.57 9.7 4.16 0.62 471
3 0.39 1.1 0.037 0.70 0.33
4 (HighG) 0.68 95 476 0.20 -7.88
4 (LowG) 0.12 115 1.23 0.18 -10.1
5 (HighG) 0.24 123 2.81 0.07 “12.11

Table 4.1: Experimental and DFT+X calculated values for conductance (G) and thermopower (S).
Also given are the experimental values for the molecular power factor (GS?).

opposite thermal gradient (-AT), the Seebeck coefficient of the Au-molecule-Au junction is given
by Simnctior= Sau - Smeasures> Where we use Sy, = 2 uV/K[20]. In Figure 4.3, we show the
distribution of molecular Seebeck coefficients (when the molecules are attached to Au
electrodes) determined for all five compounds studied by including measurements at all ATs.
These distributions are fit to a Gaussian and the peak positions are given in Table 4.1, along with
measured conductance values. We use the most probable molecular junction conductance and
Seebeck coefficients to determine a power factor, GS?, for these systems, which are also given in
Table 4.1. We see first that the amine-terminated molecules (1 and 2) have a positive Seebeck
coefficients indicating HOMO conductance, while the 4 and 5 have a negative Seebeck
coefficient (LUMO-conducting). For molecule 3, although we measure a small positive Synction,
the magnitude is small enough to conclude that for this alkane, Er is very close to mid-gap.

To understand these measurements, we use first-principles calculations with a self-energy
corrected, parameter-free scattering-state approach based on density functional theory (DFT)[17,

21, 22] to determine both the linear response conductance (Eq. 2) and the Seebeck coefficient
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(Eq. 3). Eq. (3) assumes that T(E) varies smoothly for |E — Ef| < kpT, and that AT is small
compared to 7714, 23]. Both assumptions hold for the systems studied here (|JA7] < 30 K).
Moreover, since the measured thermoelectric current is found to be approximately linear with AT
for the small values of AT in the experiments, we expect the steady-state scattering formalism
will also be valid[24].

We model the electrodes using two Au(111) slabs with 7 layers of gold for the leads,
using a 4x4 unit cell. To reduce computational burden for molecule 3, we replace the phenyl
groups with methyl groups, a simplification that has been shown not to affect conductance
experimentally[25]. Previous work established that for both amine- and pyridine-Au linked
molecular junctions that the amine or pyridine group binds selectively to undercoordinated atop
Au sites[21, 22]. Accordingly, we use two different undercoordinated binding site motifs,
consisting of either a trimer of gold or an adatom to represent the tip to which the molecules
bind[16, 21]. All junction geometries are fully relaxed within DFT-GGA (PBE) using
SIESTA[26]. Transmission functions are calculated using a self-energy corrected scattering-
states approach, “DFT+X”, to the Landauer formula as implemented in the Scarlet code[27].

Junction structures for molecules 1 and 4 are shown in Figure 4.4. To calculate the
junction transmission, we augment the Kohn-Sham excitation energies with a model self-energy
correction that has consistently led to quantitative agreement for both conductance[17, 21, 22]
and Seebeck coefficient[16]. Specifically, we correct the gas-phase gap with a ASCF[28§]
calculation, and correct for the lack of static non-local correlation effects through an electrostatic
“image charge” model, following prior work[17]. G and S are then determined from the
transmission and its derivative at Er, via Eq. 2 and 3. Numerical evaluation of the derivative of

T(E) generally requires a very fine kj-point sampling. To minimize sampling errors, we fit 7(E)
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Figure 4.4: Upper panel: The optimized geometries for junctions with molecules (a) 1 and (b) 4.
Lower panel: Transmission curves shown on a log scale for both molecules calculated using
DFT+X. Arrow indicates the position of the Au-d states. Insets: Transmission curves around Er on
a linear scale.

around Er with a smooth function, and take its derivative analytically. Comparing these two
approaches for one junction, 1,4-benzenediamine-Au[16], we find a less than 5% difference in S
obtained from numerically differentiating 7(E) on a 24x24 k-grid and fitting a 7(E) calculated
on an 8x8 kj-grid. For all the results presented here, 7(£E) is computed on a 16x16 kj-grid, with §
determined from the analytic derivative of a fit to the transmission function around EF.

The transmission curves for 1 and 4 are shown in Figure 4.4 and the calculated values for
G and Sjuncrion are reported in Table 4.1. We find that for amine-linked junctions, 7(EF) originates
with a HOMO-derived peak, and a weakly-transmitting feature formed from a hybridization of
Au-d and N-lone pair states, resulting in a positive S. The calculated G are within 15% of the

experiments, and do not vary much with the coordination of the Au binding site, in agreement
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with past work showing that junction geometry does not affect conductance significantly[21, 29].
For the pyridine-linked junctions, transmission at the Fermi level results from a LUMO derived
peak, hence S is negative. The calculated G is within a factor of 3 of the experiment but varies
significantly with the Au binding site coordination, again in agreement with past work[30]. The
calculated Seebeck coefficients for both series are within a factor of 2 of the experimental values.

For the amine-linked junctions, hybridization between the HOMO resonance and Au d-
states ~1.8 eV below Er (cf. arrow in Figure 4.4(a)) results in an appreciable energy-dependent
coupling, and the single Lorentzian model breaks down. Increasing the binding site coordination
significantly alters the lineshape and the Seebeck coefficients (15% variation for molecule 1), but
results in just a modest rise in the density of states at £r and small changes in the conductance
(3% variation). Interestingly, S is more sensitive to HOMO-Au 5d hybridization features in 7(E)
than G. Because these features may be underestimated by approximations associated with
DFT+Z, deviations from experiment may be somewhat greater for S than for G for HOMO-
conducting amine-Au junctions. For molecules 1 and 2, the simultaneous measurement of G and
S allows an assessment of the efficacy of Lorentzian models. If the transmission function has a
simple Lorentzian form for a molecule symmetrically coupled to both electrodes[8, 9], S and G
determine the resonance energy relative to Er. However, for the amine-Au linked junctions
studied here, a single-Lorentzian model (see SI) significantly underestimates the resonance
energy. For molecule 1, the single-Lorentzian model would place the HOMO at —1.1 eV while
our DFT+X calculations show that HOMO is around —2.3 eV. Thus the non-Lorentzian behavior
of amine-linked junctions observed here, and seen with some other linkers[7] could allow for the
tuning of their S without greatly affecting G through the position of the d-states, for example

using transition metal contacts with d-states closer to Er.
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For pyridine-linked junctions, the calculated DFT+X transmission function has a
Lorentzian form, with a prominent resonance with LUMO character. Increasing the binding site
coordination pushes the LUMO resonance away from Er. In a single Lorentzian model in the
weak-coupling limit, (I/AE)*<<I (where T is an energy-independent coupling or injection rate,
and AE the difference between the LUMO resonance energy and Er), and the Seebeck
coefficient varies more slowly with AE (as 1/AE) than the conductance (1/AE®). This is indeed
what we find in our calculations. For molecule 4, S has a +/-5% variation for the different
binding sites, while the conductance changes by +/-25%. This Lorentzian-like behavior is further
validated by the estimate of the resonance positions, in close agreement with first-principles
calculations (1.53 eV determined using the experimental S and G compared with 1.47 eV from
our calculations of molecule 4).

In conclusion, we have demonstrated that we can determine the conductance and
thermoelectric current concurrently through single-molecule junctions. The thermoelectric
currents are used to determine a Seebeck coefficient for each junction. We find that amine-
terminated molecular junctions have a positive Seebeck coefficient in agreement with
calculations that show that the HOMO 1is the molecular resonance that is closest to Er. In
contrast, pyridine-terminated molecular junctions have a negative Seebeck coefficient and
conduct through the LUMO. These experimental results are in good quantitative agreement with
those from self-energy corrected DFT calculations, which also reveal a complex, non-Lorentzian

form for transmission for amine-linked junctions.
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4.2 Length-Dependent Thermopower of Highly
Conducting Au-C Bonded Single Molecule
Junctions*

Abstract

We report the simultaneous measurement of conductance and thermopower of highly conducting
single-molecule junctions using a scanning tunneling microscope-based break-junction setup.
We start with molecular backbones (alkanes and oligophenyls) terminated with trimethyltin end
groups that cleave off in situ, to create junctions where terminal carbons are covalently bonded to
the Au electrodes. We apply a thermal gradient across these junctions and measure their
conductance and thermopower. Due to the electronic properties of the highly-conducting Au-C
links, the thermoelectric properties and power factor are exceptionally high. Our results show
that the molecular thermopower increases non-linearly with the molecular length while
conductance decreases exponentially with increasing molecular length. Density functional theory
calculations show that a gateway state representing the Au-C covalent bond plays a key role in
the conductance. With this as input, we analyze a series of simplified models and show that a
tight-binding model that explicitly includes the gateway states and the molecular backbone states
accurately captures the experimentally measured trends.

The development of viable thermoelectric devices using organic based materials has
centered around finding materials that maximize the thermoelectric figure of merit[31, 32],
ZT = GS?T/x, where G is the electrical conductance, S is the thermopower, and k is the thermal
conductivity. Measuring material performance on a fundamental length scale at the single-
molecule level[1] can thus provide a better understanding of structure-function relations in these
systems. Reliable thermoelectric measurements of molecular assemblies with metal
electrodes[15, 33, 34] and at the single-molecule level[8-11, 35] have recently been carried out

with different organic systems. In this work, we measure conductance and thermopower for a

* J. R. Widawsky, W. Chen, H. Vazquez, T. Kim, R. Breslow, M. S. Hybertsen, and L.
Venkataraman, submitted
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series of trimethyl-tin terminated oligophenyls and alkanes that bind directly to Au electrodes by
forming covalent Au-C sigma bonds[7] after the trimethyl-tin groups cleave in situ. The
conductances of the oligophenyls range from about 0.9 G, for a single benzene to 1.0x10~ Gy for
tetraphenyl[7], the longest in this series, and our results show that we maximize the power factor,
GS?, for the biphenyl (which has a conductance of about 0.1 Gy and a thermopower of 14.3
uV/K) at 1.6 fW/K>. We also measure conductance and thermopower for alkanes with 6 to 10
methylene units that bind through Au-C bonds. Their conductance ranges from 1.4x107 to
2.5x10™ Gy and show thermopowers of 5.0-5.6 uV/K. This is significantly larger than what we
have measured for phosphine-linked alkane chains[35], indicating that these alkane based
molecular junctions can have a substantial thermopower despite their low conductance. To
explain these results, we examine density functional theory based calculations of electron
transmission through exemplary model structures for these junctions. The calculations indicate
that gateway states representing Au-C sigma bonds at the links play a key role. In contrast to
more simplified models, a tight-binding model that explicitly includes the gateway state in
addition to molecular backbone states accurately captures the experimentally measured trends in
conductance and thermopower and reproduces the essential qualitative features from the density
functional theory based calculations.

