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Figure 2-1 Schematics describing charge, thermoelectric and thermal transport in molecular
junctions. (a) An organic molecule bridged between two electrodes to form a single molecular
junction. Left: electrical conductance measurement scheme. Middle: thermoelectric (Seebeck
coefficient) measurement scheme. Right: thermal conductance measurement scheme. (b) Electric
currents in a molecular junction are driven by a difference in the Fermi-Dirac distributions in the
electrodes arising from an applied bias (V). (c) Thermoelectric transport under a temperature
difference (Thot - Tcoid). The sign of the Seebeck coefficient (S) is detemined by the alignement of
the HOMO and LUMO levels of the molecular junction with respect to the Fermi level of the
e L= 1 00 SRR 9

Figure 2-2 Theoretical proposals for enhancing thermoelectricity in molecular junctions. (a)
Results for CSW-479-bipyridine molecule.®” Left top: schematic of the molecule with a side group
which can rotate around the C-C bond connecting it to the molecule. Left bottom: transmission
function when the side group is rotated. Right: calculated ZT with respect to rotation angle and
temperature. Darker color indicates higher ZT. (b) Results of thermeoelctric properties of
polyphenyl ether (PPE) molecules.® Schematic of the molecule is shown on top left with length
denoted as n. Left bottom: Seebeck coefficient vs chemical potential from n = 1 (black line) to n
=7 (purple line). Right: Maximum ZT plotted as a function of n. Insert: ZT vs. chemical potential,
where the maximum ZT value increases with n. (c) Helicene molecular junctions.®® Left:
Schematic of helicene molecule subject to mechanical stretching/compression. Middle: Seebeck
coefficient with respect to stretching/compressing distance. r < 0 indicates compression and r > 0
stretching. Right: Plot of calculated ZT. (d) Analysis of high power output energy conversion.®
Left: schematic of zinc porphine molecule with sketching of wave function of the two degenerate
levels. Light/dark shade indicates positive/negative magnitude of wave function. Middle, plot of
the transmission function. The low-energy tail is eliminated. Right: plot of efficiency at maximum
output power (n' maxp) in unit of Carnot efficiency (nc) as a function of the difference between the
coupling strength of two levels (a, defined in EQ. (2.4.3)). .cooveiiieiiiiiiece e 14

Figure 2-3 Schematics of STM break junction (STMBJ) technique. (a) STM tip is in proximity to
a substrate bonded with SAM molecular junctions. (b) The process of trapping a single molecular
junction. STM tip is brought in contact with the substrate. Molecular junctions are formed when
the STM tip retracts from the substrate until only one molecule bridges the tip and substrate. (c)



Representative traces of electrical conductance of the junction during the withdrawal process.®
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Figure 2-4 Schematics of experimental setups for thermoelectric measurements of molecular
junctions. (a) STMBJ based setup.?’” The STM tip is kept at ambient temperature while the
substrate is heated up. The current and voltage amplifier are switched on alternatively to measure
the thermoelectric voltage across the junctions. (b) CP-AFM based setup.!” The AFM cantilever
IS in contact with a reservoir at temperature T while the Au substrate is heated to an elevated
temperature T + A7. (c) MCBJ setup.”” A free-standing Au junction is created by bending the
substrate. Temperature differentials between the electrodes are achieved via an integrated Pt coil
micro-heater. A polyimide layer insulates the Au electrodes from the bending substrate. (d) EBJ
setup.?? A gate electrode is used to tune the electronic structure of the junction. One of the
electrodes is heated by applying a sinusoidal electric current at frequency f through an integrated
heater, resulting in a temperature difference and a thermoelectric voltage output at frequency 2f.
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Figure 2-5 Length dependence of the Seebeck coefficient of molecular junctions. (a) Seebeck
coefficient of phenylenedithiol (green triangle), phenylenediamine (red circle) and ADT (blue
square) molecular junctions with respect to molecular length.” (b) Thermopower of SnMes
terminated polyphenyl (square, N1) and SnMes terminated alkane (circle, N2) vs molecule length.®
(c) Transition from tunneling to hopping regime of (CG) DNA molecules inserted with (AT)
tunneling blocks (blue triangle).8! (CG) sequence DNA molecules don’t show transition behavior
(black square). (d) Experimental (square, left axis) and computational (circle, right axis) results of
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Figure 2-6 Theoretical results for triphenyl molecular junctions with five different end groups.®®
(a) Schematic of triphenyl molecules with five different end groups. (b) and (c) Transmission as a
function of energy. For SS3, 003, and (NH2).3 molecules, the HOMO peak is closer to the Ekr.
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Figure 2-7 Effect of chemical structure, conformation and shape of molecules on thermoelectric
properties of molecular junctions. (a) Thermoelectric properties of BDT based molecular junctions
with substituents.”® Left: Structure of BDT2Me, BDT, BDT4F, and BDT4CI molecules (from top
to bottom). Right: Lorentzian shaped transmission functions which illustrates how the transmission
function is expected to change due to electron-withdrawing groups (BDTA4F, blue line and BDTACI,
green line, BDT, black line), and electron-donating groups (BDT2Me, red line). (b) Effect of shape
on Cg derivative based junctions: Cg2 (blue circle), Gd@Cs. (green triangle), Gd@Cs> (red
square).”® (c) Effect of mechanical deformations of molecular junctions on their thermoelectric
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Lorentzian approximation of the transmission function, where blue, green, and red vertical lines
approximate the position of Er for Au-Pt, Au-Au, and Au-Ag junctions.!® (b) Plot of measured
thermoelectric voltage of Au-BDT-Au (red triangle) and Ni-BDT-Ni (blue square) molecular
junctions. Top inset: transmission function of Au-BDT-Au junction. Bottom inset: transmission
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Ceo-Au (b) junctions using three-terminal EBJ technique. Left: molecular junction structures.
Middle: Lorentzian curves that approximate the transmission function when the gate voltage is
varied from -8 V to +8 V. Right: Measured Seebeck coefficient as a function of gate voltage.?

Figure 3-1 Schematics describing transport in molecular junctions and experimental approaches.
a,b, Geometry of Au-(para-OPE3)-Au and Au-(meta-OPE3)-Au junctions, respectively. c,
Schematic description of the origin of thermocurrent in a molecular junction in which charge
transport is dominated by the HOMO level. The transmission function is to be a sum of two
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Figure 5-1 Probing cooling in molecular junctions. a, Schematic of the experimental platform.
Molecular junctions are formed by placing a Au-coated AFM tip in gentle contact with a self-
assembled monolayer created on a Au-coated calorimetric microdevice. The electrical
conductance of the molecular junctions is measured by supplying a small voltage bias (Vp) and
recording the resultant current. The temperature change of the microdevice is induced by the
heating or cooling effect in the current-carrying molecular junctions. The resistance of the Pt
thermometer is continuously monitored by applying an electric current (lin) into the resistor and
measuring the voltage output (Vca). PSD, position-sensitive detector. b, Scanning electron
microscope image of the custom fabricated microdevice. ¢, Chemical structures of the molecules
studied in this experiment. d, Schematic description of the origin of the Peltier effect in a molecular
junction in which transport is dominated by the HOMO. The transmission function is depicted as
a Lorentzian around the HOMO and LUMO levels. The terms pical, Qneat and Qcool denote chemical
potential, heating and cooling power, respectively. e, Same as d, but for the LUMO-dominated
(07 OO PP PP R TPPP PRSPPI 86

Figure 5-2 Observation of Peltier cooling in Au-BPDT-Au junctions. a, Experimental protocol for
quantifying the heating and cooling power in molecular junctions. A periodic three-level voltage
(blue line) is supplied into the junctions, while electrical current (purple line) and thermal signal
(black lines) are simultaneously recorded. Improved thermal resolution is obtained by averaging
the thermal signal over a large number of periods to reduce noise level. b, Time-averaged heating
and cooling signal traces (red lines) under different voltage bias. ¢, Measured voltage-dependent
thermal power for BPDT junctions. The solid red line indicates the fitted curve using equation
(5.3.1) and the measured Seebeck coefficient and electrical conductance. The shaded blue region
indicates the voltage region where net cooling (refrigeration) is observed. Inset shows the
measured data and the fitted curve for voltage bias from -9 mV to +9 mV. The red arrow points to
the voltage that leads to the maximum cooling effect. Error bars represent the standard deviation
of data obtained from the time-averaging scheme. d, Measured Seebeck coefficient (S) of BPDT
junctions. The red solid line is the best linear fit to the measured data, with the slope indicating the
Seebeck coefficient. Inset shows the 1-V characteristics of the junctions obtained by averaging ten
individual 1-V curves. The green shaded region represents the standard deviation. Error bars
represent the standard deviation of data obtained from five independent measurements. ........... 88

Figure 5-3 Measured Peltier effect in Au-TPDT-Au, Au-Au and Au-BP-Au junctions. a, b, As in
Fig. 5-2 ¢ and d, but for TPDT junction. The black solid line indicates the fitted curve using
transport parameters (low-bias conductance and Seebeck coefficient) input from independent
characterizations of both properties. c, d, For Au-Au noncontacts in which negligible cooling effect
is found. e, f, For BP junction. In contrast to BPDT and TPDT junctions, the maximum in cooling
power is observed when a positive bias is applied, consistent with the physical picture of the Peltier
effect in LUMO-dominated molecular junctions (indicated by negative Seebeck coefficient in
f). Error bars in a, c, e represent the standard deviation of data obtained from the time-averaging
scheme. Error bars in b, d, f represent the standard deviation of data obtained from five independent
IMIEASUIEIMIEIES. ...ttt ettt ettt ettt et ettt e e bt e et e eh b e e bt e e be e e bt e e R e e et e e be e e mb e e nbeeenbeeabneanneenneeanes 91

Xiv



Figure 5-4 Computed heating/cooling effect in the molecular junctions used in this experiment. a,
Calculated zero-bias transmission function as a function of energy, measured with respect to the
Fermi energy (Er), for BPDT, TPDT and BP junctions. The transmission and its derivative at Er
determine the electrical conductance and the Seebeck coefficient of the molecular junctions,
respectively. b-d, Calculated heating and cooling power at different voltages for BPDT, TPDT and
BP single-molecule junctions, respectively. The insets show the geometries used to compute the
dIfferent tranSPOIt PrOPEITIES. .....c.iiviiiiiieiieie ettt 94

Figure 5-5 Nanofabrication of the suspended calorimetric devices. Detailed steps in the fabrication
of the suspended calorimetric devices are described in the text. ..o 98

Figure 5-6 Calibration of the thermal resistance and thermal time constant of the calorimetric
devices. a, Measured temperature rise of the device as a function of the input power. The thermal
resistance is given by the slope of the fitted curve. b, Normalized temperature rise of the device as
the frequency of the sinusoidal heat input is varied. The red square indicates the -3dB point..... 99

Figure 5-7 Surface topography of the suspended microdevices obtained by Atomic Force
Microscopy (AFM). The Pt serpentine thermometer can be seen in (a). b, AFM scans performed
on the planar region of the microdevice reveal a RMS roughness of ~0.4 nm within a 500 nm by
D00 NMIM BIBA. ..ottt ettt ettt e kst e e b et e bt e e he e e m b e e b e e e nb e e ehe e et e e abeeenn e e nnneenneenneas 100

Figure 5-8 Power spectral density (PSD) of the deflection of AFM cantilever. The peak frequency
at ~13 kHz corresponds to the resonance frequency of the cantilever, and the thermally-driven,
mean squared displacement of the cantilever is about 0.039 NM2. ..........c.cccovevrvireeeeeseeeeeene, 101

Figure 5-9 Stiffness calibration of the suspended calorimeter. Force-displacement curves of an
AFM probe on the calorimeter and a solid substrate. The insets show the differences in deflection
in the two different experiments. The stiffness of the microdevice calorimeter can be estimated
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Abstract

The study of charge transport and thermoelectricity in molecular junctions is of fundamental
interest for understanding charge transport mechanisms and provides knowledge critical for the
development of nanotechnologies including electronics, energy conversion and thermal
management. In spite of a large amount of theoretical and experimental work into charge transport
and thermoelectric properties of various molecular junctions, several important questions remain

unsolved.

