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CHAPTER 1
INTRODUCTION

This chapter contains parts of the published work [Lo, W.-Y.; Zhang, N.; Cai, Z. et al. Acc.
Chem. Res. 2016, 49, 1852-1863]. Copyright (2016) American Chemical Society.

The famous "Moore's law" states that the density of transistor in an integrated circuit board
would double about every two years. This trend has been religiously followed by the
semiconductor industry for 50 years. As of this writing, Intel is working on processors with feature
size of 14 nm.! Research in the 10 nm regime proves to be challenging due to quantum tunneling
effect. As the size of the transistor unit decrease, we would ultimately reach the atomic limitation
of the top-down approach.

The semiconductor industry has been relying on the top-down approach to fabricate electronic
components in microprocessors, in which photolithography is used to develop circuits. However,
the resolution of an image is limited by the wavelength of light being used, which determines the
minimum feature size possible in the photoresist pattern. As a result, it will be a challenge to
sustain the continuous shrinking of feature size in order to meet the expectations of the Moore’s
law. In addition, even when the small sizes can be achieved via innovative approaches, the control
of current flow becomes more difficult due to quantum tunneling effect in the nano regime.
Leakage occurs between the gate and the semiconductor channel when the dielectric layer is as
thick as a few atomic layers, impairing the reliability of transistors. Both physical and economic
reasons stimulated people to search for alternatives to traditional semiconductor fabrication.

Molecular electronics offer potential as an alternative approach by applying the smallest building

units - single molecules as electronic components and thus allow the construction of electrical
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circuits with stable structures at the molecular level. The control of electronic information by
manipulation of charge transport through single molecules is important for both fundamental
understanding of the charge-transfer mechanisms and the potential applications in single-molecule
devices. Mulliken and Szent-Gyorgyi first introduced the concept of charge transfer in "donor-
acceptor" complexes,” * which became the basis of molecular electronics. Mann and Kuhn
demonstrated metal-molecule-metal junction with fatty acid Cd salts monolayer.* With the concept
of molecular junction established, Aviram and Ratner (AR) showed theoretically that rectification
effect is possible with donor acceptor systems.® Subsequently through experiments, Geddes et al.
and other groups reported the asymmetric current-voltage characteristics with a device fabricated
of Langmuir-Blodgett (LB) monolayer consist of donor-c-acceptor system although their true
mechanism for rectification is uncertain.®®

Modern molecular junctions consist of the molecular core, the anchoring groups, and the
electrodes. m-Conjugated molecules are commonly used as the molecular core due to their high
conductance. Anchoring groups are either chemisorbed on or covalently bonded to the electrodes,
effectively bridging between the molecular core and the electrodes. In particular, thiolate is
commonly used as the anchoring group due to the strong sulfur-gold interaction.” The electrodes
are usually precious or transition metals such as gold, platinum, or nickel. Recently, carbon
electrodes are developed due to the strong coupling with organic core.!® With the advance of
atomic force microscopy (AFM) and scanning tunneling microscopy (STM) systems, direct
measurements of the electrical properties of single molecule junctions become possible. Currently,
single molecule junction techniques mostly involve break-junction (BJ) techniques including
STM-BJ, mechanically controllable break junction (MCBJ), electromigration breakdown junction,
electrochemical deposition junction, and surface-diffusion-mediated deposition junctions.!? In the
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past decades, advancement in these nano-technologies facilitated major research efforts directed
towards understanding charge transport through molecular wires and other components.'? With
the flexibility of organic chemistry and the advancements of various cross-coupling reactions,

molecular electronic components with various structures and functions can be achieved.
1.1 Development in Single-Molecule Electronics

Here I will give a brief introduction to the study of the structure-property relationship for the

anchoring groups and the molecule core.

1.1.1 Anchoring Group

The anchoring groups connect the molecule core to the electrode in order to form a complete
molecular junction. The mechanical stability and the electronic coupling strength with the
electrodes are important properties to be considered when designing molecular electronics.
Common anchoring groups include thiol,'! thiol ether,'? amine,'? pyridine,'* selenide,'? cyanide, '

isocyanide,'? nitro,'® carboxyl acid,!” phosphide,'? and n-donors such as fullerene and pyrene.'® 1

Thiol groups are one of the most effective functional group to be utilized as the anchoring group
in single-molecule junction. Their high affinity to gold allows them to form the strong Au-S bond,
which is even stronger than the Au-Au bond itself. Other anchoring groups coordinate with gold
through dative interaction, which involves donation of lone pairs from the functional group (Lewis
base) to gold (Lewis acid). Since the electronic structure of different anchoring groups are
different, their electronic coupling to gold also varies. It was shown that contact resistance
increases in the order Au-S < Au-NH, < Au-CO:;H as the electronic couple decreases.!’
Investigations of other properties, such as junction stability and formation probability, show that

thiolate group persistently performs better than most other anchoring groups.'*2° However the free

3



aromatic thiols lack the chemical inertness of groups like pyridine and cyanide, and therefore need

to be preserved by protecting groups under ambient conditions.