In a single-molecule junction, the thermopower or Seebeck coefficient, S, determines the
magnitude of the built-in potential developed across a material (or molecular junction) when a
temperature difference, AT, is applied. With the additional presence of an external voltage bias,
AV, across the junction,[12, 14] the total current, I, is simply given by I = — GAV + GSAT,
where G is the electrical conductance. The thermopower can be measured either from the zero-

bias thermoelectric current (S = I/GAT when AV = 0) or from the open circuit voltage (S =
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Figure 4.5: (a) Schematic of the STM-BJ set-up representing thermoelectric measurement of P1-
P4. (b) Conductance histograms of P2-P4 obtained during the thermoelectric measurement. The
bin size is 10 G,. Inset: Conductance plotted as a function of number of phenyls in the molecular
backbone.

AV /AT when I = 0). These equations applies to both bulk materials, where transport is, for
example, diffusive[13] and to single-molecule junctions, where transport can be coherent[14].

For coherent tunneling, the conductance through a molecular junction in the zero-bias limit is

2
given by the Landauer formula[13, 14], G = Z%T (Ef), and the thermopower becomes S =

_ m?k3T 0T (E)
3eT(E) OE EzEf'

We simultaneously measure the conductance and thermopower of single-molecule
junctions using the scanning tunneling microscope-based break junction technique[3, 18] (STM-
BJ). A schematic of the circuitry as well as the STM layout is shown in Figure 4.5(a). Single-
molecule junctions are formed between an Au STM tip and substrate by repeatedly bringing the

substrate in and out of contact with the tip in an environment of the target molecules. The
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Figure 4.6: Two-dimensional conductance histograms of P2-P4. Representative conductance
traces for each molecule is shown as superimposed dotted lines. The bins have a width of 0.008
nm along the displacement axis and 100/decade along the conductance axis. The molecular
plateau between 10™ and 10 Gy in the 2D histogram for P2 is due to the dimer molecule formed
in situ.

molecules used here are trimethylstannylmethyl-terminated oligophenyls with 1-4 phenyl rings
(P1-P4) and trimethylstannyl[36] terminated alkanes (C6, C8, and C10) (see Appendix Figure
A.11 for structures), which were synthesized following procedures detailed before.[7, 37] These
compounds are deposited onto the Au substrate from an acetone solution (~10 mM
concentration). The trimethyl-tin (SnMes) terminations of the molecules cleave off in situ,
yielding single-molecule junctions where the terminal carbon of the molecular backbone is
covalently bonded to the Au electrode. The resulting junctions have a conductance that is
significantly higher[7, 37] than those formed with conventional linkers such as thiols[18, 38],
amines[3], or methyl sulfides[39].

In these experiments, the molecular junction conductance is measured as a function of the
relative tip/sample displacement yielding conductance traces. Conductance traces show plateaus
at integer multiples of Gy, the quantum of conductance and typically an additional plateau at a
molecule dependent conductance value. Thousands of conductance traces are collected for each
compound and used to create one-dimensional conductance histograms. The linear-binned

conductance histograms for P2, P3, and P4 are given in Figure 4.5(b) with a bin size of 10 G,.
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As the number of phenyls is increased, we see that the molecular junction conductance decreases
exponentially as shown in the inset of Figure 4.5(b). To confirm that these peaks are indeed due
to the formation of an Au/molecule/Au junction, we also create two-dimensional conductance-
displacement histograms. These are shown in Figure 4.6 for P2-P4. We see that the plateau
length increases systematically as the molecular backbone length increases, indicating that we
are indeed measuring transport through these backbones[40]. The conductance feature between
10 and 10™* Gy in the case of P2 in Figure 4.6 (left) is due to the dimer molecule which forms
in-situ.[37] This dimer molecule has two biphenyls connected by a saturated 2-carbon bridge,
giving it a much lower conductance than the fully conjugated P4. P1 exhibits near resonant
transport with a conductance of about 0.90 Gg[37]. Data for the alkanes is given in Appendix
Figure A.12, and reproduce well our previous results[7].

Thermoelectric current and conductance across a single-molecule junction is measured
simultaneously by applying a thermal gradient across the junction using a Peltier heater to
controllably heat the substrate to temperatures ranging from room temperature to about 60°C
while maintaining the tip close to room temperature. The set-up is allowed to come to thermal
equilibrium for about one hour before measurements are carried out. In all measurements
reported here, the temperature difference (AT) between the tip and substrate is set to either 0 K or
14 K. In order to minimize the impact of unaccounted thermoelectric voltages across the leads, a
pure gold wire (99.998%) of known thermopower (S,,, =2 uV/K) was connected from the hot
side of the Peltier to the cold side (which was held near room temperature), to provide electrical
connectivity and so that the thermoelectric voltage across the reverse temperature gradient (—AT)
was fixed (see Figure 4.5(a) for schematic). We measure the thermopower by setting the applied

bias to 0 V and measuring the thermoelectric current through the circuit.
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Figure 4.7: (a) Average thermoelectric current histograms for P2 for AT=0 K (black, 386 traces)
and AT=14 K (red, 129 traces). The histogram at AT=14 K is multiplied by a factor of 10 and fit
with a Gaussian (dotted line). (b) Histograms of thermopower for P1/Au (582 traces) and P2 (530
traces), P3 (629 traces), and P4 (2,942 traces). Gaussians fits to the histograms are also shown.

Inset: Molecular thermopower plotted as a function of number of phenyls in the molecular
backbone.

The thermopower measurement works as follows. The Au STM tip is brought into
contact with the heated Au substrate while applying a bias voltage of 10 mV until a conductance
greater than 5 Gy is measured. The tip is then first retracted by 2.0 nm at a speed of ~16 nm/s,
held fixed for 50 ms, and finally withdrawn an additional 1.6 nm. During part of the 50 ms hold
section, we turn off the bias (V=0) and continue to measure the current. We collect thousands of
such current-displacement curves and select the ones that sustained a molecular junction through
the entire “hold” portion of the ramp (see Appendix Figure A.13)[19, 35]. We determine the
average thermoelectric current for each such junction. The distributions of the average
thermoelectric currents measured for P2 are given in Figure 4.7(a) for AT = 0 K (black, 386
traces), which is narrow and centered around 0 nA, and AT = 14 K (red, 129 traces), which is
broadened and peaked at —1.7 nA. Thermocurrent results from the other oligophenyl derivatives

are given in Appendix Figure A.14.



Molecule Conductance Thermopower Power Factor
(Go) (nV/K) (FW/K?)
P1/Au 0.9 2.4 0.4
P2 1x10" 14.3 1.6
P3 1.4x107 20.9 510"
P4 2x107 23.9 9x1072
Cé 1.4x107 5.0 2.7x107
C8 2x107 5.6 5%107
C10 3x107 5.6 7x10™*
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Table 4.2: Experimental conductance (G), thermopower (S), and power factor (GS?) for directly
bonded junctions. The power factor for P2 is exceptionally high.

From the measured thermoelectric current, the thermopower of the single molecule
junctions are calculated on a trace-by-trace basis (S = I/GAT) and compiled into a histogram.
The thermopower for all other molecules (P1, P3, P4 and the three alkanes) were determined
following the same procedure. Results from these measurements are given in Figure 4.7(b) for
the oligophenyls and in Appendix Figure A.15 for the alkanes. For P1 (yellow curve in Figure
4.7(b)), we cannot distinguish, on a trace-by-trace basis, the difference between a molecular
junction and a gold single-atom contact as the conductance of P1 (0.9 Gy) is too close to that of
the Au contact (1 Gy). We also see the thermopower for these junctions is very similar, i.e. the
distribution is peaked at 2.4 pV/K, indicating that the thermopower of an Au 1 Gy junction is not
very different from that of a P1 junction. As the number of phenyl rings in the molecule is
increased from 2 to 4, the center of the distributions of measured thermopower increases
systematically. The values obtained for molecular conductance and thermopower using statistical

fits to the data are given in Table 4.2 and are used to calculate the molecular power factor. We
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note that the power factor for P2 (1.6fW/K?) is far higher than that of any other single molecule
junction previously reported in literature due to its high conductance an relatively high
thermopower. Measurements for the alkanes are carried out in a similar way and all data are
summarized in Table 4.2. We find that the thermopower of the alkanes does not have a strong
dependence on the chain length from C6 to C10.

Our measurements show that the conductance of these oligophenyls decreases
exponentially with increasing length, while the thermopower increases non-linearly with
increasing length. To rationalize these findings, we consider a series of models. In general,
within the Landauer picture, the zero-bias conductance is proportional to the electron
transmission through the junction, evaluated at the electrode Fermi energy, Er. In the simplest
description of non-resonant transmission through a single molecule, a single frontier orbital
controls the transmission. The transmission function can then be described by a Lorentzian
function centered at the energy of that molecular level, E,, with a width, I, that relates to the
electronic coupling of the molecular state to the electrodes. The exponential decrease in
conductance as a function of molecule length must be captured by varying the model
parameters.[8] We use our conductance and thermopower data for all the oligophenyls from the
experiments to determine the corresponding single-Lorentzian transmission curves. Results are
shown in Appendix Figure A.16, where we see that we get un-physical parameters for Ey and I'.
Specifically, the fit to experiment drives the backbone state to be pinned close to the Fermi
energy, essentially independent of oligomer length.

To better understand trends in our conductance and thermopower data, we turn to tight-
binding based model systems and calculate the conductances and thermopowers numerically

using the Green’s function approach[41-43]. We first consider a simple improvement to the
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single-Lorentzian approximation discussed above that captures the length dependence explicitly.
This tight-binding model (Model 1) assigns a single level to each phenyl ring and an electronic
coupling (hopping parameter d) between the rings. The terminal phenyls are coupled to the
electrodes, as described by an imaginary self-energy il'/2, (see Appendix Figure A.17). The best
fit-coefficients for the model are determined from experimental data as described in the SI. We
find that this model tracks more closely the shift of the highest occupied molecular orbital
towards the Fermi Energy yielding a transmission function where the resonances are
fundamentally non-lorentzian for all molecules but P1, but predicts a strictly linearly increasing
thermopower in contrast to what we see in the experiments.