Quantum phenomena dominate transport in molecular junctions, therefore, a natural question
to ask is whether it is possible to tune the thermoelectric properties of molecular junctions via
quantum interferences. To answer this question, | present work where we investigated charge and
thermoelectric properties in molecular junctions based on two oligo (phenylene ethynylene) (OPE)
derivatives where quantum interference effects are expected to arise. Our experiments reveal that
meta-OPE3 junctions, which are expected to exhibit destructive interference effects, yield a higher
thermopower (with ~20 uV/K) compared with para-OPE3 (with ~10 uV/K). Results from both
single-molecule junction and monolayer experiments correspond well with each other and agree
well with computational predictions made by our collaborators. Our results show that quantum
interference effects can indeed be employed to enhance the thermoelectric properties of molecular

junctions.
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Along with enhancing thermoelectric properties of molecular junctions via quantum
interference, past theoretical work has proposed another strategy to tune the thermoelectric
properties in molecular junctions by varying the metal centres incorporated in porphyrins. The
tunability of thermoelectric properties in these junctions, however, have not been experimentally
explored. To explore the feasibility of tuning the thermoelectric properties in these junctions, we
conducted measurements in Au-porphyrin-Au, Au-(Cu-porphyrin)-Au and Au-(Zn-porphyrin)-Au
junctions. To achieve better thermoelectric performance, we replaced the thiol end groups that are
typically employed in a series of metallo-porphyrins with triisopropylsilyl end groups, which
enable a direct C-Au bond resulting in an increase of the electrical conductance. In fact, our single
molecule experiments show nearly two orders of magnitude increase in the electrical conductance
of junctions compared to previous work that employed thiol end groups. The thermoelectric
experiments reveal tunable thermopower through molecules with different metal centres. Overall,
among the molecules studied in our work, we find that Au-(Zn-porphyrin)-Au junctions exhibit

the best thermoelectric performance.

In addition to the energy conversion of heat-to-electricity as discussed above, thermoelectric
effects are also expected to enable cooling in molecular junctions through Peltier effects and in
principle such Peltier cooling in molecular junctions may be applied to fabricate refrigerators at
molecular scale. However, experimental observation of Peltier cooling in molecular junctions has
not been possible. Here, | discuss the experimental observation of Peltier cooling in molecular
junctions. The molecular junctions studied here are Au-(biphenyl-4,4'-dithiol)-Au, Au-(terphenyl-
4,4"-dithiol)-Au and Au-(4,4'-bipyridine)-Au, of which the charge transport and thermoelectric
properties are widely studied in the field. Our results unambiguously show cooling in molecular

junctions under small bias voltage and reveal the relationship between heating or cooling and
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charge transport mechanisms in studied molecular junctions. Our experimental results are

supported by computational results from our collaborators.
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Chapter 1 Introduction

1.1 Molecular Electronics

The miniaturization of electronic circuit elements is always a requirement in
semiconductor industry.? Using single organic molecules or molecule assembles as building
blocks for electrical devices has become a promising solution due to their intrinsic nanometer
size. Molecular junctions, created by bridging single molecular or molecule assembly between
metal electrodes, have been widely explored in the past several decades. The achievements
have led to the field of molecular electronics, which aims to investigate the charge and thermal
transport properties in molecular junctions including both single-molecular junctions and

molecule assembly.

Molecular electronics has become one of the most important field in nanotechnology since
it not only provides fundamental knowledge on how charge and phonon transport across the
junctions but also facilitates application in nanotechnology.?’ From the point of view of basic
science, molecular electronics focuses on charge and thermal transport phenomena at
nanometer and sub-nanometer scale, which differs that in bulk materials. At this regime, the
charge and thermal transport are dominated by quantum mechanics, and the effect of
mechanical, electrical, optical and magnetic properties of molecules can act together and lead
to varieties of physical phenomena. These phenomena can be employed to develop devices

for electronics, signal detection, energy conversion and energy storage. However, the charge



and thermal transport mechanism in molecular junctions have not be fully understood yet and
there are many questions to be answered in this field.® ° In this sense, molecular electronics is
gaining more and more attention with molecular junctions as a good platform to investigate

and control charge and thermal transport at the atomic and molecular scale.

From the point of view of nanotechnology, molecules are good electronic elements as they
have several advantages.® 1° First of all, molecules used in molecular electronics have small
size off 1 — 10 nm, which represents the limit in current semiconductor industry. This could
allow packing of electronic devices in an extremely high density. Towards this goal, people
are attempting novel technologies in order to create molecular devices with high density, low
cost and high efficiency. Second, self-assembled nanoscale structures can be utilized to
investigate intermolecular interactions. This method can be used to modify the conformation
of molecules and led to switching behavior of molecular junctions. The result can be employed
to develop nanoscale sensors and signal detecting devices. Also, molecular electronics bring
novel functionalities to current electronic devices. With carefully chosen existing molecules,
the specific properties could lead to new electronic functions in the circuit which are not
present in silicon-based circuits. Moreover, synthetic technology has enabled the design and
tailor of molecules. The charge and thermal transport properties in molecular junctions can be
varied by choosing the chemical composition and geometry of molecules. The tailored
molecules could also exhibit mechanical, optical and magnetic properties, which further
expand the application of molecular electric devices. Altogether, although molecular junctions
have not been applied in practical device manufactory in industry, researchers are pushing the
field towards better understand of charge and thermal transport properties and possible

electronic devices with high efficiency and outstanding performance.

2



The history of molecular electronics can be traced back to 1970s.* Kuhn and Mann
conducted conductivity measurements of cadmium salts of fatty acids in 1971 and the results
showed exponentially decayed conductivity with layer thickness, which implies tunneling
transport mechanism through the molecule monolayer. Later in 1974, Aviram and Ratner first
discussed the charge transport through a single molecule theoretically. In this work a single
molecule was creatively proposed to act as an electronic device, a molecular rectifier, for the

first time.

The theoretical work following Aviram and Ratner!! in 1970s urged for experimental tools
to verify the results. The invention of scanning tunneling microscope (STM) by Gerd Binning
and Heinrich Rohrer in 1981 and atomic force microscope (AFM) in 1982 made experiments
on single molecule level possible. Despite the ability to obtain topology information at atom
scale as imaging tools, STM and AFM enable trapping of single and multiple molecules
between metal materials to create molecular junctions with high yield thus facilitates abundant
experimental studies. As pioneer experimentalist, Mark Reed’s group carried out significant
work!?15 to understand the charge transport at single-molecule levels in the 1990s and 2000s.
In 2003, Xu and Tao® employed STM to repeatedly form single molecular junctions and
measured their resistance. This technique is referred as scanning tunneling microscope break
junction (STM-BJ) and is widely used in the field molecular electronics. Similarly, conductive
probe AFM (CP-AFM) are used to conduct experiment on molecular monolayers!’-°,
Furthermore, other techniques including mechanically controlled break junction (MCBJ)?% 2,
electromigrated break junction (EBJ)? and nanocrystal arrays?® also provide experiment
platform for the investigation of charge and thermal transport properties in molecular

junctions.



The developments in both theoretical and experimental tools have led to tremendous
interesting studies in the field of molecular electronics and greatly broadened the topics.
Besides the conductance in molecular junctions, researchers explored several topics in the past
a few decades. One is the correlation between mechanical force and charge transport
properties in molecular junctions, where AFM-based force spectroscopy acts as powerful tool
since it provides force and distance information at the same time?*. Another branch in
molecular electronics is to discover the optical properties and their influence on charge
transport in molecular devices. Optical spectroscopies, for example Raman spectroscopy?>,
could provide characterization of the local junction structure and thus enable the study of
interaction of plasmons with molecules at nanoscale. Meanwhile, people also investigate the
possibility to control the spin states in the molecule or electrodes therefore to create potential
spintronics devices?® for data storage and quantum computation. In the aspect of energy
conversion, Reddy et al.?’ adapted the STM-BJ technique and conducted the first
thermoelectricity measurement in single-molecular junctions. After that researchers have been
developing approaches to increase the thermopower and energy conversion efficiency in

molecular junctions (See Chapter 2).
1.2 Overview of this dissertation

Within the field of molecular electronics, the study of charge transport and
thermoelectricity in molecular junctions has drawn increasing attention, since it not only
provides understanding of fundamental charge transport mechanism across molecular
junctions but also provides promising approaches for energy conversion and waste heat
recycle at nanometer scale. The aim of the research is to realize thermoelectric devices with

high thermopower, high energy conversion efficiency and high output power at optimized
4



efficiency. The realization of these goals requires molecular junctions with (1) high electrical
conductance, (2) high thermopower (also called Seebeck coefficient) and (3) low thermal
conductance. | will discuss the details of improving thermoelectric performance of molecular
junctions in Chapter 2. The electrical conductance and Seebeck coefficient are directly related
to charge transport across the molecular junctions, while the thermal conductance relates to
both charge and phonon transport in the molecular junction. In this dissertation, I will focus
on the work of improving thermoelectric performance via increased electrical conductance
and Seebeck coefficient. Past experiment work has measured the electrical conductance and
thermoelectricity in a bunch of single-molecular and molecule monolayer junctions, however
the approaches to increase the power factor in molecular junctions have not been fully
explored. The main questions that are to be addressed in this dissertation are: (1) is it possible
to increase the electrical conductance in molecular junctions? (2) Is it possible to increase the

thermoelectricity in molecular junctions via quantum interference?

To answer these questions, it requires both an understanding of the charge transport across
molecular junctions and experiment platforms for steadily trapping of molecules and
repeatedly forming molecular junctions. In Chapter 2, | will first discuss the theoretical frame
work of charge transport and thermoelectricity in molecular junctions. Then | will briefly
introduce current available experiment tools and techniques to study charge transport and
thermoelectricity in molecular junctions. Following this introduction, | will review the
computational and experimental work in this field so as to give a better understanding of the

charge transport and thermoelectricity in molecular junctions.

In Chapter 3, I will discuss the work of tuning electrical conductance and thermoelectricity

and in molecular via quantum interference. The molecules studied in this work are two OPE
5



derivatives with same chemical composition but different geometry on the center benzene ring.
Destructive interference arises in the meta-connected molecule and lead to increased
thermopower in the molecular junctions. However, the electrical conductance is suppressed
due to the same effect. Both single-molecular junction and monolayer experiments were

conducted, and the results agree well with each other.

In Chapter 4, | will describe the work of investigation charge transport and
thermoelectricity in metallo-porphyrin molecular junctions with varied metal centres.
Porphyrins are widely studied due to their varied functional properties. As a highly conjugated
molecule, it provides impressive charge transfer properties. Different metal centres
incorporated within the porphyrins are proven to be able to tune the charge transfer properties
in molecular junction, yet the ability to tune thermoelectric properties remains unexplored. In
this work a series of Au-metallo-porphyrin-Au junctions were investigated to reveal the effect
of different metal centres on charge transport and thermoelectric properties. One the other
hand, direct Si-Au bond were employed to bridge the molecules with Au electrodes, which

leads to nearly two orders of magnitude increase in electrical conductance.