In addition to physical junction properties, the anchoring group can have profound impact on
the charge transport mechanism. The orbital mixing between the anchoring group and the
molecular core can determine whether the junction is hole transport (through the highest occupied
molecular orbital (HOMO)) or electron transport (through the lowest unoccupied molecular orbital
(LUMO)). While this property can be determined by thermoelectric measurements and theoretical
calculations, we can predict the transport carrier by evaluating the orbital overlap of the functional
group with the molecular core.?! For example, anchoring groups like thiol and amine are mostly
hole transporting due to the orientation of the lone pair aligning with the m orbital of the core. On
the other hand, anchoring groups such as pyridine and cyanide with lone pairs along the ¢ direction
have poor overlap with the HOMO. The electron withdrawing nature of these functional groups
also contributes to the LUMO-dominated transport. Furthermore, electron deficient functionalities
in the molecular core lower the overall HOMO-LUMO levels, bringing the LUMO closer to the
Fermi level of the electrode. The anchoring group will have minimal effect on determining the

transport orbital in this case.??

Recently, direct anchoring by covalent bonding between the molecule core and the electrode
has been studied.”* A direct Au-C anchor can be generated from transmetalation of alkyl tin,>*
trimethylsilyl alkyne desilylation with fluoride,”® and electroreduction of diazonium salt.?®
Because of the instability of the Au-C bond under ambient condition, these Au-C anchors tend to
oligomerize during break-junction experiment. More research is needed in this area to widely

implement covalent contacts in single-molecule junction.



1.1.2 Molecular Core

While the anchoring groups can have significant effect on the electronic properties, the structure
of molecular core largely determines the function of the single-molecule junction (e.g. diode,
transistor, switch). The molecular core can be a m-conjugated structure such as oligophenylenes
and oligothiophene or short alkyl chains. For short molecules (i.e. <3nm), it was shown that
molecular conductance decays exponentially with molecular length.?” At this length scale,
transport can occur via non-resonant tunneling; electron can tunnel through the molecule even
when the energy levels are not well-aligned. This is the reason why molecules with large HOMO-
LUMO gaps such as alkanes can conduct in a molecular junction. As the molecular core becomes
longer, the transport mechanism can change. Studies have shown that the transport mechanism
will switch from non-resonant tunneling to a “hopping” mechanism after extending the molecular
core to a certain length.?®2° It was also shown that a disruption of conjugation in longer molecular
core dramatically reduces the conductance of the junction.>* Conformation of the molecular core
can affects the molecular conductance of the junction. The twisted structure in regular
oligophenylenes reduces the delocalization length, which was shown to reduce the conductance.'?
Further studies on the effect of conjugation on conductance showed that cross-conjugated
molecules have lower conductance than molecules with broken conjugation. This phenomenon

was attributed to the quantum interference effect which will be discussed later.

The charge transport properties of a molecular wire system can be characterized by its length
dependent conductance, featured with the tunneling decay constant, . It was observed that
electron conductance decreases exponentially as a function of the molecular length, g, « e ~F~,

where o is the single molecule conductance and L is molecular length.3!:32 The lower the B value,



the better the molecule is able to mediate long range charge transport. It was shown that n-
conjugated molecules typically have lower B value than aliphatic c-bond molecules. The
delocalization of orbitals and the small energy gap between the highest occupied molecular orbitals
(HOMO) and the lowest unoccupied molecular orbitals (LUMO) allow n-conjugated molecules to
function as highly conductive wires. The Fermi energy level of the metal electrodes typically
aligned within the bandgap of these molecules with small offset relative to either the HOMO or
the LUMO, resulting in efficient charge injection and transport. Numerous molecules were
investigated and the length dependence of their conductance can usually fit with the equation
above. For example, oligothiophenes are among the most studied materials in molecular
electronics due to their highly conjugated m-orbitals and efficient charge transport.** The effect of
other structural factors, such as effects of side chains and terminal groups, on charge transport in
oligothiophenes have been studied.**>® The conductance indeed showed exponential decay as a

function of length.