For more insight to the electronic states in the junction, we examine results from
calculations carried out using the Density-Functional Theory and Non-Equilibrium Green’s
Functions (DFT-NEGF) formalism[26, 44] with a gradient-corrected exchange-correlation
functional[45]. The molecular junctions are described using a unit cell where each metallic layer
consists of 16 atoms and the molecules are bound to a gold mound consisting of three atoms[37].
The junction geometry is first relaxed by minimizing the forces acting on all molecular and tip
atoms, and subsequent transport calculations are performed using the optimized structures. An
exemplary P4 junction structure is shown in Figure 4.8(a). The DFT-calculated transmission
spectra for P1-P4 for an extended energy range are shown in Figure 4.8(b). The narrow peaks
positioned a few eVs from the Fermi level correspond to the molecular backbone resonances.
Low-bias conductance is however determined by the states representing the Au-C bonds. As
visualized by the contour plot of the transmitted wave at the Fermi in Figure 4.8(b), electrons
enter the molecule through a gateway state (a o Au-C bonding orbital) and then tunnel through

the backbone, as evidenced by the decaying amplitude in the plot.
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Figure 4.8: (a) Top: The optimized geometry of a P4 junction with an isosurface plot of the
scattering state at the Fermi energy. Bottom: Schematic diagram of the tight-binding model for P4.
Transmission curves shown on a log scale for P1-P4 (b) calculated using DFT and (c) as
determined by the tight binding model using the best-fit parameters.

Returning to the transmission functions in Figure 4.8(b), near the Au-C bond orbital
resonances, the gateway states on opposite sides couple via this tunneling, resulting in a double-
peak structure, where the deeper- (shallower-) energy peak is a bonding (anti-bonding)

combination of the Au-C links.[7, 37] For P1, the coupling is strong resulting in distinct features
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at -1.15 and -0.4 eV (P1), which merges into a single peak centered at ~-0.6 eV for P2-P4. The
tailing of these peaks to the Fermi level determines the low-bias conductance and thermopower
of the P1-P4 junctions. As shown in Figure 4.9(a), the conductance calculated with DFT is
overestimated due to the known errors within DFT that tend to place the key orbital energies in
transport calculations too close to the electrode Fermi energy.[46-52] The thermopower, Figure
4.9(b), is also overestimated and further, the calculation does not show saturation with length.
Though, notice that, while G(Er) is dramatically overestimated for P2-P4, the overestimation in
the calculated values of S is smaller.

Overall, the key and robust feature that emerges from the DFT-based calculations is the
role of the gateway state. The gateway states can introduce a qualitatively different trade-off
between conductance and thermopower. The essential point is apparent in the transmission
functions in Figure 4.8(b) where the amplitude of the peak near -0.6 eV drops approximately
exponentially while the width remains approximately constant. To the extent that the width is
constant, the thermopower will also be constant, being proportional to a normalized energy
derivative of the transmission function. Motivated by the DFT results, we consider a second
model that consists of two gateway states that are tunnel coupled to each other through a length
dependent parameter 8,, = 8ye /2 (n=0 is P1 etc.) These gateway states also interact with the
electrodes through an imaginary energy independent self-energy term —il'/2. The parameter 8
describes the decay of transmission in the long-molecule limit and is assumed to be energy
independent. More generally, from the complex band structure calculations in the polymeric
limit,[53] we can expect an energy dependent § (E) with a semi-elliptic shape spanning the
energy gap between the occupied and empty frontier orbital derived bands that control tunneling.

Details and results from fitting this model (Model 2) are shown in see Appendix Figure A.18.
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Figure 4.9: (a) Conductance values and (b) thermopower determined form the experiment, tight-
binding model, and DFT as a function of the number of phenyl units in the chain.

This model comes closer to describing the data, but does not capture the exponential decay in
conductance accurately as the value of § from the fit is found to be larger than what is measured

in the experiment.[37] Furthermore, this model with an energy independent [ yields a

n?kET €
3e  4g2+4T?

thermopower that saturates to S, = in the long-molecule limit. As detailed in the

SI, with an energy dependent 3, one would get an additional contribution to S proportional to %.

We improve on this by treating the backbone states explicitly while also including the
gateway states in a tight-binding Hamiltonian as illustrated in Figure 4.8(a). This combines the
physical elements of models 1 and 2 and naturally incorporates 5 (E) valid for energies near
the occupied backbone states. The two gateway states at energy & couple respectively to the left
and right electrodes through the self energy and they couple to a tight-binding chain that
represents the essential frontier backbone orbitals with strength 7. The Hamiltonian for P1 is a
3x3 matrix with no dependence on §. The 4x4 matrix that represents the model Hamiltonian for

P2 is:
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e=il/2 = 0 0

T E, 6 0

H{p2} = 0 60 E, T
0 0 t e-—il'/2

The Hamiltonians for P3 and P4 can be obtained by extending this matrix. The best-fit model
transmission curves are given in Figure 4.8(c) for all four using (in eV with Exr =0) € =
—1.85,'=2.86,E, = —4.47, 1 = —2.28,6 = —1.27. The transmission curves are qualitatively
very similar to the results from the DFT-based calculations. As seen in Figure 4.9(a) and Figure
4.9(b), the model gives a robust account of both the exponential drop in conductance and the
partial saturation in the thermopower, which could not be seen in any of the other models or from
the DFT based calculations.

DFT-based calculations for the alkanes are summarized in the Appendix Figure A.19.
The comparison to measured conductance and thermopower show the same trends as found for
the P1-P4 series. Furthermore, the transmission functions show the same key role for the Au-C
gateway orbital. However, modeling the transmissions for these alkanes is not straightforward
because the Fermi energy falls roughly halfway between the highest occupied and lowest
unoccupied resonances.[53] Thus using just one molecular level for each methylene (as was done
above for the oligophenyls) does not capture the conductance trends correctly. Introducing an
unoccupied level into our model will introduce more parameters than can be constrained by the
limited data set available from the experiments and is thus beyond the scope of this work. Going

back to the simpler model with two gateway states that are tunnel coupled to each other, we see

: i d
that we would observe a nearly constant thermopower in the limit of large n when d—i ~ 0, as

will be the case for alkanes when the Fermi energy falls near mid-gap.[53]
In summary, we have measured the conductance and thermoelectric properties of

oligophenyls and alkanes bound to the electrodes through direct, covalent Au-C links. The
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highly-conducting nature of these links gives rise to exceptional thermoelectric properties and
high values of the power factor, GS? for the phenyl derivatives. A model for nanoscale transport
in which only a single (HOMO-type) frontier backbone orbital is considered, either through a
single Lorentzian or by a tight-binding model that explicitly accounts for backbone length, does
not correctly predict the observed dependences in conductance or thermopower with length.
Therefore, as motivated by the DFT calculations, we propose a modified tight-binding model to
describe how transport is facilitated by a gateway Au-C state. This gateway-state is close in
energy to the Fermi level and couples well into the molecular backbone, thereby dominating the
zero-bias transmission properties of these molecules. For the alkanes, we find that conductance
decreases exponentially while thermopower increases only modestly with the length of the

molecule.
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Chapter 5

Measurement of Molecular
I-V Characteristics

The work described in this chapter was done in collaboration with Jennifer Klare, who
performed the chemical synthesis, from Prof. Colin Nuckolls’s group. The theoretical
contributions were made by Mark Hybertsen and Michael Steigerwald. Also, thanks to Masha
Kamenetska for helping to run the experiments. Here, I developed the measurement and analysis

techniques and completed the STM work.
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Conductance and thermopower measurements can only provide a partial description of
electron transport through molecules, for they are only able to probe characteristics of the
transmission function at the Fermi energy. In order to obtain more information about the
transmission function, we can also perform large bias measurements of molecular current-
voltage (I-V) curves. Assuming that the coupling to the electrodes is symmetric, the form of [-V

curve is given by

(V)= 2—:j;+oodwf]"(w, T)f(w+eV/2)— f(w—eV/2)]

-1
where f(E) = [exp (— kE—T) + 1] is the Fermi-Dirac distribution of current carriers in the leads

and w is the integration parameter with units of energy. Since smoothing of the bias window
edges at room temperature is negligible, this equates to the current being proportional to the area
under the transmission curve when opening a symmetric bias window of £V /2 about the Fermi
energy.

In this chapter, we explore the electronic and physical effects of applying a large bias to a
molecular junction system. We observe an inherent difference in the response of
electron/LUMO-conducting junctions and hole/HOMO-conducting junctions and investigate the
mechanism behind this. Also, we see that the degree of non-linearity of the IV curves depends

on the proximity of the conducting orbital to the Fermi energy of the electrodes.
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5.1 Measurement of Voltage Dependent Electronic
Transport Across Amine-Linked Single Molecular
Wire Junctions®

Abstract

We measure the conductance and current-voltage characteristics of two amine-terminated
molecular wires — 4,4’-Diaminostilbene and Bis-(4-aminophenyl)acetylene — by breaking Au
point-contacts in a molecular solution at room temperature. Histograms compiled from thousands
of measurements show a slight increase in the molecular junction conductance (I/V) as the bias is
increased to nearly 450 mV. Comparatively, similar conductance measurements made with 1,6-
Diaminohexane, a saturated molecule, demonstrates almost no bias dependence. We also present
a new technique to measure a statistically defined current-voltage curve. Application to all three
molecules shows that 4,4’-Diaminostilbene exhibits the largest increase in differential
conductance as a function of applied bias. This indicates that the predominant transport channel
for 4,4’-Diaminostilbene (the highest occupied molecular orbital) is closer to the Fermi level of
the metal than that of the other molecules, consistent with the trends observed in the molecular
ionization potential. We find that junctions constructed with the conjugated molecules show
greater noise in individual junctions and less structural stability on average at biases greater than
450 mV. In contrast, junctions formed with the alkane can sustain a bias of up to 900 mV. This
significantly affects the statistically averaged IV characteristic measured for the conjugated
molecules at higher bias.