In Chapter 5, I will discuss the observation of Peltier cooling in molecular junctions, which
is a critical step for establishing molecular-base refrigeration. An experimental platform was
created to allow unified characterization of electrical, thermoelectric and energy dissipation
characteristics of molecular junctions by integrating conducting-probe atomic force
microscopy with custom-fabricated picowatt-resolution calorimetric microdevices, we
created a platform. Au-(biphenyl-4,4'-dithiol)-Au, Au-(terphenyl-4,4"-dithiol)-Au and Au-
(4,4"-bipyridine)-Au junctions were studies and revealed the relationship between

heating/cooling and charge transportation characteristics.
6



Chapter 2 Charge Transport and Thermoelectricity in Molecular Junctions

Reproduced with permission from The Journal of Chemical Physics.

Longji Cui*, Ruijiao Miao*, Chang Jiang, Edgar Meyhofer and Pramod Reddy, the

Journal of Chemical Physics, 146, 092201, (2017).

2.1 Abstract

With the advent of molecular electronics, tremendous attention has been paid towards
understanding the structure-function relationship of single molecular junctions.
Understanding how charge is transported and how heat is converted into electricity in
molecular junctions is of great importance to design thermally robust molecular circuits and
high-performance energy conversion devices. Additionally, the study of thermal and
thermoelectric phenomena in molecular junctions provides novel insights into the limits of
applicability of classical laws. Here, we present a review of the computational and
experimental progress made in probing thermoelectric effects in self-assembled monolayer
and single molecular junctions. We also discuss the outstanding challenges and interesting

future directions in this field.



2.2 Introduction

The intriguing idea!! of building electrical components and interconnects using single
molecules has greatly inspired researchers over the past 40 years and led to the emergence of
the field of “molecular electronics”. Transport characteristics of junctions of single molecules
between electrodes (Fig. 2-1 a), called molecular junctions, have been extensively explored
to investigate the feasibility of creating molecular devices with desirable transport
characteristics. Both experimental and theoretical work has shown that molecular junctions
can indeed be employed to achieve unique and interesting charge transport characteristics.? ®
10,2832 Qwing to the technical and computational advancements over the last decade, energy
(thermal) transport and conversion properties of molecular junctions have attracted
considerable attention® 8 ° 3338 Fundamentally, probing thermal transport in molecular
junctions is useful to understand the limits to the applicability of classical theories at the
nanoscale. Moreover, such studies are also essential for future practical applications of
molecular junctions in electronic devices and in developing high-efficiency energy conversion
devices. For example, it has been computationally proposed that by carefully designing
molecular junctions, it is possible to achieve very efficient thermoelectric energy
conversion.®*% Furthermore, single molecular chains are also expected to feature ultrahigh
thermal conductivities, in strong contrast to the relatively poor thermal conductivity of
polymer materials,*> 2 indicating that a more detailed understanding of thermal transport in
such molecules may enable the creation of polymer based materials with high thermal

conductivity.

In this chapter, we review current understanding of thermal and thermoelectric properties

of molecular junctions. Insights obtained from both theoretical and experimental
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investigations of both self-assembled monolayer (SAM) and single molecular junctions will
be described. Our paper is organized as follows: in Chapter 2.3, we briefly introduce the
Landauer formalism that is used to describe transport in molecular junctions; subsequently in
Section 2.4, we review the theoretical and experimental advancements in studying
thermoelectric effects in molecular junctions. Finally, we conclude by highlighting some open

questions in the field.

E eyl LUMO

HOMO

Figure 2-1 Schematics describing charge, thermoelectric and thermal transport in molecular
junctions. (a) An organic molecule bridged between two electrodes to form a single molecular
junction. Left: electrical conductance measurement scheme. Middle: thermoelectric (Seebeck
coefficient) measurement scheme. Right: thermal conductance measurement scheme. (b)
Electric currents in a molecular junction are driven by a difference in the Fermi-Dirac
distributions in the electrodes arising from an applied bias (V). (c) Thermoelectric transport
under a temperature difference (Thot - Tcoid). The sign of the Seebeck coefficient (S) is
detemined by the alignement of the HOMO and LUMO levels of the molecular junction with
respect to the Fermi level of the electrodes.



2.3 Theoretical Framework Describing Charge Transport and Thermoelectricity in

Molecular Junctions
2.3.1 Electrical Conductance of Molecular Junctions

Landauer’s seminal work* which relates electrical conductance to electron transmission
is widely used for describing transport in molecular junctions.**® Within the Landauer

formalism (Fig. 2-1 b), the electrical current (1) at finite bias (V), is given by*®
+00
Ze
=2 [ G- foetae (231)

where PQ-L/R is the Fermi-Dirac distribution of the left/right electrodes and z(E) is the

transmission function, which describes the probability of electrons transmitting through the

molecular junction. The Fermi-Dirac distribution is given by

E _ -1
fisr = [1 + exp <—#L/ R)l (2.3.2)
kgTy/r

where E is any given energy, ks is the Boltzmann constant and Ty are the temperatures of the

left and right electrodes.

By applying the small-bias and low-temperature approximations, Eg. (2.3.1) can be

simplified to yield

I 2e?
—_ = Ge = T TE=EF (233)

Interestingly, for one fully open channel (tg—g, = 1), we find a limit value
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(2.3.4)

which is called the electrical conductance quantum.
2.3.2. Seebeck Coefficient in Molecular Junctions

The thermoelectric properties of molecular junctions can also be described within the
Landauer formalism (Fig. 2-1 c). Specifically, when a temperature difference (AT) is applied
across a molecular junction, an open-circuit voltage (AV) develops across the junction (Fig.
2-1 c¢). The Seebeck coefficient (S) is given by S = —AV/AT and can be related to the

transmission function by*” 48

_ m*kgT o In(z(E)) (23.5)
3le| 0E E=Ey h

It is clear from the above expression (valid if the transmission function changes
approximately linearly with E on the scale of keT) that the slope of the transmission functions
at the chemical potential (Fermi energy) determines the sign and magnitude of the Seebeck

coefficient.
2.3.3 Thermoelectric Transport in Molecular Junctions

Thermoelectric materials have long been employed for solid-state heat engines that
convert heat into electricity. The energy conversion efficiency is represented by a
dimensionless quantity called the figure of merit (ZT) which is defined as

_SZO'T
Tk

ZT

(2.3.6)
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where S is the Seebeck coefficient (also called thermopower), o is the electrical conductivity,
k is the thermal conductivity and T is the absolute temperature. Analogous to bulk materials,
the efficiency of a molecular junction in converting heat into electricity is quantified by

S2G,T
Gen

ZT = (2.3.7)

where Ge and G represent the electrical and thermal conductance respectively. The energy
conversion efficiency (r) of a molecular junction monotonically increases with ZT and is

given by

Vv1+2ZT -1
n="nc
VI+ZT + ¢/,
H

(2.3.8)

where TH and Tc are the temperature of the hot side and the cold side, respectively, and

T
ne=1-"C/p (2.3.9)

H

is the Carnot efficiency which is the upper limit of heat-to-work conversion efficiency any
heat engine can reach. It can be seen from Eqg. (2.3.8) that achieving high energy conversion
efficiency requires a large ZT which in turn can be obtained if the molecular junctions feature
a large thermopower and electric conductance, and a small thermal conductance. Given the
results in Eq. (2.3.1), Eq. (2.3.5) and Eq. (2.3.7) it is clear that large values of ZT can be
achieved if molecular junctions simultaneously feature a large value of z(E) and a large

gradient of the transmission ot / OE at the chemical potential.
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2.4 Computational Studies of Charge Transport and Thermoelectricity in Molecular

Junctions

One of the first studies to explore thermoelectric properties in molecular junctions was by
Paulsson and Datta®® where they analyzed the thermoelectric current and voltage of
benzenedithiol (BDT) based molecular junctions. Their findings suggested that the
thermoelectric current and voltage output of BDT molecular junctions were large enough to
be measured and insensitive to the molecule-electrode coupling details. Further, this work
highlighted that the relative position of the HOMO (highest occupied molecular orbital) and
LOMO (lowest unoccupied molecular orbital) with respect to the Fermi energy plays an
important role in determining the sign of the Seebeck coefficient, suggesting that
thermoelectric measurements of molecular junctions can reveal important information about

the electronic structures of molecular junctions.

Subsequently, several groups theoretically studied the thermoelectric properties of
molecular junctions to explore the feasibility of achieving high ZT.3": 38 4962 For example,
Finch et al.3 presented a computational study for CSW-479-bipyridine molecular junctions
with gold electrodes (Fig. 2-2 a). They showed that by tuning the orientation of side group
with respect to the molecular backbone, the thermopower could be dramatically enhanced,
resulting in a large ZT value. They attributed this enhancement to Fano resonance®, which
arises from the presence of degenerate energy levels in the molecular backbone and the side
groups. Specifically, they found that the transmission function showed a peak, which was

shifted towards the Fermi energy by controlling the angular orientation of the side group.
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Figure 2-2 Theoretical proposals for enhancing thermoelectricity in molecular junctions. (a)
Results for CSW-479-bipyridine molecule.®” Left top: schematic of the molecule with a side
group which can rotate around the C-C bond connecting it to the molecule. Left bottom:
transmission function when the side group is rotated. Right: calculated ZT with respect to
rotation angle and temperature. Darker color indicates higher ZT. (b) Results of thermeoelctric
properties of polyphenyl ether (PPE) molecules.®® Schematic of the molecule is shown on top
left with length denoted as n. Left bottom: Seebeck coefficient vs chemical potential from n
=1 (black line) to n = 7 (purple line). Right: Maximum ZT plotted as a function of n. Insert:
ZT vs. chemical potential, where the maximum ZT value increases with n. (c) Helicene
molecular junctions.®® Left: Schematic of helicene molecule subject to mechanical
stretching/compression. Middle: Seebeck coefficient with respect to stretching/compressing
distance. r < 0 indicates compression and r > 0 stretching. Right: Plot of calculated ZT. (d)
Analysis of high power output energy conversion.®° Left: schematic of zinc porphine molecule
with sketching of wave function of the two degenerate levels. Light/dark shade indicates
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positive/negative magnitude of wave function. Middle, plot of the transmission function. The
low-energy tail is eliminated. Right: plot of efficiency at maximum output power (0" maxp) in
unit of Carnot efficiency (nc) as a function of the difference between the coupling strength of
two levels (a, defined in Eq. (2.4.3)).

Bergfield et al.®® investigated polyphenyl ether (PPE) molecules bridged between gold
electrodes (Fig. 2-2 b). Their work suggested that a sharp peak in the transmission function
near the Fermi energy could arise from quantum interference effects®® 4 8 and thus led to a
large Seebeck coefficient. Further, they showed that by increasing the number of phenyl rings

in the molecule, very high ZT (> 4) was reachable.

Besides modifying the shape of transmission function by means of quantum interference,
recent work has also found that spin-crossover could be used to tune the charge transport®-68
and thermoelectric properties® of molecule-ferromagnetic metal junctions. Ghosh et al.®®
studied a spin-crossover molecule Fe(2-(1H-pyrazol-1-yl)-6-(1H-tetrazole-5-yl)pyridine)
([Fe(L)2]) which has a sharp transition from a low-spin (LS) state to a high-spin (HS) state
upon elevating the temperature of the junction, and both spin and electron contributed to the
thermoelectric current. ZT at HS (350 K) was found to be 4 times higher than that that at LS

(250 K).