Rectification is an important physical phenomenon in electronics. To reproduce the diode
behavior in molecular scale, the original AR model applies a donor-c-acceptor structure,’ in which
the non-conjugated bridging 6 component behaves as an electrically insulated spacer to introduce
tunneling barrier in the molecule. The AR model has led to many experimental demonstrations of
molecular rectification.®® Because of the nature of the STM measurements, the tip electrode and
the surface electrode often consist of different metals, which would induce rectifying effect due to
the difference in the Fermi energy level. To confirm the rectification is originated from the
molecular core, a study of a conjugated molecule with planarity controlled by

protonation/deprotonation showed strong rectification effect when the molecular core is twisted



and weak to no rectification when that is planar.** The Yu group also extensively studied molecular

rectification, which will be covered in details in a later section.

Apart from diodes, switches are an important functionality in an electronic circuit. Molecules
that can switch between two or more conductance states via an external stimulant such as light,
heat, or pH have been searched. Stable isomers with conformation changes can induced difference
in conductance due to the difference in spatial arrangement of the atoms and/or change in
electronic structure. The energy barrier between the two conformations needs to be high enough
so that switching can be controlled. For example, a molecular switch based on the bianthrone
structure exhibits the switching barrier between the two isomers on the order of 120 meV by a
temperature dependent conductance study.*’ It is important to note that distance between the two
electrodes should be similar between the two or more isomer states in order to ascertain that the
change in conductance is originated from the molecular core and not the length dependent
conductance. In addition, strong coupling between the molecule and the electrode can render the
switching behavior irreversible in case of photoswitching. For example, many diarylethene
molecules show irreversible switching behavior due to the strong coupling of the molecule to the
electrode. However, a recent study showed that the graphene electrode coupled with an increased
non-conjugated spacer length, robust reversible conductance switching can be observed in a

diarylethene molecular switch.*!

Recently, the concept of quantum interference (QI) has been the focus of research because it
can be another way to introduce switching behavior in molecular electronics. This phenomenon
occurs exclusively in molecular electronics with no equivalent in solid-state electronics. Study of

a molecule with two parallel identical conductive pathway demonstrated constructive QI, in which



the double-backbone junction showed more than two times the conductance of the single-backbone
junction.*? QI effects can also be realized by the geometry of the transport pathway. For example,
comparison between a stilbene with thiol end groups connected in para to each other and that in
meta positions showed orders of magnitude difference in conductance even though the two
structures contain the same molecular formula and length.** The cross-conjugated molecular wire

mentioned previously is another example to manifest the QI effect.

1.2 The Scanning Tunneling Microscopy Break-Junction

Technique

Pioneered by Tao and coworkers, the scanning tunneling microscopy break-junction technique
is one of the most widely used method to produce and measure in situ single molecule junctions.'*
In this method, thousands of single molecule junctions are created successively by the repeated
tapping motion of the STM tip on a flat electrode functionalized with the target molecular wires.
This technique takes advantage of the ability of the piezoelectric components in the STM probe to
precisely control the tip movements. In order to form a junction between the tip electrode and the
substrate electrode of the STM, the target molecular wires are typically functionalized with
anchoring groups that will interact strongly with the metal electrodes, and are deposited onto the

substrate electrode via self-assembly. Thiol groups are commonly used for this purpose due to

their strong affinity with Au as previously mentioned.

A typical measurement cycle is shown in Figure 1.1. The tip electrode is first brought close to
the substrate electrode. The two electrodes may or may not be in contact depending on the current
set point value. Molecules in the vicinity of the tip on the substrate can become attached to the tip

at this time, bridging the two electrodes. The tip is then retracted from the substrate at a controlled
8



rate as the bridging molecular junctions begin to break, eventually forming a single molecule
junction as the gap widen to a certain distance. During the retraction phase, the current between
the tip and the substrate is monitored. Together with the distance travelled by the tip, the
conductance-distance trace can provide the evidence of the formation of a single molecule
junction. A typical conductance-distance trace that demonstrate a successful formation of a single
molecule junction would show an exponential decay in conductance as the tip retract. This is
followed by a plateau in conductance, signifying the formation of a single molecule junction. The
length of the plateau will vary depending on the type of molecule being measured. As the tip
continues to move away from the substrate, a sharp drop of the conductance can be observed due
to the breaking of the single molecule junction. This entire cycle is repeated thousands of times in
order to have a statistical assessment of the single molecule electrical properties of the molecular
junction. A peak can be observed by plotting the occurrence of the conductance plateaus in a

histogram, which can be used to give the most probable conductance of the molecular junction.
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Figure 1.1 The STM break-junction tapping cycle.