Introduction

Understanding charge transport across metal-molecule-metal junctions could lead to the
development of nanoscale devices with functionality that can be tuned chemically[1]. It is thus
important to fully understand the mechanisms behind charge transport across single molecule
junctions. In the last decade, the characterization of the electronic properties of single molecule

junctions has been studied extensively by different methods [2-11]. These have focused both on

measuring the low bias conductance of a molecular junction as well as the current-voltage

* J. R. Widawsky, M. Kamenetska, J. Klare, C. Nuckolls, M. L. Steigerwald, M. S.
Hybertsen, and L. Venkataraman, Nanotechnology, 20, 434009 (2009).
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Figure 5.1: (a) Schematic of experimental set-up: V, is the applied bias voltage, I is the measured
current and V) is the voltage measured across the junction. The ~100 kQ series resistor is also
shown. Structures of all three molecules are also shown. The N-N lengths of these molecules are
about 1.2 nm, 1.3 nm and 0.9 nm for 1, 2, and 3 respectively. The molecules bind to the gold leads
through the lone pair of the amines, represented here by arrows. (b) Normalized conductance
histograms for all three molecules measured with a bias Vy= 45 mV and a ImM solution of the
molecules in 1,2 4-Trichlorobenzene. A linear bin size of 10° Gy is used for 1 and 2 (showing
molecular peak and conductance quantum peaks), and a bin size of 10° G, is used for 3. The
peaks, determined using Lorentzian fits (or Lorentzian fit with background subtraction for 2), are
marked with arrows. Inset: Sample measured traces for each of the three molecules showing the
molecular conductance steps. All traces except for the extreme left trace have been offset
horizontally to the right for clarity.

characteristics under applied voltages up to the 1 V range or larger. However, in practice, it is
often hard to confirm that a single molecule is actually bridging the metal electrodes, as well as
the structural stability of the molecular conformation, while the current is measured as a function
of voltage. Furthermore, a detailed understanding of these properties requires the measurement
of a statistically significant number of junctions. As a result, experiments that directly correlate
molecular structure and current-voltage characteristics remain challenging.

Here, we investigate the conductances of two short amine-linked molecular wires:
4,4’ Diamino-stilbene (1), which consists of two benzene rings with a vinyl bridge (C=C), and
Bis-(4-aminophenyl)acetylene (2), which is similar but with an ethynyl bridge (C=C) and

compare them to that of 1,6-Hexanediamine (3). The molecular structures are illustrated in



108

Figure 5.1(a). These molecules bind to gold metal electrodes through an electronically selective
donor-acceptor bond formed between the N-lone pair on the terminal amine link groups and an
under-coordinated gold atom [12]. We present a new measurement technique to probe the single
molecule junction differential conductance as a function of applied bias voltage. We find that at
a bias of about 400 mV, the differential conductance of 1 increases the most, the differential
conductance of 2 increase modestly, while 3 shows almost no bias dependence. Since transport
in these amine-linked molecules is mediated through the highest occupied molecular orbital
(HOMO) [13], these results indicate that the HOMO for 1 is closest to the metal Fermi level.
Furthermore, we find that molecular junctions of 1 and 2 become unstable at a higher bias, while
3 can sustain a bias of up to about 900 mV. This suggests that the amine-Au bond can sustain a
high bias. However, the partial charging of the resonant level supporting transport in steady state
at higher bias, as suggested by the proximity of the HOMO to the Au Fermi level in 1 and 2, acts

to weaken the donor-acceptor bond.

Experimental Method

We form single molecule junctions by breaking a gold point-contact in a solution of the
molecules[6], and measure the conductance while pulling the junction apart at a constant speed
of 16 nm/s. Molecule 1 was obtained from Astatech (97% purity), molecule 2 was synthesized as
described earlier[14], and molecule 3 was obtained from Sigma-Aldrich (>99% purity). Details
of our experimental set-up have been described previously[14]. Briefly, we use a home-built
modified Scanning Tunneling Microscope (STM), designed with only z-axis mobility. The STM
tip is a high-purity (5N) gold wire (Alfa Aesar), 0.025 inches in diameter, cut on an angle to be

sharp. The STM substrate consists of 100 nm of gold thermally evaporated onto mica, which
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was cleaned under UV/Ozone prior to use. The measurements are carried out at room
temperature, in ambient conditions. We measure the current (I) through the tip-substrate junction
using a current amplifier. In the measurements described here, we place a 100 kQ resistor in
series with our tip-substrate junction to limit the voltage drop across the junction when its
resistance is very low (Figure 5.1(a)). A bias (V4) is applied across the junction and series
resistor. We measure the bias (Vum) across the tip-substrate junction and determine the
conductance (G = I/Vy) by dividing the measured current with the measured voltage.

For single molecule junction current-voltage measurements (I-V), the STM tip is brought
into contact with the Au substrate until a conductance of greater than a few Gy is obtained at an
applied bias of about 50 mV. The tip is then withdrawn by 2.4 nm at 16 nm/s. This distance is
chosen to ensure that the gold point-contact is broken by the end of this elongation, a prerequisite
for forming a molecular junction. At this point, the tip-substrate distance is held constant for
about 150 milliseconds. During this “hold” period, the V, is ramped sinusoidally for one period
and the current is measured. At the end of this ramp, V4 is set to 50 mV once again and the tip is

withdrawn an additional 2.4 nm to fully break the junction.

Results and Discussions

We first measure the conductance of the three molecules in separate experiments at a low
bias (Vym ~ 45 mV) from ~ ImM solutions of the compounds in 1,2,4-Trichlorobenzene (Sigma-
Aldrich, >99% purity). The inset of Figure 5.1(b) shows sample conductance traces measured
with each of the three molecules, showing steps at integer multiples of Gy = 2¢*/h = 77.5 pS, the
quantum of conductance, and at a molecule dependent value below Gy. In Figure 5.1(b), we

show conductance histograms constructed from thousands of consecutively measured traces with
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Figure 5.2: Linearly-binned normalized conductance histograms constructed from over 5000
traces without data selection for (a) 1, (b) 2, and (c) 3 measured at four different bias voltages, V.
The peak locations are tracked by the arrows. Note: The histograms have been offset vertically for
clarity.

each molecule at Vyy ~ 45 mV. A histogram measured in solvent alone has no features over this
conductance range. By using Lorentzian fits to the peaks (or a Lorentzian fit with a power law
background for 2), we are able to extract the most-probable conductance value for each
molecule. We see a peak centered at about 1.0 X 102 Gy, 0.8 x 102 Gy, and 1.2 x 10 Gy for
molecules 1, 2 and 3 respectively consistent with previous results[14]. For 2, we need to subtract
a power-law background because the peak is broad, probably due to the soft rotation barrier
about the C=C bridge[14, 15]. To determine the bias dependence of these conductance
histograms, we measure conductance traces at different constant biases. For each molecule, four
different biases ranging from Vy ~ 45 mV to 450 mV were used and between five and ten
thousand conductance (I/Vy) traces were compiled for each molecule at each bias to give the
conductance histograms. Results of these bias dependent measurements are shown in Figure 5.2,
where the peak of the conductance histogram, indicated by the arrows, shifts to higher
conductance with increasing bias for 1 and 2, as opposed to 3 where there is almost no change in

the peak position.
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Figure 5.3: (a) Sample trace measured during a voltage sweep for molecule 1. The piezo
displacement (grey line) is shown in the upper panel. The measured current (red, left axis) and
voltage (blue, right axis) are shown in the bottom panel. Note that the voltage is very low when the
junction conductance is low due to the series resistor. (b) Multiple sample current-voltage traces
for molecules 1 (upper panel) and 2 (lower panel). These traces are obtained from the middle
section of the voltage sweep, with V) starting at +450 mV and ending at -350mV and are chosen
to illustrate the variety in measured traces. (¢) Schematic level alignment diagram for two different
biases showing the change in charge transfer (extent of grey shaded region within the bias
window) between the molecule and metal at a large applied bias.

These measurements give average conductance (I/V) versus applied bias; to measure the
differential conductance (dI/dV) of these molecules as a function of applied bias, we first
construct a statistically significant I-V curve for each molecule as follows. We measure
thousands of I-V curves on single molecule junctions while holding the relative tip-sample
displacement fixed as described in the Experimental Methods section. A sample measured trace
for molecule 1 is shown in Figure 5.3(a) to illustrate the method, showing the piezo
displacement, the measured current (I) and measured bias (V) when a bias ramp of about +450
mV is applied. Thousands of such I-V)y traces were measured with each molecule. We further
analyzed only those traces for which the conductance just before and just after the voltage ramp
was within the peak seen in the respective conductance histograms shown in Figure 5.1(b). These
were selected using an automated algorithm. We found that about 15-25% of the measured traces

had a molecule bridging the tip and the substrate during the “hold” section for molecules 1 and 2,
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Figure 5.4: (a) and (b) Two-dimensional current-voltage histogram for 1 and 2 made from about
4500 and 6000 individual I-Vy; traces, respectively. The current bin size is 0.5nA and the voltage
bin size is 5 mV. A vertically cross-section (black line) is displayed in the inset. The upper part is
fitted with a Gaussian (red curve) in order to extract the peak location. (¢) I-V curves for 1 (red), 2
(blue) and 3 (green) determined from the peak locations of the cross-sections at all voltage bins,
like those shown in the insets of (a) and (a). The curves represent the most frequently measured
current as a function of bias voltage. Inset: Relative differential conductance (dI/dV) for 1, 2, and
3 normalized to the respective differential conductance values at Vy; =45 mV. These are obtained
from the slopes of the linear fits to the IV curves in a small voltage interval about each voltage.

although about 95% of our conductance versus displacement traces had a molecule. Thus some
junctions broke within the initial 2.4 nm extension, some did not break until after the 150 ms
“hold” section, and some junctions did not sustain the bias ramp, bringing down the total number
of successful I-Vy measurements. In our measurements with molecule 3, only 5% of the
measurements resulted in successful I-Vy traces, even though about 85% of the traces had a
molecule bridging the tip and substrate. In Figure 5.3(b), we show sample [-Vy traces for
molecule 1 and 2, where we can see that the current increases through the junction with
increasing bias. These I-Vy curves were chosen to illustrate the variety in measured I-Vy curves.
We find that [-V traces for molecule 1 are much noisier at high bias than those for molecule 2 or
3. A possible reason for this will be discussed below.