Vacek et al.** studied thermoelectric properties in helicene molecular junctions when the
helical shaped junctions are mechanically stretched or compressed (Fig. 2-2 ¢). They showed
that when the molecular junction is compressed, a significant enhancement of electrical
conductance and a sign-change of thermopower, originated from the change in the
overlapping of the wave functions of nearest atoms, are expected, resulting in an increase in
ZT. Upon stretching, the ZT value was found to first decrease and subsequently increase. They

suggested that the idea of mechanically controlling electric conductance and thermopower
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could also be applied to other non-planar shaped molecules including cycloparaphenylenes,
cyclacenes, ball-like molecules, carbon cages, tailored fullerenes, fullerene cages and short

DNA molecules.

Despite the studies indicating the possibility to perform thermoelectric energy conversion
at efficiencies close to the Carnot limit, operation close to the Carnot limit implies almost
reversible thermodynamic processes and therefore, the power output is negligible. In practice,
as have been highlighted in recent works® 7% ™ it is essential to understand the relationship
between efficiency and power out under irreversible conditions. The Curzon-Ahlborn (CA)
limit, which describes the thermodynamically maximum efficiency of a heat engine operating
under conditions where the power output is maximized, is therefore of great interest. The

maximum efficiency of a heat engine operating at maximum output power is given by

Ne  Mé
Nca =7+§+0(77?}) + - (2.4.1)

Where 7ca(nc) is the Curzon-Ahlborn (Carnot) efficiency. To achieve this maximum output
power, the transmission function of molecular junctions has to be rationally designed.

In this regard, Nakpathomkun et al.®® studied a low-dimensional system with an

approximately Lorentzian shape transmission function, which is given by

(&)

(E) =
RPN o}

(2.4.2)

where E| is the center position of the Lorentzian and T is the full width at half of maximum

of ©(E). When the Lorentzian is very sharp with T close to zero, the power output becomes
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zero. By carefully choosing T and the relative position between E, and Er, the output power
can be optimized. Although optimized output power is achieved, the Curzon-Ahlborn limit
can’t be reached with a Lorentzian shaped t(E), since its low-energy tail indicates that the

electric current in the direction opposite to the thermoelectric current is not filtered.

To overcome this challenge, Karlstrom et al.®* took advantage of the quantum interference

in a two-level system (Fig. 2-2 d) where the transmission function is expressed as

1 a?

|(E—EF)+E1+il" (E-Ep)+E;+ia?T

7(E) = T2 (2.4.3)

where the energy levels E; and E; are located on the same side of Er, and the coupling
strengths of the two energy levels to the electrodes are differed by a factor of a?. When E, =
a’E,, t(E) is zero at Er and is large for a finite range of energies above Er. This implies that
T(E) has a large gradient at E and a finite width so that the system can operate with large
power output. They further showed that the efficiency of such a system can be very close to

the CA-limit and can be realized in Au-zinc porphyrin-Au molecular junctions.

Taken together, computational work on the thermoelectric efficiencies of molecular
junctions suggests that there are various strategies to achieve energy conversion at very high
efficiencies (close to the Carnot limit) and large power outputs (close to the CA-limit). By
taking advantage of strategies like having a delta-function (or step function) shape
transmission function with steep slope in the optimum position from the Fermi energy, and
creating an asymmetric Lorentzian-like transmission function with limited width,
thermopower can be significantly enhanced in molecular junctions.”” Furthermore,
approaches to tune the transmission function are not limited to what introduced above. Other
methods, such as, redox control of the quantum interference within phase coherent molecular
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wires,”? varying the transition metal-centre in porphyrin-based conjugated molecules,’* and
creating m-n overlap between planar aromatic anchor groups and electro-burnt graphene
electrodes,’ can also be employed to increase the thermopower and Z7 in molecular junctions.
In the following, we will discuss about the experimental studies of the thermoelectric

properties of molecular junctions.

2.5 Experimental Techniques and Experimental Studies in Investigating Charge

Transport and Thermoelectricity Properties in Molecular Junctions

Several groups have experimentally quantified the thermoelectric properties of molecular
junctions. Below, we first provide a brief discussion of experimental techniques that were
developed to measure the thermoelectric properties of molecular junctions in two-terminal
configurations, i.e., techniques that enable the measurement of a voltage output from junctions
created by trapping molecules between a hot and a cold electrode. Subsequently we review
the studies on the dependence of thermopower in molecular junctions on various factors such
as molecular length, end groups, molecular structures and conformation, electrode materials,
and temperature. Finally, we discuss about the three-terminal techniques that enable tuning

the thermoelectric properties of molecular junctions.
2.5.1 Two-terminal Thermoelectric Measurements

The thermoelectric properties of molecular junctions were first experimentally probed by
Reddy et al.?’. In performing these studies the authors adapted a STM based technique called
the STM break-junction (STMBJ) technique that was originally developed by Xu and Tao*®
for probing electrical transport in molecular junctions (Fig. 2-3 a). Since the electrical and

thermoelectric properties of molecular junctions are pivotal to thermoelectric energy
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conversion, we first introduce the STMBJ technique and then describe how Reddy et al.?’

modified it for single-molecule thermoelectric measurement.

In the STMBJ technique a voltage bias is applied between the sharp tip of an STM
(typically made of Au) and an Au substrate covalently bonded with a monolayer of molecules.
The tip is displaced towards the substrate while the electrical conductance between the tip and
the sample is being monitored. This process continues until an electrical contact is established
and an electrical conductance of ~5 Go or greater is observed (signifying the formation of Au-
Au atomic contacts). During this process, in addition to the formation of Au-Au contacts,
some molecules stochastically bridge the electrodes (see Fig. 2-3 b). Subsequently, the tip is
withdrawn from the substrate, while the electrical conductance is being recorded. This process
results in a scenario where a few molecules bridge the tip and substrate. By further
withdrawing the tip, the molecular bridges break successively until there is only one molecule
existing between the tip and the substrate. During this withdrawal process the electrical
conductance of the tip-molecule-substrate junctions is measured. Typical conductance traces
obtained in such an experiment’® are shown in Fig. 2-3 c. A substantial number of conductance
traces can then be used to analyze and obtain statistically significant information about the

electrical properties of molecular junctions.

In order to modify this STMBJ technique to study thermoelectric effects of molecular
junctions, the key is to set up a temperature difference across the molecular junction. In Fig.
2-4 a, a single molecular junction formed by using the STMBJ technique is depicted. The Au
substrate is heated while the STM tip is kept at room temperature by putting it in contact with
a large thermal reservoir. Because the molecular junction thermal conductance is sufficiently

smaller than the thermal conductance between the gold STM tip and the thermal reservoir
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with which it is in contact, a tip-substrate temperature difference, AT, is therefore stably

established.%® %7

(c) ,

10

103

[

107

STM tip displacement

Tip approaching Tip withdrawing

Figure 2-3 Schematics of STM break junction (STMBJ) technique. (a) STM tip is in proximity
to a substrate bonded with SAM molecular junctions. (b) The process of trapping a single
molecular junction. STM tip is brought in contact with the substrate. Molecular junctions are
formed when the STM tip retracts from the substrate until only one molecule bridges the tip
and substrate. (c) Representative traces of electrical conductance of the junction during the

withdrawal process.’
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Figure 2-4 Schematics of experimental setups for thermoelectric measurements of molecular
junctions. (a) STMBJ based setup.?’” The STM tip is kept at ambient temperature while the
substrate is heated up. The current and voltage amplifier are switched on alternatively to
measure the thermoelectric voltage across the junctions. (b) CP-AFM based setup.!” The AFM
cantilever is in contact with a reservoir at temperature T while the Au substrate is heated to an
elevated temperature 7 + AT. (c) MCBJ setup.”” A free-standing Au junction is created by
bending the substrate. Temperature differentials between the electrodes are achieved via an
integrated Pt coil micro-heater. A polyimide layer insulates the Au electrodes from the
bending substrate. (d) EBJ setup.?? A gate electrode is used to tune the electronic structure of
the junction. One of the electrodes is heated by applying a sinusoidal electric current at
frequency f through an integrated heater, resulting in a temperature difference and a
thermoelectric voltage output at frequency 2f.

4 b

The procedure to measure the Seebeck coefficient involves the trapping of multiple
molecules between the electrodes by following the procedure described above. Afterwards,

the voltage bias and the current amplifier that are used to monitor the current are disconnected
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and a voltage amplifier is connected to measure the thermoelectric voltage induced by AT (see
Fig. 2-4 a). Subsequently, the tip is slowly withdrawn until all the molecules trapped break
off. During this process, the output voltage, AV, is continuously monitored. When the last
molecule breaks off, the thermoelectric voltage vanishes. This output voltage AV, due to AT,

is a measure of the Seebeck coefficient and is obtained by S = -AV / AT.

Reddy et al.?’ employed the above-described STMBJ technique to probe the
thermoelectric  properties of molecular junctions created from benzenedithiol,
dibenzenedithiol and tribenzenedithiol molecules and Au electrodes (Fig. 2-5 a). These
experiments revealed that the Seebeck coefficient of these aromatic molecular junctions is

positive and increased monotonically (and approximately linearly) with molecular length.

The STMBJ technique as applied to thermoelectric studies was further improved by
Widawsky et al.”® who succeeded in simultaneously recording the electrical conductance and
thermopower of single molecular junctions in STMBJ technique by measuring both the zero-
bias thermocurrent and the electrical conductance under a small applied bias. Using this
method, the authors explored several amine-Au linked and pyridine-Au linked molecular
junctions. From these measurements they observed a positive Seebeck coefficient for amine-
Au linked molecular junctions and a negative Seebeck coefficient for pyridine-Au linked
molecular junctions, confirming that transport in amine-Au junctions is HOMO dominated

whereas that in pyridine-Au junctions is LUMO dominated.
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Figure 2-5 Length dependence of the Seebeck coefficient of molecular junctions. (a) Seebeck
coefficient of phenylenedithiol (green triangle), phenylenediamine (red circle) and ADT (blue
square) molecular junctions with respect to molecular length.” (b) Thermopower of SnMes
terminated polyphenyl (square, N1) and SnMes terminated alkane (circle, N2) vs molecule
length.®® (c) Transition from tunneling to hopping regime of (CG) DNA molecules inserted
with (AT) tunneling blocks (blue triangle).8! (CG) sequence DNA molecules don’t show
transition behavior (black square). (d) Experimental (square, left axis) and computational
(circle, right axis) results of Ceo monomer, dimer and trimer (only computational data shown
for trimers).%?

In addition to the STMBJ technique, a different technique that is based on atomic force
microscope (AFM) to probe thermoelectric effects in SAM molecular junctions was
developed by Tan et al.l”. Briefly, an Au-coated AFM probe made of Si, that is at ambient

temperature, is placed in contact with a heated Au substrate that is covered with a monolayer
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of molecules, while the deflection of the cantilever is continuously monitored and maintained
at a constant value using feedback control (Fig. 2-4 b). The electrical conductance and the
Seebeck coefficient of the tip-SAM-metal junctions are directly measured, respectively, by
monitoring the current output under a small bias and measuring the voltage output under a

temperature difference.