The selected I-Vy data were then used to construct a two-dimensional histogram of
current versus voltage. Such histograms, obtained for 1 from about 4500 I-Vy traces and for 2

from about 6000 traces, are shown in Figure 5.4(a) and Figure 5.4(b). An analogous histogram
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was also constructed for 3 but is not shown here. We fit Gaussians to vertical sections at each
voltage bin of the histogram (as demonstrated in the insets of Figure 5.4(a) and Figure 5.4(b)) to
track the peak in the current distribution as a function of voltage. These correspond to the most
frequently measured current at each bias voltage for all molecular junctions. The peak position is
traced with the dotted curves shown in Figure 5.4(a) and Figure 5.4(b). The resulting -V
measurements of 1, 2 and 3 are shown in Figure 5.4(c) (solid lines). We determine the
differential conductance for all three molecules by taking the slope of these I-Vy curves at a few
fixed bias values. The inset of Figure 5.4(c) shows the differential conductance (dI/dV)
normalized to its value at 45 mV (dI/dVasmy). We can see that the dI/dV of 1 shows the largest
increase with applied bias, that of 2 shows a small increase, while 3 shows almost no bias
dependence.

Two factors control the conductance of these single molecule junctions in the non-
resonant tunneling regime: (1) the position of the dominant transport channel, the HOMO[13,
16-18], relative to the metal Fermi level, and (2) the coupling of the HOMO level to the metal
resulting in a level broadening (Figure 5.3(c)). Both could be different for different molecules.
The net effect of these two factors determines the tunnel coupling across the junction. Using a
density functional theory (DFT) based approach [19, 20], we have previously shown that the
trends in the tunnel coupling can be determined by modeling the electronic structure of a single
under-coordinated Au atom bonded to each side of the junction [14]. In particular, the tunnel
coupling for 1 is found to be about 20% larger than that for 2. The position of the HOMO
relative to the Fermi level can only be determined from a full transmission calculation including
corrections for correlation effects beyond DFT [16]. Such calculations are beyond the scope of

this paper. However, we have previously measured the effect of substituents on the conductance
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of benzenediamine[13]. Electron withdrawing substituents reduced conductance while electron
donating substituents increased conductance. Electron withdrawing groups lower the molecular
orbital energies (increase € in Figure 5.3(c)), and the opposite holds for electron donating groups.
The conductance results are only consistent with the HOMO being closest to the Fermi energy
and mediating the tunneling conductance. These trends were understood using a vertical
ionization potential calculation for the substituted species. Subsequent full transmission
calculations for benzenediamine confirmed that the HOMO was the sole channel responsible for
low bias conductance, with an estimated separation € = 3 eV, including corrections to DFT
orbital energies, and a half-width of about 0.5 eV[16, 18]. Calculations for amine linked alkanes
show an even larger separation [17].

For the three molecules under study here, we calculated the vertical ionization potential
with a triple zeta basis (including polarization and diffuse functions) and found them to be 6.11
eV, 6.25 eV, and 7.67 eV for 1, 2 and 3 respectively. For reference, the calculated value for
benzenediamine is 6.83 eV. The DFT calculations moderately underestimate diamine ionization
potentials[13], as also observed for other aromatics [21] but represent the trends. The
calculations clearly suggest that the molecular wires (1 and 2) should have the HOMO level
closer to the electrode Fermi energy than benzenediamine, but not by enough to reach the
resonant tunneling regime for the bias ranges under study here. However, as the sketch in Figure
5.3(c) illustrates, proximity to the resonance can lead to enhanced differential conductance. The
calculated ionization potentials suggest a larger increase in the differential conductance of 1
compared with 2 at elevated bias. However, the magnitude of the effect observed at 400 mV
bias suggests that a more complete transmission calculation will be required for full

understanding. On the other hand, the relatively constant differential conductance for the alkane
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Figure 5.5: Average IV curves determined from 2D I-Vy histograms using a small ramp (450
mV) or large ramp (+ 900 mV) for all three molecules. Each averaged IV curve is determined
from one tip/sample pair and two or three such data sets are superposed for each molecule and
ramp value. Variations in the IV curves from the small and large bias ramps are larger for 1 and 2
than the variations.

3 with bias is consistent with the HOMO derived resonance remaining substantially outside the
bias window.

To probe this further, we performed similar I-V measurements by applying a bias ramp of
about +900 mV to all three molecules. Two-dimensional histograms of the selected I-Vy
measurements were created and the most frequently measured current versus voltage curves were
determined for all three molecules, as described in detail above. We found that the fraction of
traces where molecule 1 or 2 bridged the tip-substrate gap was about 10% with the £900 mV
ramp compared with 15%-25% for the +450 mV ramp. This implies that fewer junctions could
sustain a £900 mV applied bias. For molecule 3 there was no significant difference in the
trapping probability with the two different ramps. In Figure 5.5, we compare I-Vy curves for all
three molecules with both bias ramps. We see that the I-Vy curves for 1 and 2 have a lower
average conductance (I/Vy) with the £900 mV ramp when compared with the £450 mV ramp.
Since these measurements represent the most frequently measured current at each voltage, they

imply that for 1 and 2, the types of junctions measured differ between the two ramps; junctions
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with a higher average conductance cannot sustain a bias of about 900mV. In contrast, for 3, the I-
V curves are almost identical. This suggests a correlation between the conductance of an
individual junction and stability of the junction under higher applied bias.

One physical explanation for such a correlation would be variations in the proximity of
the HOMO to the electrode Fermi energy. Larger conductance corresponds to larger overlap of
the HOMO derived transmission resonance to the electrode Fermi energy, resulting in an
increased charge transfer from the molecular HOMO to the metal (Figure 5.3(c)). As the applied
bias is increased, the portion of the resonance in the bias window increases resulting in more
charge transfer. Thus for 1 and 2, which have a smaller HOMO-LUMO gap, we expect a larger
charge transfer between the electrode and the molecules, while for 3, which has a very large
HOMO-LUMO gap, we do not expect a significant change in this charge transfer. There are two
donor-acceptor bonds that hold the diamine in place between the emerging Au tips; we
hypothesize that this charge redistribution, while it may strengthen one of these bonds, must
weaken the other. This weakening of one bond could result in noisier IV curves, as we find
experimentally. Furthermore, the cleavage of this weaker link destroys the molecular junction.

The extent to which this bias-dependent charge transfer strongly correlates with
conductance could account for the differences observed between low and high applied bias range
in both noise level in individual IV characteristics of individual junctions and the changes in the
averaged IV curves. Molecule 1 has the highest conductance, and thus a molecular level closest
to the Fermi level when comparing these three molecules. We expect a greater charge transfer in
molecular junctions with 1. Experimentally, this would result in noisier IV curves due to a
decrease in the N-Au bond strength, as well as a smaller ability to sustain higher biases

(decreasing number of successful IV measurements.) Molecule 2 would show similar trend,
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though the extent of charge transfer would be smaller as it is less conducting, and therefore has a
HOMO level that is not as close to Fermi. For 3, which has a very large HOMO-LUMO gap, we
do not expect a significant change in transfer when comparing an applied bias of 0.4 V or 0.8 V,
consistent with the experiment. We also note that while the N lone pair on the amine link group
remains highly localized for the alkanes, it is significantly coupled to the © system (HOMO) for
1 and 2, further supporting a connection between charge removal from the HOMO and bond

strength in these cases.

Conclusions

We have presented an new technique to measure statistically averaged current-voltage
characteristics of single molecule junctions and have applied this technique to measure the
differential conductance of 4,4’-Diaminostilbene (1) and Bis-(4-aminophenyl)acetylene (2)
single molecule junctions as a function of bias voltage. We find that both molecules show an
increase in differential conductance as a function of applied bias, in contrast to measurements of
1,6-Diaminohexane (3). This is consistent with trends in the ionization potential for the three
molecules. We further find that junctions with 1 and 2 show significant increases in noise and
reductions in stability at applied biases above about 450 mV, while junctions with 3 remain
stable to a bias voltage of 900 mV. This significantly affects the statistically averaged IV

characteristics at high applied bias for 1 and 2.
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6.1 Summary and Scientific Impact

I have discussed the electronic and thermoelectric conduction properties of single
molecule junctions, measured using the scanning tunneling microscope break junction technique.
Employing this technique has enabled us to investigate fundamental quantum transport physics
in an effort to further advance the development of viable molecular electronic devices. The work
presented here has contributed to the growing wealth of knowledge concerning transport at the
nanometer length scale and helped to facilitate a greater understanding of the transfer of charge
across interfaces and quantum mechanical systems. It has also provided a foundation on which
future studies can be built.

After explaining how the STM-BJ method was performed, we described a new way to
construct highly conducting single molecule junctions through the use of in sifu chemistry. This
led to the formation of junctions with effectively no contact resistance and therefore the observed
conductances were one to two orders of magnitude higher than that of their equivalents made
with more common linkers. The best of the series, a derivative of xylene, exhibited a
conductance close to the quantum of conductance Gy, indicative of a near resonant transport
mechanism. DFT calculations showed that conduction through these directly bonded junctions is
mediated by the Au-C bond, which serves as a gateway state between the electrode and the
molecular backbone. This notion was explored further by measurement of junction thermopower
and with a tight binding model posed to reproduce the experimentally observed trends. The
presence of the gateway state caused a non-linear increase in thermopower with molecular
length. Furthermore, because of their special conduction properties, these highly conducting
junctions displayed exceptionally high power factors when compared with other values of single

molecule power factor both here and in literature.
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Thermopower measurements have also allowed us to assess the validity of the single
level model for transport. In the case of HOMO-conducting, amine-linked junctions, the d-state
of the gold electrode introduced a non-Lorentzian feature into the transmission curve, which
caused the estimation of the frontier orbital alignment to the Fermi level to be inaccurate when
compared with DFT-based calculations. A pyridine-linked junction, on the other hand, as a
consequence of being a LUMO conductor, is not impacted by this gold state, therefore making a
Lorentzian transmission function a reasonable approximation. The properties of amine-linked
junctions were also investigated by performing finite bias experiments, in which we saw that
applying a large bias tended to weaken one of the bonds and cause junction breakdown. We also
observed that the degree of non-linearity of the I-V curves depends on the proximity of the
conducting orbital to the Fermi energy of the electrodes.

We probed transport across different molecular backbones by studying transmission
through a silicon chain. We observed that their electronic properties more closely resembled the
family of oligoenes as opposed to their direct organic analogs, fully saturated alkanes; their
decay of conductance with length for the series was comparatively more shallow. We also
observed a break in the “sigma-conjugation” of the silane when the backbone reached lengths of

five atoms and longer.
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6.2 Outlook

While much work has been done to investigate the transport properties of molecular
junctions, there remains to be a wide range of related studies that could be performed to better
understand these systems. First, the mechanism behind the cleavage of the trimethyltin end
groups continues to be an unanswered question. There were dozens of tin-terminated molecules
that were run in the STM-BJ setup that did not show any direct evidence for in situ cleaving of
the end groups. A detailed study of the chemical reaction of the molecule with gold atoms could
lead to more reliable formation of the directly-bonded junctions. Perhaps related to that,
knowing the toxicity of tin radicals, finding an alternative end group that either cleaves
spontaneously or needs a chemical or physical catalyst to cleave would be a worthwhile
improvement.

We saw that the tight binding approach accurately models the thermopower of
polyphenyl derivatives, but there are other, more complicated physical processes that the model
ignores. This includes the energy correction due to image charge effects. Perhaps this is why
the model does not seem to explain the alkane thermoelectric data too well. The DFT
transmission curves for the alkanes contain a resonance/antiresonance feature between the
backbone resonances and Au-C bond state that directly influences their low-bias properties. This
probably results from a parallel pathway for transmission, either into or across the backbone.
Furthermore, in other, more weakly bound systems, like the series of amine-terminated benzenes,
where the d-state of the gold electrode is clearly visible in the transmission, a more sophisticated
transmission model should be applied to accurately reproduce the results.

Lastly, we have used single molecule transport measurements to probe the properties of

the transmission function near the Fermi level generally in three different ways — low bias
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conductance measurements, thermopower, and molecular I-V curves. When focusing on
junctions with truly Lorentzian transmission curves, the location of the molecular resonance as
predicted by each of the three methods is inconsistent, especially when coupled with DFT
calculations. Due to their inherent nonlinearity, fitting the molecular I-V curves always
underestimates the gap between the Fermi level and molecular orbital. The underestimation may
be the result of a bias-dependent Stark shift, the mechanism behind which is still unknown. Some
possible causes might be, but are not necessarily limited to, the polarizibility of the junction,
bond strengthening/weakening in the presence of an electric field, or current-induced changes in
molecular confirmation (a quinoidal resonance effect on a polyphenyl, for example).

These studies and others would help us gain further insight into how charge transport
works at the quantum level. Creating molecular junctions using the STM-BJ technique is just
one of the many, current approaches to study quantum transport, and others will be discovered in
the future. But nonetheless, STM-BJ has proven to be a valuable and widely-used tool in
investigating nanoscale conduction. However, there remains to be plenty of unanswered
questions when it comes to the field of molecular electronics, not just concerning transport
physics, but across multiple disciplines, including synthetic chemistry, electrical and computer
engineering, and others. Ultimately, building viable molecular technologies will take a

collaborative effort between experts with a variety of different backgrounds.
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A.1 Supplementary Information for Section 3.1

The conductance of each molecule was measured using the STM-based break-junction
technique, where an Au tip (Alfa Aesar, 99.999%) cut to be sharp is perpendicularly brought in
and out of contact with a substrate of ~100 nm of gold (Alfa Aesar, 99.999%) evaporated onto
cleaved mica disks. The substrate is mounted on a piezoelectric positioner (Mad City Labs), so
that sub-angstrom resolution in position is achieved. During the entire break junction procedure,
a small, constant bias (25-250 mV) is applied between the tip and the substrate while the current
is measured (Keithley 428-Prog). Piezo control and data collection was performed using a
National Instruments PXI Chassis System (with PX1-4461, PXI-6289) at 40 kHz and driven and
managed with a custom-program using Igor Pro (Wavemetrics, Inc.).

The experimental set-up is kept under ambient conditions. For each experiment, the
substrate is cleaned under UV/Ozone for 15 minutes prior to use. For every conductance trace
measurement, the STM tip is first brought into hard contact with the substrate to achieve a
conductance greater than ~ 10 Gy. At this point, the junction electrodes are pulled apart at a
speed of 15 nm/s for 0.25 seconds. Conductance is measured as a function of tip-sample
displacement to generate conductance traces. For each tip/substrate pair, at least one set of 1,000
traces of clean gold breaks is collected to ensure the system is clean. Then, the target molecule,
dissolved in 1,2,4-trichlorobenzene (~10 mM) is deposited and over 10,000 conductance traces
are collected for each of the molecules reported here. To determine the conductance of a
molecule, every trace is binned linearly into conductance bins, without any data selection, and
compiled into a single conductance histogram. The resultant peak in the histogram gives the
most frequently measured value of molecular conductance. Every molecule was measured using

multiple tip/substrate pairs, on different days to check for consistency and reproducibility.
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Figure A.1: Conductance histograms for C6SnPh;, C6 and C9, generated from over 15000
conductance traces, without any data selection. Histogram bin size is 10°G. Inset: Conductance
histogram peak position versus number of methylene groups for all data in Figure 3.1(d) and for
C9 (green circle).

Control Experiments: A series of control molecules were measured to reinforce the
notions of SnMej; cleavage and the direct formation of direct Au-C bonds.

1. 1,9-bis(trimethylstannyl)nonane (C9): To eliminate the possibility of odd/even effects,
1,9-bis(trimethylstannyl)nonane (C9) was synthesized and measured. The conductance
histogram and peak position for C9 is shown in Figure A.1 where we see no unusual
odd/even effects.

2. 1,6-bis(triphenyltin)-hexane (C6SnPh;): A tri-phenylated, rather than tri-methylated,
version of C6 was also synthesized (1,6-bis(triphenyltin)-hexane (C6SnPhjs)). The
histogram for this molecule is also shown in Figure A.1. We see no molecular peak,
indicating that the steric bulk of the phenyl groups blocks the formation of molecular
junctions, probably by inhibiting the accessibility of the Sn-C bond to the gold atoms on
the electrode. As comparison, the conductance histogram for C6 is also included.

3. Additional Experiments With 1,4-bis(trimethylstannyl) benzene (Ph): Measurement

of Ph did not show molecular plateaus during the first 2.5 hrs of measurements. In order
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to determine whether or not the reaction was triggered by the applied voltage, we
introduced the ~ImM solution into the experimental set-up with the tip and substrate at
equipotential (grounded) and waited for 3 hours before starting the measurements. We
found conductance plateaus appeared immediately, indicating that a bias was not required
during the wait period. This implies that the reaction is not voltage induced, but rather
just stems from exposure of the target molecules to the gold surface. Second, we found
that the length of the wait period depends weakly on the concentration of the solution.
When increasing the concentration of the solution by about 2 orders of magnitude, the
waiting period decreased by only about half. This reaffirms that the mechanism behind
the reaction is indeed surface chemistry, which means that exposure of the target
molecule to the gold surface is essential to causing the transformation that facilitates
measurement of conductance.
Data Analysis: In order to determine the percent of traces with steps, the following procedure
was used. First, conductance cutoffs were designated using the conductance histograms for each
molecule. The cutoffs were chosen to properly window the conductance peak (see example for
C6 in Figure A.2(a)).

The number of points in the conductance window was then counted for each trace,
yielding a value for an equivalent molecular step length. If a particular trace has a step that is
longer than 0.01 nm within the conductance window, we counted these traces as having a
molecular plateau. For C4, 15% of all measured traces showed a conductance plateau. For C6,
which is a slightly longer molecule, 30% of the traces showed a conductance plateau. The

percentage of traces with C8 plateaus when measuring the C4 solution is about 50%, while a
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Figure A.2: (a) Conductance histogram for C6 showing the peak region highlight the conductance
window used to determine traces with conductance plateaus. Inset: Conductance window shown
for sample traces. (b) Histogram of the length of continuous plateau segments for C6. A total of
2682 plateau segments were determined from the selected 700 traces. Inset: Sample conductance
traces showing individual segments.

solution initially composed of C8 yields 60%. The longer molecules, such as C10 and C12,
exhibit an almost 100% capture rate.

Many traces with molecular plateaus for C6-C12 show dips to lower conductance value,
as shown in Figure 3.1(b). In contrast to molecular steps observed with amine-terminated or
methylsulfide-terminated alkanes which are relatively flat and featureless, the molecular steps
here show systematic dips at 2-2.5A length intervals as the junction is elongated. To determine
these length intervals, we select traces that have plateaus that are longer than 4A. From the
16000 traces measured with C6, about 4800 had a molecular plateau, but only about 700 had a
plateau longer than 4A. After selecting this sub-set of 700 traces, we determined the length of
each of the continuous segments within the entire molecular plateau (the distance between the
dips) designated by the conductance window shown in Figure A.2(a). In Figure A.2(b), we plot a
histogram of these continuous segment lengths. Two clear peaks are visible in this histogram
indicating that continuous plateau lengths are around multiples of 2.1A. As the length of the

target molecule increases, the number of dips during each molecular step generally increases.
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A.2 Supplementary Information for Section 3.2

The conductance of each molecule was measured using the STM-based break-junction
technique, where an Au tip (Alfa Aesar, 99.999%) cut to be sharp is perpendicularly brought in
and out of contact with a substrate of ~100 nm of gold (Alfa Aesar, 99.999%) evaporated onto
cleaved mica disks. The substrate is mounted on a piezoelectric positioner (Mad City Labs), so
that sub-angstrom resolution in position is achieved. During the entire break junction procedure,
a small, constant bias (25-250 mV) is applied between the tip and the substrate while the current
is measured (Keithley 428-Prog). Piezo control and data collection was performed using a
National Instruments PXI Chassis System (with PX1-4461, PXI-6289) at 40 kHz and driven and
managed with a custom-program using Igor Pro (Wavemetrics, Inc.).