Mechanically controlled break junction (MCBJ) technique is another widely used
experimental platform for probing the electrical and thermoelectric transport properties of
molecular junctions. The first mechanical “break junction” experiment was conducted by
Moreland and Ekin®® for electron tunneling in superconductors. Later Muller and van
Ruitenbeek®* developed MCBJ technique in which a suspended metallic wire with a notch at
the center is attached to a thin substrate (Fig. 2-4 c¢). Further, the flexible device is mounted in
a three-point contact configuration. The center of the device is pushed by a piezoactuator
whose motion can be controlled precisely by external bias. This process results in an
elongation of the wire and eventually leads to the fracture of the wire at the notch, exposing
clean metal surfaces. By controlling the motion of the actuator, the gap size between the
electrodes can be systematically controlled allowing one to close and reopen the gap.
Specifically, the displacement between the electrodes is a small fraction (also called reduction
factor) of the displacement of the actuator due to the geometry of the MCBJ platform. This
reduction factor enables very precise control in the separation of the electrodes with picometer
scale stability. The superb stability of the MCBIJ platform was extensively leveraged by
researchers to create single atomic junctions by creating and gently breaking the contact

between electrodes.
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Reed et al.'? applied the MCBJ technique to perform the charge transport measurements
in organic molecule based molecular junctions for the first time. Briefly, they exposed the Au
electrodes in an MCBJ setup to benzenedithiol (BDT) molecules. This enabled them to
successfully trap BDT molecules between the Au electrodes. Given the stability of the MCBJ
platform they were able to trap molecular junctions stably and perform electrical transport
experiments in them. Subsequently, the MCBJ technique has been employed in studies of

transport properties of molecular junctions and atomic junctions.?!> 8%

Tsutsui et al.’! adapted the MCBJ technique for probing thermoelectric properties of
molecular junctions by integrating a Pt serpentine heater into one of the electrodes that enabled
them to apply temperature differences across molecular junctions (Fig. 2-4 c). Using this
approach, the authors probed both the electrical conductance and the Seebeck coefficient of
Au-BDT-Au junctions and reported that the transport properties are sensitive to the BDT
configurations. They showed that upon mechanical stretching, in some cases, the molecule
tilts towards the upright direction and Au-S bond are elongated, resulting in a weaker coupling
to the contact and gradual shift of HOMO, accompanied by a decrease in conductance and a
change (slightly increase or decrease) in Seebeck coefficient. In other cases, the configuration
of the contact was dramatically changed, so that Ef shifts towards HOMO, leading to

increased conductance and Seebeck coefficient.
2.5.2 Length Dependence of Thermopower in Molecular Junctions

Researchers have explored the dependence of the thermoelectric properties of molecular
junctions on the molecular length. For Au-alkanedithiol (ADT)-Au junctions, the

thermopower was found to vary linearly with increased N (N is the number of carbon atoms
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in the backbone) (Fig. 2-5 a) while the conductance tends to decrease exponentially.”
Specifically, for Au-phenylenediamine-Au’ and Au-phenylenedithiol-Au?” ™ %2 the
thermopower increased linearly with length (Fig. 2-5 a). Similar results are found by
Widawsky et al.® for trimethylstannylmethyl-terminated polyphenyls with 1-4 phenyl rings
(P1-P4) (Fig. 2-5 b). However, they also found that the thermopower of trimethylstannyl-
terminated alkanes with N = 6, 8 and 10 (C6, C8, and C10) was found to have little length
dependence (Fig. 2-5 b). It was suggested’® that the molecular backbone determined the length
dependence of thermopower and the zero length thermopower is determined by the ending
groups. Transmission in phenylenes is HOMO-determined, which sharpens and aligns closer
to Er with increased molecular length, resulting in higher thermopower. The transmission for
alkanedithiols is strongly affected by Au-S metal induced gap states between HOMO and

LUMO.

Length dependence of thermopower was also studied in junctions made from DNA
molecules of different sequences (Fig. 2-5 ¢).%% 8 For GC sequence double-stranded DNA
molecules, the hole hopping transport mechanism lead to linearly increased resistance with
molecular length. The Seebeck coefficient is small and weakly dependent on the length. When
AT pairs, which are expected to act as a tunneling barrier, were inserted in the middle of GC
sequence, both the conductance and thermopower behavior changed. When the number of
inserted AT block base pairs m is smaller than 4, the resistance exponentially increased with
the length of the block, and the Seebeck coefficient increases linearly and is large compared
with GC molecule. When m >4, the transport mechanism transition from tunneling to hopping,
in which regime the resistance shows weak dependence on length, and Seebeck coefficient

drops to small value.
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The ability to acquire imaging of substrate in STMBJ enables the measurement in Ceo
dimer junctions. Evangeli et al.®? trapped two Cgo molecules to form a dimer by contacting a
tip with one Ceso molecule that has already been trapped to another molecule conjugated to the
substrate (Fig. 2-5 d). They found that the thermopower of Ceo dimer is approximately doubled
compared to single Ceo junctions, with a high Seebeck coefficient of -33 pV/K. Computational
results suggested that the thermopower and ZT increased with the number of Ceo monomers
in the molecular chain due to the intermolecular interaction, showing the potential to improve

thermoelectric properties by manipulating Ceo junctions.
2.5.3 Effect of End Groups on Thermoelectric Molecules

The end groups bridging molecules to electrodes play an important role in charge transport
and thermoelectric properties in molecules.®*®" Experimental measurements of thiol-
terminated aromatic molecular junctions showed a positive thermopower3* ™ 7™ while
measurements of isocyanide-terminated junctions showed a negative thermopower'®. In
addition, experimental work on trimethyltin-terminated aromatic molecules®® demonstrated
slightly higher thermopower compared to thiol groups®®. Balachandran et al.?® provided a
theoretical explanation for the end-group effects on thermopower of molecular junctions.
Specifically, they investigated five different end groups (isocyanide, nitrile, amine, thiol and
hydroxyl) which couple triphenyl molecule to Au electrodes (Fig. 2-6). It was found that
isocyanide, nitrile and amine end-groups led to charge transfer out of the upon coupling with
the electrodes, resulting in a downward shift of the energy levels, which positioned the HOMO
peak closer to the Fermi energy. In contrast, thiol and hydroxyl end-groups resulted in charge
transfer from the electrodes into the molecule, which led to a slightly downward shift in the

energy levels placing the LUMO peak closer to the Fermi energy.
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Figure 2-6 Theoretical results for triphenyl molecular junctions with five different end
groups.”® (a) Schematic of triphenyl molecules with five different end groups. (b) and (c)
Transmission as a function of energy. For SS3, 003, and (NH3)23 molecules, the HOMO peak
is closer to the Er. For (NC)23 and (CN)23 the LUMO peak is closer to the Er, resulting in a
LUMO-dominated transport. (d) Calculated Seebeck coefficient for five types for triphenyl
molecular junctions.

2.5.4 Effect of Chemical Structure, Conformation and Shape of Molecules

The effect of chemical structure on thermoelectricity of molecular junctions has been
probed by adding electron-withdrawing/donating groups (fluorine, chlorine, and methyl) to
BDT molecules (Fig. 2-7 a).% It was suggested that the presence of electron-withdrawing
groups (fluorine and chlorine) on a BDT molecule shifts the energy levels of molecular
junctions downwards, leading to a decreased thermopower, while the presence of electron-
donating group (methyl) groups shift the energy levels upwards, leading to an increased
thermopower. Since BDT has HOMO dominated charge transport properties, shifting the
energy levels up (down) gives rise to a larger (smaller) slope in the transmission function at

the Fermi level.
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Figure 2-7 Effect of chemical structure, conformation and shape of molecules on
thermoelectric properties of molecular junctions. (a) Thermoelectric properties of BDT based
molecular junctions with substituents.”® Left: Structure of BDT2Me, BDT, BDT4F, and
BDT4CI molecules (from top to bottom). Right: Lorentzian shaped transmission functions
which illustrates how the transmission function is expected to change due to electron-
withdrawing groups (BDT4F, blue line and BDTA4CI, green line, BDT, black line), and
electron-donating groups (BDT2Me, red line). (b) Effect of shape on Cg. derivative based
junctions: Cg2 (blue circle), Gd@Cs, (green triangle), Gd@Cs, (red square).”” (c) Effect of
mechanical deformations of molecular junctions on their thermoelectric properties.’® Left:
Schematic of ScaN@Cgo molecule and two isolated ScaN@ Cgo molecules under STM. Middle:
Conductance, Seebeck coefficient and power factor (GS?) as functions of pressing distance.
Red circle, blue square and green triangle represents different molecule orientation
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corresponding to the substrate. Right: Theoretical transmission functions vs. energy. Red,
green and blue color represents different molecule orientation. Lighter colored line represents
larger pressing distances. '

The effect of molecular conformation on the electrical conductance has also been studies
by several groups.’%:1% For example, it was shown that in aromatic molecules, when the
planes associated with each of phenyl rings are twisted from being “flat” ( 8 = 0°, 6
indication the twist angle between two benzene plates) to being “perpendicular” ( 8 = 90°),
the conductance decreases by a factor of 30.2%* The thermoelectric properties of molecular
junctions created from fullerene based molecules was investigated by Lee et al.®. They
experimentally investigated three fullerene derivatives (Cs2, Gd@Cs2 and Ce@Cs) and found
enhanced thermopower of Gd@Csg. and Ce@Cs:> (Fig. 2-7 b). Computational analysis of the
same systems suggested that this enhancement was due to the encapsulated metal atom that

induced changes in the geometric and electronic structure of the fullerene molecule.

Researchers have also explored the effect of mechanical deformations of molecular
junctions on their thermoelectric properties.’®® For example, by studying a Au-ScsN@Cso-Au
junctions, where an ScaN molecule is imbedded into a Cgo cage (Fig. 2-7 c), Rincon-Garcia et
al.1% found that the magnitude and the sign of thermopower both depend on the orientation
of the molecule and applied force to the molecule. Further, computational analysis suggested
that the introduced ScsN creates a sharp resonance near the Fermi energy, and the location of
the peak in transmission function strongly depends on the molecular orientation and applied
pressure, so the thermopower can exhibits both positive and negative sign, depending on the

relative position of the transmission peak to the Fermi level. They emphasized that the
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transport resonance plays an import role in thermoelectric performance and ScaN@Cgo can

act as a bi-thermoelectric material.
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Figure 2-8 Effect of electrode materials on thermoelectric properties of molecular junctions.
(&) Thermopower of Au-Cso-Au/Pt/Ag junctions vs. the average work function of electrodes.
Inserted: Lorentzian approximation of the transmission function, where blue, green, and red
vertical lines approximate the position of Er for Au-Pt, Au-Au, and Au-Ag junctions.!** (b)
Plot of measured thermoelectric voltage of Au-BDT-Au (red triangle) and Ni-BDT-Ni (blue
square) molecular junctions. Top inset: transmission function of Au-BDT-Au junction.
Bottom inset: transmission function of Ni-BDT-Ni junction. Ni-BDT-Ni junction has a
negative Seebeck coefficient (as opposed to the positive Seebeck coefficient of Au-BDT-Au
junctions) due to spin-split hybridized states generated when BDT LUMO orbital coupled
with Ni electrodes.!%
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2.5.5 Effect of Electrode Materials

Although gold is the prototypical electrode material in most molecular junction
experiments, other metals have also been studied for potential interesting thermoelectric
properties. % 82106 The advantage of other electrode materials lies in their possibility of
bringing the Fermi energy of electrodes closer to the orbital that dominates the charge
transport properties of molecules due to modified work function of the electrode.”: 1% past
work on fullerene based molecules (Ceo, PCBM ([6,6]-Phenyl-Ce1-butyric acid methyl ester)
and Cro) (Fig. 2-8 a, showing Ceo 0nly) shows that the Seebeck coefficient is suppressed when
one of the Au electrodes is replaced by Pt. In contrast, it was found that the Seebeck coefficient
is doubled when one of the Au electrodes was replaced with Ag.*% Enhancements in the
Seebeck coefficient were also reported in experiments involving Ni electrodes. Computations
revealed that these enhancements arise from the spin-split hybridized states that are generated
when the HOMO orbital of the BDT molecule couples with Ni electrodes (Fig. 2-8 b).1% In
addition to these studies, computational work has pointed out that semiconducting electrodes
and carbon nanotubes could suppress the “electron-like” contributions to the thermopower
and cutoff the lower energy tails of HOMO transmission.? In these cases the output power

of the systems was found to be greatly boosted.
2.5.6 Temperature Dependence of Thermopower in Molecular Junctions

According to Landauer formula, thermopower is expected to be linearly dependent on the
average temperature of the molecular junction (see Eq. (2.3.5)). Kim et al.*® varied the
average temperature along the Au-BDT-Au molecular junctions and experimentally verified

this prediction (Fig. 2-9). Since the figure of merit ZT is proportional to the power factor (GeS?)
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and temperature T, and inversely proportional to the thermal conductance G, this work

indicates that the values of ZT increase quadratically with temperature.
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Figure 2-9 Temperature dependence of thermopower of molecular junctions.® (a) Schematic
of Au-BDT-Au junction. (b) Plot of measured Seebeck coefficient as function of average
temperature of the junction. Linear fit indicates that the Seebeck coefficient vanishes when
the temperature tends to 0 K. (c) Plot of the electrical conductance as function of average
temperature. The electrical conductance remains invariant with temperature.

2.5.7 Three-Terminal Thermoelectric Measurements

The key to improving the thermopower of a molecular junction is to shift a transmission
function such that its maximum slope is located at Fermi energy. However, most
measurements of thermoelectric properties of molecular junctions have relied on two-terminal
measurements, which do not offer any control on the electronic structure of the junction. Past
research® 20 110-118 has shown that it is possible to create three-terminal devices that can tune
the electronic structure of junctions via a gate electrode. These devices are often created by a
process called electromigration which creates three-terminal molecular junctions by inserting
molecules in nanometer-sized gaps formed during electromigration.!'> !'? In creating these
devices, a gold nanowire is first fabricated using electron-beam lithography on a doped Si

layer which is coated with a thin dielectric layer. Subsequently, a large electric current is
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applied to the nanowire, causing the movement of metal atoms, which creates a nanometer or
sub-nanometer sized gap in the nanowire. Molecules are deposited into the nanoscale gap by
exposing the electrodes to molecules in a solution. The broken portions of the Au nanowire
create two terminals (source and drain electrodes), while the Si back gate serves as a gate
electrode. While several groups had used three terminal devices for tuning electrical transport,
such devices could not be readily used for thermoelectric measurements due to the challenges

in establishing temperature differences across the nanoscale gaped electrodes.

In order to overcome the limitations of two-terminal thermoelectric measurements, Kim
et al.?? created novel three-terminal devices based on EBJ and integrated electric heater in one
electrode (source or drain) that allowed them to apply temperature differences across
molecular junctions while electrostatically gating their electronic structure. Using such
devices (Fig. 2-4 d), they probed the thermoelectric properties of Au-biphenyldithiol (BPDT)-
Au and Au-Ceo-Au junctions. These measurements revealed that the thermoelectric properties
can be significantly improved when the dominant transport orbital is located closely to Fermi
energy. In analyzing these experimental results, the transmission function of the junctions was
approximated by a Lorentzian function. For both Au-BPDT-Au junction (Fig. 2-10 a), and
Au-Ceo-Au junctions (Fig. 2-10 b), the thermoelectric properties were found tunable by the
applied gate voltage. This work demonstrated the feasibility of improving thermoelectric

properties by tuning the electronic structure of molecular junctions.
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Figure 2-10 Electrostatic tuning of thermoelectric properties of MJs, Au-DBDT-Au (a) and
Au-Ceo-Au (b) junctions using three-terminal EBJ technique. Left: molecular junction
structures. Middle: Lorentzian curves that approximate the transmission function when the
gate voltage is varied from -8 V to +8 V. Right: Measured Seebeck coefficient as a function

of gate voltage.*
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Chapter 3 Influence of Quantum Interference on the Thermoelectric Properties of

Molecular Junctions

Reproduced with permission from Nano Letters.

Ruijiao Miao, Hailiang Xu, Maxim Skripnik, Longji Cui, Kun Wang, Kim G. L.
Pedersen, Martin Leijnse, Fabian Pauly, Kenneth Wéarnmark, Edgar Meyhofer, Pramod

Reddy, and Heiner Linke. Nano Letters, 18, 5666-5672, (2018).

3.1 Abstract

Molecular junctions are promising candidates for developing electric devices at the
molecular scale. Quantum interference effects in molecular junctions have been proposed as
an avenue for highly efficient thermoelectric power conversion at room temperature. Towards
this goal, we investigated the effect of quantum interference on the thermoelectric properties
of molecular junctions. Specifically, we employed oligo(phenylene ethynylene) (OPE)
derivatives with a para-connected central phenyl ring (para-OPE3) and meta-connected
central ring (meta-OPE3), which both covalently bind to gold via sulfur anchoring atoms
located at their ends. In agreement with predictions from ab-initio modelling, our experiments
on both single molecules and monolayers show that meta-OPES3 junctions, which are expected
to exhibit destructive interference effects, yield a higher thermopower (with around 20 pV/K)

compared to para-OPE3 (with around 10 puV/K). Our results show that quantum interference
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effects can indeed be employed to enhance the thermoelectric properties of molecular

junctions at room temperature.

3.2 Introduction

Studies of the thermoelectric and electric properties of molecular junctions, created by
bridging metallic electrodes by a single molecule or multiple molecules, not only reveal the
fundamentals of charge transport through molecules, but also provide knowledge critical for
developing molecule-based devices and their application in the field of energy conversion® "
10,28, 31,120, 121 'Recent computational studies have suggested that impressive thermoelectric
performance, rivaling that of inorganic materials, can be obtained from molecular junctions
by tuning their electronic transmission characteristics?® 27 82 100, 122,123 = A particularly
intriguing approach is to take advantage of quantum interference effects that arise in
conjugated molecules®”: 38 60.65.124-128 ' for example by using destructive interference to block
low-energy electrons, while allowing high-energy electrons to pass®. In this way, one may
approximate the ideal transmission function for thermoelectric power conversion at high
efficiency®. A corresponding performance increase in molecules at room temperature has

been predicted®.

While past experimental work has probed the electric and thermoelectric properties of
molecular junctions in both two terminal’1% 27, 82, 98, 100, 109, 123,129 anqg three terminal®?
configurations, the effects of quantum interference on the thermoelectric performance have
remained unexplored. In this letter we ask the question: Is it possible to introduce, in a
predictable manner, quantum-interference effects in molecular junctions such that the

experimentally observed thermoelectric properties are enhanced? We use the following
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approach: First, we introduce two specific molecules. While being isomerically similar, one
of them is expected (based on modeling presented later) to show effects of destructive
quantum interference, whereas the other one does not and can thus be used as a control.
Subsequently, we will present our experimental results that indeed show a higher
thermoelectric voltage in the presence of quantum interference, which is in quantitative

agreement with expectations from DFT-based modelling of coherent quantum transport.

3.3 Experiments and results

The molecules we chose for our study are two OPE3 derivatives that feature different
geometries at the central benzene ring (para- versus meta-connectivity, as shown in Figs. 3.1
a and 3.1 b). The choice of these two molecules is motivated by their expected different
electron transmission characteristics. Specifically, the energy-dependent transmission in the
gap between the highest occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) of para-connected junctions can be approximated by Lorentzians
that are located at the HOMO and LUMO energies (Fig. 3-1 ¢). Meta-connected junctions, on
the other hand, are expected to feature a sharp antiresonance dip in their transmission
characteristics in this range due to destructive quantum interference effects, as a consequence
of the phase difference between the HOMO and LUMO transport channels of meta-OPE3 (see
Fig. 3-1 d)!3%132, The resulting sharp feature in the transmission of meta-OPE3 is expected to
lead to a larger Seebeck coefficient compared to para-OPE3 (see also computational results
described below). The key question is now: Can this hypothesis regarding quantum-

interference-related enhancement of the thermopower be experimentally confirmed?

To answer this question, we first measured the electrical conductance of OPE3-based
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single-molecule junctions using a break-junction technique that relies on a custom-built ultra-
stable scanning tunneling microscope (STM)® 76:10° (Fig. 3-1 €). In these measurements, the
OPE3-based molecules (whose synthesis is described in the Supporting Information (SI))
were first self-assembled onto a 7 mm x 7 mm sized template-stripped Au sample (150 nm
thick), which was mounted into the STM. The STM tip was an electrochemically etched Au
wire with a sharp tip, featuring a radius of around 30 nm*%, In our experiments we first applied
a 100 mV DC bias to the tip, while the Au substrate with the self-assembled monolayer on it
was grounded. Molecular junctions were formed by reducing the separation between the tip
and the sample until they contacted each other, resulting in an electrical resistance of less than
1 kQ. Subsequently, the Au tip was withdrawn from the Au substrate at a speed of 1.6 to 3.2
nm/s, during which molecules were stochastically trapped between the tip and the sample.
The formation of molecular junctions was reflected through steps and plateaus in the electrical
conductance traces, measured by monitoring the tunneling current through the junction at a
sampling rate of 1 kHz!3* 13, The inset of Fig. 3-2 a shows representative conductance traces
obtained in measurements of para-OPE3 junctions, where plateaus in the conductance
frequently appear at around 10 Go. In order to find the most probable conductance of the
molecular junctions, we collected 2000 traces for para-OPE3 junctions and created
histograms as shown in Fig. 3-2 a. It can be seen that the most probable conductance (as
obtained from the peak of the histogram) is (1.2 + 0.6) x 10* Go for Au-(para-OPE3)-Au
junctions. This result is close to that from Ref. 132 where the measured conductance is 2.8 x
10* Go™®8. Results from experiments and a similar analysis on Au-(meta-OPE3)-Au junctions
are shown in Fig. 3-2 b and reveal that their most probable electrical conductance is (1.1 =

0.4) x 10° Go — an order of magnitude smaller than those of the para-OPE3 junctions. This
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difference is consistent with the expected destructive interference in meta-OPE3 junctions
(see Fig. 3-1 d). It is also in agreement with the result in Ref. 132 where different end groups
are used (pyridyl instead of thiol) and the conductance of the meta (~1.6 x 10 Go) junction
is almost an order of magnitude smaller conductance than that of the para junction (~3.1 x 10°

® Go).
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Figure 3-1 Schematics describing transport in molecular junctions and experimental
approaches. a,b, Geometry of Au-(para-OPE3)-Au and Au-(meta-OPE3)-Au junctions,
respectively. ¢, Schematic description of the origin of thermocurrent in a molecular junction
in which charge transport is dominated by the HOMO level. The transmission function is to
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be a sum of two Lorentzians. d, Thermocurrent in a molecular junction with destructive
interference. The transmission shows sharp features, unlike a Lorentzian-type transmission. e,
Schematic of the experimental setup based on an STM break junction. Molecules are trapped
between the Au STM tip and Au substrate when the tip repeatedly approaches the substrate
and withdraws from it. A voltage bias is applied and the current is monitored to evaluate the
conductance. In thermoelectric measurements the substrate is heated to the desired
temperature and the tip is kept at ambient temperature. No voltage bias is applied to the
junction and the thermocurrent is recorded to estimate the thermoelectric voltage. The inset
shows the formation of a single-molecule junction. f, Schematic of the experimental setup
employed for measuring the thermoelectric properties in a many-molecule junction. It is based
on an AFM, where a Au-coated cantilevered probe makes contact with a molecular monolayer
self-assembled on gold. The inset shows a many-molecule junction. The direction of the
thermocurrent I in panels a, b corresponds to a positive sign of the Seebeck coefficient.