The experimental set-up is kept under ambient conditions. For each experiment, the
substrate is cleaned under UV/Ozone for 15 minutes prior to use. For every conductance trace
measurement, the STM tip is first brought into hard contact with the substrate to achieve a
conductance greater than ~ 10 Gy. At this point, the junction electrodes are pulled apart at a
speed of 15 nm/s for 0.25 seconds. Conductance is measured as a function of tip-sample
displacement to generate conductance traces. For each tip/substrate pair, at least one set of 1,000
traces of clean gold breaks is collected to ensure the system is clean. Then, the target molecule,
dissolved in 1,2,4-trichlorobenzene (~10 mM) is deposited and over 10,000 conductance traces
are collected for each of the molecules reported here. To determine the conductance of a
molecule, every trace is binned linearly into conductance bins, without any data selection, and
compiled into a single conductance histogram. The resultant peak in the histogram gives the
most frequently measured value of molecular conductance. Every molecule was measured using

multiple tip/substrate pairs, on different days to check for consistency and reproducibility.
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Figure A.3: (a) Conductance histograms from measurements of P1 and P1d at a 25 mV bias. (b)
Conductance histograms from measurements of P1 and 4FP1 at a 25 mV bias. (c) Conductance
histograms from measurements of P2 and P2a at a 250 mV bias.

Additional Data: Conductance histograms from additional measurements — all

histograms are generated form over 10000 measurements without any data selection.
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A.3 Supplementary Information for Section 3.3

General Procedure and Instrumentation: Single molecule conductance measurements
were performed using a home-built modified Scanning Tunneling Microscope (STM). A hand-
cut 0.25 mm diameter gold wire (99.998%, Alfa Aesar) was used as the STM tip. The substrate
was a gold-coated (99.999%, Alfa Aesar) mica surface. Sub-angstrom level control of the tip-
substrate distance was achieved using a commercially available single-axis piezoelectric
positioner (Nano-P15, Mad City Labs). The STM was controlled using a custom program using
IgorPro (Wavemetrics, Inc.). All of the experiments were conducted at room temperature in
ambient conditions.

In the STM-Break Junction technique, the tip is repeatedly brought in and out of contact
with the substrate, while a constant bias is applied and current is measured. Immediately after
the contact breaks, a target molecule in the vicinity can bridge the gap so that it’s conductance
(G=1/V) can be measured. The target molecules were introduced in solution form (~ImM in
1,2,4-Trichlorobenzene) and tens of thousands of conductance vs. displacement traces were
obtained at 40kHz for each molecule studied so that a statistical analysis of the data can be
achieved. In general, a bias of 225mV was used to measure molecular conductance, except in
the cases of the Si4 and Si5, which was measured with a bias of 350 mV. Conductance
histograms were constructed without any sort of data selection.

Control Experiments: Several control molecules were independently measured to
preclude contaminants in the conductance apparatus or analyte solutions and to ensure that the
junction are formed as a direct result of the thiomethyl end groups. For the conductance

histograms of these molecules, see the Figure A.4. None show a significant conductance peak.
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Figure A.4: Conductance histograms for several control molecules shown with logarithmic
binning. None show a significant conductance peak in the measurable range of conductance. The
molecules include the synthetic precursors as well as possible linkerless/oxidized products.

(1a) thioanisole (MeSPh), (1b) 4-bromothioanisole (MeSPhBr), (2a) diphenyltetramethyldisilane
(Si2Ph), (2b) siloxane (SiOSiPhSMe), (2¢) diphenyloctamethyltetrasilane (Si4Ph).
4-Bromothioanisole (MeSPhBr) is the precursor for the aryl lithiate employed in the
synthesis of silanes Sil-5 and thioanisole (MeSPh) is the product of hydrolysis of that aryl
lithiate. These two compounds are intermediates common to all four silanes assayed. We
measured the conductance of these molecules to determine if trace impurities could be
responsible for the length-independent conductance peak at ~10°Go. The lack of conductance
signal in the histogram above suggests that these possible contaminants in the analyte solution
are not responsible for the conductance results observed. We also investigated silanes lacking
methyl sulfide link groups (Si2Ph and Si4Ph) to determine if junction formation is still possible
(either due to direct Au-Si bonds through cleaving of the phenyl groups or bonding of the phenyl
rings directly to the gold). The lack of a conductance signal suggests that Au does not make
direct contacts to aryl-capped silanes, confirming the necessity of SMe groups for junction
formation. Lastly, to determine if in situ oxidation of the silane chain has an effect on the

conductance results, we measured the conductance of a siloxane variant (SiOSiPhSMe). No
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Figure A.5: Linearly binned histograms for Sil-5 constructed with a bin size of 10° Gy. The
histograms have been offset vertically for clarity.

conductance peak was observed, consistent with the observation that disruption of the nanowire
HOMO through oxidation will reduce conductance.

Additional Conductance Histograms: Given in Figure A.5 are the linearly-binned
histograms for Sil-5. They were constructed with a bin size of 10° Gy and Si2-5 are offset
vertically downward for clarity. They exhibit broad conductance peaks between 10” and 107
Gy. There 1s a clear downward shift in conductance as the number of silicon atoms in the
molecular backbone increases. The same data sets were used to create the log-binned histograms
included in Section 3.3.

The analogous series C2-4 was also measured in order to compare the two decay
constants. The log-binned histograms for C2-4 are given in Figure A.6. Each histogram
includes more than 20000 traces and was prepared using 100 bins per decade of Gy. The
downward red arrows designate the peak locations used in Section 3.3 to calculate the constant 3

for C2-4.
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Figure A.6: Logarithmically binned histograms for C2-4. The histograms are constructed with a
bin size of 100/decade. The peak of each histograms is marked with a downward arrow.

2-Dimensional Histograms Si2-5: The 2D conductance histograms for Si2-4 are given
in Figure A.7. The 2D conductance histogram for Sil is included in Section 3.3. We see here

that the molecular junction elongation length increases as the length of the molecule increases.
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Figure A.7: Two-dimensional conductance histograms for Si2-5. The each show a molecule
dependent conductance plateau which increases in length with increasing length of the molecule.
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A.4 Supplementary Information for Section 4.1

The conductance of each molecule was measured using the STM-based break-junction
technique, where an Au tip (Alfa Aesar, 99.998%) cut to be sharp is brought in and out of
contact with a substrate of ~100 nm of gold (Alfa Aesar, 99.999%) evaporated onto cleaved mica
disks. The substrate is mounted on a piezoelectric positioner (Mad City Labs), so that sub-
angstrom resolution in position is achieved. During the entire break junction procedure, a small,
constant bias (10 mV) is applied between the tip and the substrate with a 10kC series resistance
added in the circuit while the current is measured (Keithley 428-Prog). Piezo control and data
collection were performed using a National Instruments PXI Chassis System (with PXI-4461,
PXI-6289) at 40 kHz and driven and managed with a custom-program using Igor Pro
(Wavemetrics, Inc.).

The experimental set-up is kept under ambient conditions. For each experiment, the
substrate is cleaned under UV/Ozone for 15 minutes prior to use. For every conductance trace
measurement, the STM tip is first brought into hard contact with the substrate to achieve a
conductance greater than ~ 10 Gy. At this point, the junction electrodes are pulled apart at a
speed of 15.8 nm/s for 250 ms (or 3.95 nm). Conductance is measured as a function of tip-
sample displacement to generate conductance traces. For each tip/substrate pair, at least one set
of 1,000 traces of clean gold breaks is collected to ensure the system is clean. Then, the target
molecule is deposited by thermal evaporation (by holding the substrate a few cm above liquid
phase molecule in ambient conditions) and an additional 1,000 conductance traces are collected.
Every molecular conductance trace is binned linearly into conductance bins, without any data

selection, and compiled into a single conductance histogram. The conductance histograms for
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Figure A.8: Conductance histograms of the five molecules under study. The histograms were
each formed from 1000 traces without any sort of data selection using a bin size of 10° Gy and are
plotted on a log-log scale. The white regions denote the windows used for selection of thermal
current measurements. For 4, the dark grey region represents the region of the low-conducting
configuration.

each of the five molecules are given in Figure A.8. Every molecule was measured using multiple
tip/substrate pairs, on different days to check for consistency and reproducibility.
The molecules measured were as follows:

(1) 4,4’-diaminostilbene (Astatech, 97%)

(2) bis-(4-aminophenyl)acetylene (house synthesized)

(3) 1,5-bis(diphenylphospino)pentane (Sigma Aldrich, 97%)

(4) 4,4’°-bipyridine (Fluka, 99%)

(5) 1,2-di(4-pyridyl)ethylene (Fluka, 98%)

For measurement of thermal current, the preceding procedure was modified. A “hold”
portion was incorporated into the piezo pull-out ramp, where after the piezo stretched the
junction for 2.37 nm, the junction was held constant for 50 ms, and then the stretching continued.
During the central two quartiles of the hold (middle 25 ms), the applied bias was dropped to
zero, so that all of the current measured here would be due solely to the thermal gradient. The

electronics were carefully calibrated after every 1,000 traces to ensure that there were no other
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# Kept Traces €)) 2) 3) “) 5)
AT=0K 428 650 528 531 863
AT=14K 474 581 694 475 682
AT=27K 410 898 789 1423 956

Table A.1: Number of traces selected for each molecule at each AT.

sources of bias across the junction. The substrate was mounted onto the hot side of a
thermoelectric (Peltier) device, while the cold side was kept near room temperature.
Additionally, the STM tip was kept near room temperature throughout the measurement. The
temperature of the hot substrate and the tip was recorded using a thermocouple. For each
molecule, more than 3600 thermal current traces were collected at each of three AT’s (0 K, 14 K,
27 K), though not every trace successfully contained a molecular thermal current measurement
(i.e. if the gold point contact ruptured “too early” or “too late). A trace was deemed to
successfully measure thermal current through a molecular junction if the average conductance of
the first and fourth quartiles of the hold (i.e. when the applied bias is 10 mV) fell within the
conductance peak of that respective molecule. The selection regions used are highlighted in
white in the conductance histograms in Figure A.8. The number of traces selected for each
molecule at each AT is given in Table A.1.
Histograms of Measured Average Conductance and Thermal Current

The histograms for (2) bis-(4-aminophenyl)acetylene, 3) 1,5-
bis(diphenylphospino)pentane, (5) 1,2-di(4-pyridyl)ethylene and (4) 4,4’-bipyridine (low
conductance geometry), which were not included in Chapter 4, are included here (Figure A.9).
In all cases, green denotes AT = 0 K, blue denote AT = 14 K, and red denotes AT =27 K.
Inclusion of the Low-Conducting State of (4) 4,4’-Bipyridine

Although the sample size is small, we are also able to obtain a distribution of Seebeck

coefficients for junctions with 4,4’-bipyridine in the low-conducting state. The conductance
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Figure A.9: Histograms for average conductance (left) and thermal current (right) for (a) (2), (b)

(3), and (c) (5) for each of the three AT’s.

window used is denoted by the dark grey region in the histogram for (4) in Figure A.8. The

histograms for thermal current and Seebeck coefficient are given below: We get a molecular
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Figure A.10: Histograms of thermal current (left) at each of the three AT’s and histogram of
molecular Seebeck coefficient (right) for the low-conducting state of 4,4’-bipyridine.