In order to measure the thermopower of single-molecule junctions, we created a stable
temperature difference (AT = 0, 15, 30 or 45 K) between the tip and sample by heating the
sample holder via an integrated heater. The substrate temperature was monitored via a diode
temperature sensor located on the sample holder. The tip was maintained at room temperature
(around 295 K). When performing measurements at a given temperature differential AT, a
single-molecule junction was created following the same approach employed in the electrical
conductance measurements, but with a reduced tip withdrawal speed of 0.2 nm/s. In order to
perform thermoelectric measurements, the withdrawal of the tip was stopped when the
electrical conductance reached the most probable conductance value as determined from the
measurement data shown in Figs. 3.2 a and 3.2 b. Once the electrical conductance reached the
desired value, we switched the bias applied to the tip with respect to the grounded sample
from 100 mV to 0 V and monitored the thermocurrent I resulting from the applied AT via a
current amplifier for a period of 100 to 500 ms. To confirm the integrity of the junction, we
switched back to the 200 mV bias for 100 to 500 ms and checked if the electrical conductance

was within a few percent of the most probable electrical conductance (see Chapter 3.4 for a
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detailed description of this process). If the conductance was not within a few percent of the
most probable value, the experiment was terminated and the data from this measurement was
discarded. This process of switching the bias from 100 mV to 0 V and back again to 100 mV
was repeated until the single-molecule junction spontaneously broke. By performing many

(on the order of several hundred) measurements like this we could collect the thermocurrent

-,

at each temperature differential AT =T, fip -

substrate

The obtained It is treated as positive, when

the current flows from the tip (via the molecule) to the substrate, and negative, when it flows

in the opposite direction. Iy was converted into a thermoelectric voltage (AV,, =V,

sustrate ~ Viip)
by dividing -l by G, that is, by the electrical conductance of the junctions before the
withdrawal was stopped (see Sl for a discussion of the sign of Iw). Histograms built from the
thermoelectric voltage, collected at several temperature differentials, are shown in Fig. 3-2 ¢
for para-OPE3 junctions and in Fig. 3-2 d for meta-OPE3 junctions. Similar measurements
were also performed on benzenedithiol junctions, which have been studied in the past?’: 109 137
and were repeated here as control experiments (shown in Chapter 3.4). Finally, in Figs. 3.2 e
and 3.2 f we present the most probable thermoelectric voltages from the histograms as a

function of the applied temperature differential. The thermopower of the molecular junction

IS given by:

AV
Sjunc = Scu — AT (3.3.1)

where Scy = 1.94 uV/K is the Seebeck coefficient of bulk copper at T = 300 K (see Chapter

3.4 for details).
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The Seebeck coefficients obtained from the thermopower slopes in Figs. 2e and 2f are
10.8 £9.5 pV/K and 20.9 £ 15.4 uV/K for the Au-(para-OPE3)-Au and Au-(meta-OPE3)-Au
junctions, respectively. The positive sign in the Seebeck coefficient of OPE3-based junctions
reveals that transport is hole-dominated. Remarkably, the thermopower of the Au-(meta-
OPE3)-Au junction is twice as large as the thermopower of the Au-(para-OPE3)-Au junction.
The data from single-molecule-junction Seebeck-coefficient measurements (shown in Figs.
3.2 c-f) thus suggest that quantum interference effects can enhance thermoelectric properties.
It should however be noted that there is a large spread in the thermoelectric voltages reported
in Figs. 3.2 cand 3.2 d (as also reflected in Figs. 3.2 e and 3.2 f), possibly due to the intrinsic

variability in the electronic structure of the junctions.
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Figure 3-2 Results of single-molecule junction experiments with Au-(para-OPE3)-Au (left
column) and Au-(meta-OPE3)-Au (right column), respectively. a,b, Conductance histograms,
generated without data selection from 2000 traces. The curved lines show Gaussian fits. The
insets display representative traces (tip speed 3.2 nm/s). c,d, Distribution of thermoelectric
voltages at a series of AT as indicated. Shaded curves represent Gaussian fits. e,f,
Thermoelectric voltage as a function of AT. Red dashed lines are linear fits.
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In order to ensure that our conclusions about the Seebeck coefficient are robust, we applied
an approach developed by us in the past® that enables measurements of thermoelectric
properties of junctions involving multiple molecules. These ensemble measurements are
expected to present lower variability due to the averaging over junction geometries. In this
method, the molecules were self-assembled onto Au substrates (see the Chapter 3.4 for a
characterization of monolayers). Subsequently, an Au-coated atomic force microscopy (AFM)
probe was placed in gentle contact with the molecule-coated Au surface at a pushing contact
force of around 1 nN (see Fig. 3-1 f). In order to measure the electrical conductance, the
voltage bias across the molecular junction was varied from -0.5 V to 0.5 V and the current
flowing through the junction (I) was measured®®. The measured I-V curves are shown in Figs.
3.3a,b and indicate that the low-bias conductances for Au-(para-OPE3)-Au junctions and Au-
(meta-OPE3)-Au junctions are 3.8 x 102 Gp and 1.9 x 107 G, respectively. The measured
low-bias conductance is consistent with the expectation of roughly 100 molecules in the
junction, when compared to the corresponding most probable single-molecule conductance.

Next, we determined the thermoelectric properties by varying the temperature differential
AT from 0 to 3 K, while measuring Il across the junction with the substrate grounded. The
measured thermocurrent was converted into a thermoelectric voltage (similar to what was
done in the single-molecule measurements, i.e. by dividing -1 by the electrical conductance),
which is shown as a function of the applied temperature differential in Figs. 3.3 c and 3.3 d
for Au-(para-OPE3)-Au and Au-(meta-OPE3)-Au junctions, respectively. Finally, using Eqgn.
1 the Seebeck coefficient for the Au-(para-OPE3)-Au and Au-(meta-OPE3)-Au junctions is
determined to be 8.0 £ 0.8 pV/K and 22.5 + 1.1 pV/K respectively. The measured data confirm
the conclusion from our single-molecule measurements that the Seebeck coefficient of meta-

OPE3 junctions is over two times that of the para-OPE3 junctions.
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Figure 3-3 Results for monolayer measurements of Au-(para-OPE3)-Au (left column) and
Au-(meta-OPE3)-Au junctions (right column), respectively. a,b, I-V characteristics obtained
by averaging 50 individual I-V curves. The shaded regions represent the standard deviations.
¢,d, Thermoelectric voltage as a function of AT. Red dashed lines are linear fits.

To compare the measurements to theoretical expectation, we describe the electric and
thermoelectric transport properties via the Landauer-Bdttiker scattering theory of phase-
coherent transport through nanostructures®. The central quantity in this approach is the energy-
dependent transmission function z(E). While we evaluate both the electrical conductance, G,
and the thermopower, Sjunc, €Xactly via energy integrals (see the Sl for details), the following

low-temperature expressions provide an excellent approximation?®:
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Figure 3-4 Theoretical computational results for Au-(para-OPE3)-Au and Au-(meta-OPE3)-
Au from DFT+X calculations. a, Transmission curves. b, Negative derivatives of the logarithm
of the transmission curves. These are proportional to the thermopower. ¢, The single-molecule
junction geometries considered in our DFT+X calculations for the para and the meta molecular
junctions.

In order to evaluate z(E), we express the transmission in terms of Green’s functions and
use information on the electronic structure, as determined from density functional theory
(DFT)'% 13 These DFT calculations, which we also employ to determine stable contact
geometries through energy optimization, were carried out with TURBOMOLE. Since the
actual energies of HOMO and LUMO levels with respect to the Fermi energy are crucial in
the studied systems, we applied the DFT+X correction to overcome well-known shortcomings
of DFT with regard to level alignments®® 4!, We have studied different contact geometries,

where the sulfur anchoring atoms at both ends of the molecules bind either to a single or three
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gold atoms (see Chapter 3.4). The transmission curves for those junctions, where the sulfur
atoms bind to three gold atoms, are shown in Fig. 3-4 a. The antiresonance in the Au-(meta-
OPE3)-Au junction is located around 1.3 eV above the Fermi energy Er, while it is absent for
Au-(para-OPE3)-Au. Following from the transmission at Er, the calculated electrical
conductance is 1.8x10* Go for Au-(para-OPE3)-Au and 3.85x10° G, for Au-(meta-OPE3)-
Au. Compared to the experiment, these values differ by a factor of 1.8 and 0.32, respectively.
Between para and meta configurations we see a significant difference in the derivatives -
dinz(E)/dE at the Fermi energy (Fig. 3-4 b) and therefore in the Seebeck coefficients, which
we find to be 7.31 uV/K for Au-(para-OPE3)-Au and 21.4 pV/K for Au-(meta-OPE3)-Au,
respectively. The calculated Seebeck coefficients are thus within the experimental
uncertainties. Our ab-initio modeling suggests that the doubling of the measured thermopower
for Au-(para-OPE3)-Au junctions, in comparison to the Au-(meta-OPE3)-Au junctions, is
due to the increased slope of the logarithm of the transmission function at Er, as expected

from destructive quantum interference effects.

3.4 Methods

3.4.1 Molecule Synthesis Process
General Information

All reactions were carried out under an atmosphere of nitrogen unless otherwise indicated.
Anhydrous THF was distilled from sodium/benzophenone ketyl prior to use. All other
solvents were technical grade unless noted. The following reagents, PdCI2(PPhz). (Acros),

Pd(dba)2 (Aldrich), Cul (99.99%, Aldrich), PPhs (99%, Acros), triethylamine (99%, Acros),
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DIPEA (99.5%, Aldrich), TMSA (Aldrich) and K>COs (99%, Aldrich) were purchased and
used as received. The following compounds la, 1b, and para-OPE3 were synthesized
according to the literature (Scheme 1)%2. Column chromatography was performed using silica
gel 230-300 mesh (purchased from Aldrich) as the solid support. All NMR spectra were
recorded on a Bruker Avance 400 MHz spectrometer. *H NMR and *C NMR chemical shifts
are reported in  units, parts per million (ppm) relative to the chemical shift of residual solvent.
Deuterated solvents were used as received from Aldrich. Reference peaks for chloroform in
'H NMR and 3C NMR spectra were set at 7.27 ppm and 77.0 ppm, respectively. The melting
point was recorded on a micro melting point apparatus SMP3 (Stuart Scientific, UK). FTIR
spectra were recorded on a Bruker FTIR spectrometer Alpha Il. Electron-spray ionization
high-resolution mass (ESI-HRMS) spectra were recorded on a Waters Micromass Q-Tof
micro mass spectrometer. Elemental analyses were performed by Mikroanalytisches

Laboratorium KOLBE (Milheim an der Ruhr, Germany).