Seebeck coefficient of -11.5 uV/K, which is close to the Seebeck coefficient we get for junctions

in the high-conducting state (-9.5 pV/K).
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A.5S Supplementary Information for Section 4.2

The following molecules were synthesized according to procedures previously reported
in literature[1, 2] and used for the measurements reported here. All structures are shown in
Figure A.11:

1) 1,4-bis((trimethylstannyl)methyl)benzene (P1)

2) 4,4'-bis((trimethylstannyl)methyl)-1,1'-biphenyl (P2)

3) 4,4"-bis((trimethylstannyl)methyl)-1,1":4',1"-terphenyl (P3)

4) 4,4"-bis((trimethylstannyl)methyl)-1,1":4',1":4",1""-quaterphenyl (P4)
5) 1,6-Bis(trimethylstannyl)hexane (C6)

6) 1,6-Bis(trimethylstannyl)octane (C8)

7) 1,10-Bis(trimethylstannyl)decane (C10)

The conductance of each molecule was measured using the STM-based break-junction
technique[3, 4], where an Au tip (Alfa Aesar, 99.998%) cut to be sharp is brought in and out of
contact with a substrate of ~100 nm of gold (Alfa Aesar, 99.999%) evaporated onto cleaved mica
disks. The substrate is mounted on a piezoelectric positioner (Mad City Labs), so that sub-
angstrom resolution in position is achieved. During the entire break junction procedure, a small,
constant bias (10 mV) is applied between the tip and the substrate with a 10k series resistance
added in the circuit while the current is measured (Keithley 428-Prog). Piezo control and data
collection were performed using a National Instruments PXI Chassis System (with PXI-4461,
PXI1-6289) at 40 kHz and driven and managed with a custom-program using Igor Pro

(Wavemetrics, Inc.). The experimental set-up is kept under ambient conditions.
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Figure A.11: Structures of the molecules used in the STM-BJ experiment. The trimethyltin end
groups cleave off both sides in situ allowing the terminal carbons to covalently bind to the gold
electrodes.

For each experiment, the substrate is cleaned under UV/Ozone for 15 minutes prior to

use. For every conductance trace measurement, the STM tip is first brought into hard contact
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Figure A.12: Two-dimensional conductance histograms of C6, C8, and C10. Thousands of
conductance traces are aligned at the rupture of the gold point contact to generate the 2D
histograms. The bins have a width of 0.008 nm along the displacement axis and 100/decade along
the conductance axis. The feature between 10™ and 10 G, in the 2D histogram for C6 is due to
the in situ formation of the dimer molecule, C12.
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Figure A.13: Top: Piezo ramp used, including a “hold” portion between 150 and 200 ms. Middle:
External applied voltage across the leads which drops to zero during the center of the “hold”
portion. Bottom: Sample trace for molecular junction. The measured current is shown in red and
the voltage measured across the junction is shown in blue.

with the substrate to achieve a conductance greater than ~ 10 GO. At this point, the junction
electrodes are pulled apart at a speed of 16 nm/s for 250 ms. Conductance is measured as a
function of tip-sample displacement to generate conductance traces. For each tip/substrate pair,
at least one set of 1,000 traces of clean gold breaks is collected first to ensure the system is clean.
Then, the target molecule is dissolved in acetone (~10mM) and drop cast onto the substrate. The
solvent is allowed to evaporate so that a dry layer of analyte remains and an additional 1,000
conductance traces are collected before starting the thermoelectric current measurement.

For measurement of thermoelectric current, the preceding procedure was modified[5]. A
“hold” portion was incorporated into the piezo pull-out ramp, where after the piezo stretched the

junction for 2.37 nm, the junction was held constant for 50 ms, and then the stretching continued
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Figure A.14: Average thermoelectric current histograms for P1/Au (582 traces), P3 (629 traces),
and P4 (2,942 traces) for AT ~ 14 K. The thermoelectric current histograms for each at AT =0 K
(not shown) are narrow and centered at 0 nA and are represented here by dotted lines.

until the junction was broken. During the central two quartiles of the hold (middle 25 ms), the
applied bias was dropped to zero, so that all of the current measured would be due solely to the
thermal gradient. The electronics was carefully calibrated after every 50 measurements to ensure
that there were no other sources of bias across the junction. The substrate was mounted onto the
hot side of a thermoelectric (Peltier) device, while the cold side was kept near room temperature.
Additionally, the STM tip was kept near room temperature throughout the measurement. The
temperature of the hot substrate and the tip was recorded using a thermocouple. For each
molecule, more than a few thousand thermal current traces were collected at each AT’s (0 K and
~14 K), though not every trace included a molecular junction during the “hold” period (i.e. if the
gold point contact ruptured “too early” or “too late”). To determine if a molecule was held
during this period, the average conductance of the first and fourth quartiles of the hold (i.e. when
the applied bias was 10 mV) was analyzed. If it was within the conductance peak of that
respective molecule then the trace was selected. A schematic depiction of the procedure along

with a sample trace is given in Figure A.13.
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Figure A.15: Histograms of thermopower for C6 (250 traces), C8 (506 traces), and C10 (1,815
traces). The histograms are fit with Gaussians to determine the most frequently measured
molecular junction thermopower. The peak thermopower for all three alkanes is 5.0-5.6 pV/K.
The width of the C10 distribution is attributed to signal to noise limitations.
Alternative Models:

Single-Lorentzian Results: We start with the single-Lorentzian model for which the
conductance and thermopower are used to determine the energy level alignment relative to the

Fermi energy Er — E, and the coupling I' from the equations below[5, 6]:

F2/4’ SO G 8GSO(EF - Eo)
T(E) = ; E—E=2—<1——>; =
() (E, —E)2+4r2/4’ °F 707 %5 Go j SG,
21,2
where So = mRRT _ 7.2576 eV x 1uV/K and Gy = 77.5 pS. The data in Table 4.2 are used to

generate the Lorentzian transmission curves given in Figure A.16.

Modeling Transmission and Fitting Data: For all tight-binding models we first
determine the Hamiltonian matrix. The retarded Green’s function for the model junction is then
G(E) = [EI — H]™! and the transmission is given by T (E) = I'?|G,x|?* where G, denotes the
component of the Green’s function matrix that describes the propagation between the left and
right electrodes[7]. From this, the conductance and thermopower are calculated numerically. We

use this to determine the best fit-coefficients for our data as follows. We pick a set of
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Figure A.16: Lorentzian transmission functions determined individually for each of the
oligophenyls measured using the measured values of conductance and thermopower following
the equations given above.

coefficients, calculate the transmission functions for all molecules and determine all
conductances and thermopowers at Er. We then systematically vary the coefficients to minimize
the total least-squares error given by:

3
2 2
Error = Z 10[ln(Gexp,n) - ln(Gmodel,n)] + [Sexp,n - Smodel,n]

n=0

We use the natural logarithm of the conductance in determining the error so that we don’t
skew the fit towards higher conducting molecules or just the thermopower.

Model 1: A tight-binding model is constructed to represent the frontier orbital set that
controls conductance in which a single energy level is assigned to each individual phenyl ring at
an energy Ej. These are coupled to each other through a hopping parameter 6. The terminal
phenyl states also interact with the electrodes through an imaginary energy independent self-
energy term —il'/2. The Hamiltonian for this model is similar to that given in the main text, but
without the gateway states. We solve for the transmission with the parameters that minimize the

error between the model and experiment. As can be seen in Figure A.17, this model gives a
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Figure A.17: Transmission functions determined by solving the Hamiltonian that treats each
individual phenyl as a separate state, but does not include the gateway state. The parameters used
are: Ey=-3.87, ' =2.74, 6 = -1.6. A comparison of the model with experiment is also shown.

strictly linear increase in thermopower and underestimates the molecular conductance, and
therefore does not fit the experimental data well.

Model 2: This model introduces two gateway states at an energy ¢ that are tunnel
coupled to each other through a length dependent parameter &,, = 8,e ~#™/2. They also interact
with the electrodes through an imaginary energy independent self-energy term —il'/2.The
parameter 5 describes the long molecule limit of the decay of transmission. The Hamiltonian for

this model is given below:

_(e—1il/2 On
H‘( 5, e—iF/Z)

The transmission function calculated from this Hamiltonian is:

r2s2 r242
|(E —e+il/2)? — 62|?> largen ((E —¢€)?+T2/4)?

Tw(E) =



151

Gateway States

N
N

~
r

O G Exp. @ G Model 3
© SExp. ¢ S Model d3g

-

o
(=]
T

1

""" © J20

N
o)
gzr
1
—
(&) ]

-
o
]
|
~
’
’
|

10

Conductance (Gy)
=
T
@
1
(M/AM) Jemodowsay |

-5 1 1
-3.0 2.0 -1.0 0.0 1.0 P1 P2 P3 P4
Energy (eV)

Figure A.18: Transmission functions determined for all oligophenyls following the equations
given above using the parameters: € =-0.21, I' = 0.97, 8, = -0.45 and B = 2.4. A comparison of the
model with experiment is shown in the bottom right panel.

The thermopower can then be approximated as where we f is taken to be energy dependent:

~

m?kiT 1dT —n2k§T< (e —E) d,[)’)
3¢ TdE = 3e \4(e—E)2+T2 '"dE

Results from solving this transmission with the parameters that minimize the error are shown in

Figure A.18.
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Alkanes DFT Results Compared with Experiments:

Transmission
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Figure A.19: (a) The optimized geometry of a C6 junction with an isosurface plot of the scattering
state at the Fermi energy. (b) Transmission curves calculated using DFT shown on a log scale for
C1, C4, C6, and C8. (c) Conductance and (d) thermopower given as a function of molecular
length for both experiment and DFT.
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