Details of Synthesis of meta-OPE3
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Figure 3-5 Synthesis of para-OPE3 and meta-OPE3. a) HCCSi(CHz)3, PdCI>(PPhs)., Cul,
TEA, reflux, 8 h, for 1a, 85%; 2a, 86%; b) K2CO3, MeOH, CH,Cl>, room temperature, for 1b,
93%; 2b, 90%; c) Pd(dba)z, Cul, PPh3, DIPEA, THF, 50 °C, 24 h, for para-OPE3, 86%; meta-
OPES3, 82%.
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1,3-Bis(trimethylsilylethynyl)benzene  (2a). Following the literature!, 1,3-
diiodobenzene (3.67 g, 100 mol%, 11.1 mmol) was dissolved in triethylamine (150 ml) under
a nitrogen atmosphere. Copper(l) iodide (30 mg, 1.42 mol%, 0.158 mmol) and
dichlorobis(triphenylphosphine)palladium(ll) (60 mg, 0.77 mol%, 0.085 mmol) were added
to the stirred solution. Trimethysilylacetylene (3.28 g, 300 mol%, 33.3 mmol) was dropped in
and the mixture was heated to reflux for 8 h. After cooling, the formed precipitate of
diethylamine hydroiodide was filtered off and washed with dichloromethane. The combined
filtrates were evaporated under a reduced pressure, and the residue was chromatographed on

acolumn (SiO2, 5% EtOAc in PE) to yield 2a as a light yellow solid (2.58 g, 9.55 mmol, 86%).

IH NMR (CDCls, 400 MHz): 8 7.60 (t, J = 1.6 Hz, 1H), 7.40 (dd, J = 8.0 and 1.6 Hz, 2H),
7.24 (t, J = 8.0 Hz, 1H), 0.25 (s, 18 H). *C NMR (CDCls, 100 MHz): & 135.4, 131.7, 128.2,

123.3, 104.0, 94.9, 0.11.

1,3-Diethynylbenzene (2b). Following the literature?, 2a (2.57 g, 100 mol%, 9.50 mmol)
was dissolved in methanol (40 mL) and dichloromethane (40 mL), and potassium carbonate
(7.88 g, 600 mol%, 57.0 mmol) was added. The mixture was stirred at room temperature
before being poured into water. The solution was extracted with ether and washed with brine.
After drying over magnesium sulfate, the solvent was evaporated in vacuo to afford 2b as a

dark yellow oil (1.08 g, 8.55 mmol, 90%).

IH NMR (CDCls, 400 MHz): 8 7.63 (t, J = 1.6 Hz, 1H), 7.47 (dd, J = 7.6 and 1.6 Hz, 2H),
7.30 (t, J = 8.0 Hz, 1H), 3.10 (s, 2 H). 3C NMR (CDCls, 100 MHz): & 135.6, 132.3, 128.4,

122.5, 82.5, 77.9.
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1,3-Bis(4-acetylsulfanyl-phenylethynyl)benzene  (meta-OPE3).  Following the
literature?, to a flame-dried vessel were added compound 3 (0.31 g, 200 mol%, 1.10 mmol),
2b (0.07 g, 100 mol%, 0.55 mmol), Pd(dba). (0.0317 g, 10 mol%, 0.055 mmol), PPhs (0.0721g,
50 mol%, 0.28 mmol), Cul (0.0105 g, 10 mol%, 0.055 mmol), well-degassed i-Pr.NEt (1 mL)
and THF (4 mL). The vessel was sealed and allowed to stir at 50 °C for 1 day. The reaction
mixture was then poured into water, and the aqueous layer was extracted three times with
dichloromethane. After drying the combined organic layers over magnesium sulfate, the
solvent was removed in vacuum to afford a crude product. The crude product was purified by
column chromatography (SiO2, 15% EtOAc in PE) to provide meta-OPE3 as a light yellow

solid (0.19 g, 0.45 mmol, 82%).

mp 148-149 °C. FTIR (neat): v (cm™) 3058, 2923, 1913, 1697, 1593, 1490, 1398, 1354,
1265, 1117, 1011, 960, 896, 828, 795, 732, 682, 627, 603, 543, 471, 442. *H NMR (CDCls,
400 MHz): § 7.73 (s, 1H), 7.57 (d, J = 8.0 Hz, 4H), 7.52 (dd, J = 7.6 and 1.2 Hz, 2H), 7.42 (d,
J=8.4 Hz, 4H), 7.36 (t, J = 8.0 Hz, 1H), 2.45 (s, 6H). 3C NMR (CDCls, 100 MHz): & 193.3,
134.7,134.2,132.2,131.6, 128.5, 128.3, 124.2, 123.3, 90.1, 89.3, 30.3. HRMS (ESI) calc. for
C26H1802S2 (M+H"): 427.0826; Found: 427.0828. Elemental Analysis calc. for C2sH1802S2:

C 73.21, H 4.25, S 15.03; Found: C 73.24, H 4.38, S 14.82.

Spectral Data for New Compounds
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3.4.2 Calculation Details

We used the Landauer-Buttiker formalism of phase-coherent elastic transport to describe
electric and thermoelectric properties of single-molecule junctions and to compare to the
experiment.? In this formalism, the electrical conductance G and the Seebeck coefficient Sjunc

are expressed as

_Kl

G = GOKO and Sjunc = m (341)
where the coefficients K, are given by
~ —0f (E) .
K, = | dEt(E) T (E —p) (3.4.2)

with the transmission function z(E), the Fermi-Dirac distribution function f(E) and the

chemical potential «, which we approximate by the Fermi energy Er.

We used electronic structure information extracted from density functional theory (DFT)
to evaluate the transmission with the help a proprietary framework based on Green’s
functions*. Working with the TURBOMOLE code®, we employed DFT at the same time to
determine stable junction geometries. We considered Au-(para-OPE3)-Au and Au-(meta-
OPE3)-Au junctions along with two kinds of leads or molecule-electrode binding types. These
were top-top, where each sulfur atom binds to one electrode tip atom, and hollow-hollow,
where each sulfur binds to three lead atoms. Proceeding along the lines of Ref. 6, each of the
four resulting systems was defined in the following way: The molecule was attached to one
lead of the particular type and terminated with one gold atom at the opposing sulfur. After
structural relaxation the single gold atom was replaced by the second gold lead in a symmetric
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way. The system was then relaxed again to obtain the final junction geometry. To mimic
electrodes, whose transport direction is oriented along the (111) crystallographic direction, we
used clusters of 20 or 19 Au atoms on the left and the right of the molecule for top-top and
hollow-hollow configurations®. In all of the previously discussed relaxations, we kept in every
step the two layers of each electrode cluster fixed that were most distant from the molecule,
imagining them to belong to the “bulk” part of the electrode®. This yielded the central part of
the final junction geometries shown in Fig. 3-9, while the fixed parts of the electrodes were
treated as surfaces of semi-infinite perfect crystals in the subsequent transmission
computations*®. Throughout our DFT calculations, we used the def-SVP basis set’ and the
PBE functional®. The total energy was converged to better than 10 a.u. and the maximum

norm of the Cartesian gradient to below 10 a.u.

For the energy corrections of occupied and virtual states in the self-energy-corrected
density functional theory (DFT+X) we proceeded as described in literature®. The total
correction for all occupied and all unoccupied states is Zocc=-1P-€n+Aocc and Zvit=-EA-eL+Avir,
respectively. In the expressions, the ionization potential (IP) and electron affinity (EA) are
defined as IP = Etwt(Q = +e) — Etot(Q = 0) and EA = Ett(Q = 0) — Etot(Q = —€), where Et(Q)
is the total energy of the gas-phase molecule with charge Q, enw are the Kohn-Sham
HOMO/LUMO energies of the gas-phase molecule, and Aoccnvirt describe the stabilization of
HOMO/LUMO charge distributions on the molecules by image charges in the electrodes. The

particular values for all four systems are listed in Table 3-1.

Calculated conductance and thermopower values are given in Table 3-2. For comparison,

the uncorrected DFT results are shown in brackets. While the DFT+X results are close to
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experimental values, pure DFT overestimates both conductance and thermopower values quite

substantially.

Table 3-1 Detailed overview of relevant energies within the DFT+X method in units of eV. -
IP-e and -EA-€L denote energy shifts related to the gas-phase molecule. Aocc and Avirt are the
energy shifts of the occupied and unoccupied molecular orbitals due to image charges, when
the molecules are close to metal electrodes in the molecular junctions. Zocc and Zyirt are the
total corrections to DFT level alignments.

Binding | Molecule |-IP-en | -EA-€L | Aocc | Avirt | Zocc | Zvir

Para | -1.49  1.53 |0.53 -0.55|-0.95| 0.98
TT

Meta |-1.48 | 1.54 |0.53|-0.49 -0.95 1.05

Para |-147 | 154 |0.44 |-0.44-1.03 1.10
HH

Meta |-1.47 | 155 |0.46 |-0.47 -1.01 1.09

Table 3-2 Calculated conductance G and thermopower Sjunc. Values listed have been obtained
with the DFT+X method, those in brackets are uncorrected DFT results.

Binding Molecule G (Go) Sjunc (LV/K)
Para 2.35%1073 (3.93x 10?) 19.2 (44.7)
" Meta 1.08 x 10 (4.76 X 104 31.9(92.1)
Para 1.80 X 10 (4.20 X 107%) 7.31 (41.9)

HH

Meta | 3.85x10°(1.07x10%) | 21.4(39.6)
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Figure 3-9 Junction geometries and corresponding calculated transmission curves. The
qualitative shape of the transmission curves does not depend on the type of lead-molecule
binding (top-top or hollow-hollow). Instead, it is determined by the molecular configuration
(para or meta): An antiresonance between the frontier orbitals occurs only in the meta
configuration (right side), while it is absent in the para configuration (left side).
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3.4.3 Experimental Techniques
Preparation of STM tips with sub-50 nm radius.

To prepare sharp STM tips, the electrochemical etching method was used'®!!. First we
prepared a solution of 37% hydrochloric acid and absolute ethanol with a volume proportion
of 1:1. The Au wire (Premion®, 99.999%, 0.5 mm diameter) to be etched, which acts as the
anode, was placed at the center of an approximately 10 mm diameter cathode Au ring. Both
the Au wire and Au ring were immersed just below the liquid surface. Thena+7 V DC voltage
was applied between the cathode and anode, and the wire is etched away at the meniscus of

the solution until breaking. In this way a sharp tip is created.
Preparation of Au-coated AFM tips.

The conducting-probe AFM tip was fabricated by depositing an Au layer on commercially
available AFM probes (NanoWorld Arrow™-CONTR) following a procedure similar to that
used in previous work*?*3, The silicon probe was first cleaned in a piranha solution for 2 min,
thoroughly rinsed and dried, then alternating layers of Ti and Au (5 nm Ti, 50 nm Au, 5 nm

Ti, 50 nm Au, 5 nm Ti and 50 nm Au) were sputtered onto the tip surface.
Preparation of Au template strip samples.

Similar to previous work*® we first deposited 150 nm of Au on pristine Si wafers using
electron beam evaporation. Then we used epoxy (Epotek® 377) drops to attach 7 mm x 7 mm
square glass pieces (Pyrex® 7740) to the Au-coated silicon wafer. After curing the epoxy at
150 °C for 1 h, a glass piece was stripped off from the silicon wafer, peeling a clean ultra-flat

Au film from the silicon wafer.
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Self-assembly of monolayers.

To assemble molecules on the Au surface, the Au sample was immersed in a 100 uM
molecule solution in ethanol (200 proof, Decan Labs) for more than 12 h. Following
incubation, the device surface with the assembled monolayer was rinsed with ethanol and

dried in a N2 stream.

Monolayer characterization.

Monolayers were characterized using both ellipsometry and X-ray photoelectron
spectroscopy (XPS) to determine the thickness and chemical composition. For ellipsometry
(M-2000, J. A. Woolam Co., Inc), measurements were performed at three incidence angles
(55°, 65°, 75°) with wavelengths ranging fr