1.3 Investigation of Molecular Rectifications in the Yu Group

In the following section, I will highlight the Yu group investigations on the designs and

characterizations of molecular diodes and further on development of molecular switches and

transistors.
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1.3.1 Molecular Rectification in Diblock Oligomers

In search of a more simplistic structure for molecular rectification, we turned our attention to the
p-n junction structure, which is a crucial architecture in semiconducting materials. Our initial idea
came from our research effort in synthesis and characterization of conjugated blocks polymers
with different conjugated blocks covalently connected for supramolecular assemblies.** The
resulting diblock copolymers imposed challenges in investigating their electronic properties.
Thus, we put this concept into designing p-n junction molecules, a diblock molecule incorporated
with two conjugated blocks of opposite electronic demands.***® The goal is to explore whether
these molecules will behave as molecular diodes. If it works, the simplicity of the diblock
architecture and the versatility in the structural variation would make this system unique and
valuable in future designs of molecular-scale electronic components.

The first amphiphilic conjugated diode is composed of electron-rich semiconducting
tetrathiophenes and electron-deficient tetrathiazoles. (Figure 1.2).**% To ensure the formation of
monolayer assemblies, the tetrathiophene is functionalized with hydrophilic tetraethyleneglycols
and tetrathiazoles with hydrophobic alkyl chains. A reference octathiophene molecular wire with
the same side chain pattern was synthesized. Both 1 and 2 were assembled to a Langmuir-Blodgett
(LB) monolayer at the air-water interface with the hydrophilic part adjacent to the water subphase
and the hydrophobic part away from it. The LB monolayers were then transferred to glass, silicon
wafer or hydrophilic gold surface under a constant pressure and studied by optical ellipsometry,
UV/vis, STM and scanning tunneling spectroscopy (STS) techniques. From STM/STS studies, an
asymmetric current-voltage (I-V) curve was obtained (Figure 1.2b) for 1 while a symmetrical [-V
curve was observed for 2 (Figure 1.2c), confirming that the rectification originates from the

asymmetric core. The rectification ratio was small at low bias but increase to 18 at 1 V. During the

11



measurement, the electron flowed from the tip to the thiazole group then flowed through the
thiophene units to the gold substrate. Asymmetrical -V curves were consistently obtained for
asymmetrical diblock oligomers while symmetrical I-V curves were obtained for oligothiophene
monolayer under different current setpoints during STM measurement. This proves that the diode

effect is intrinsic to the molecular nature of the diblock oligomer.
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Figure 1.2 (a) Structures of amphiphilic conjugated diodes (top) and the reference oligothiophene
(bottom). (b) I-V curves of 1 assembled via LB film technique showing asymmetric characteristics.
(c) I-V curves of reference compound 2.** Colored curves represent different current setpoints (1
red, 2 green, 4 blue, 6 orange, 8 purple, and 10 pA light blue).

Although the assemblies of amphiphilic diblock co-oligomers were shown to be effective

rectifier, the measurements were done on assemblies with unknown molecules connecting the
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circuit. Uncertainty also exists in the junction between molecules and electrodes. To address these
issues, the p-n junction molecules consisting diblock co-oligomer of bithiophene and bithiazole
units terminated with dithiol groups were synthesized (Figure 1.3a). After the asymmetric
molecular wire was assembled onto alkane thiolated gold surface, bright spots with 2 nm diameter
can be observed on STM imaging, each contains two diode molecules (Figure 1.3b, inset). The
rectification effect observed is therefore the contributions of a pair of p-n junction molecules. STS
measurement showed an asymmetric [-V curve with a turn-on voltage at around 0.75 V. When a
symmetrical oligothiophene was tested, a symmetric [-V curve was observed, (Figure 1.3c, inset)

ruling out the possibility of rectification coming from the asymmetry of Pt/Ir tip and Au surface.
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Figure 1.3 (a) Precursor structure and the co-assembly of diblock oligothiophenethiazole molecule
with decanethiol on Au surface. (b) I-V curve of individual molecules deposit on Au surface (inset:
STM image with the bright spot correspond to the diode molecule). (c) I-V curve of the pure
monolayer of the diblock molecule (inset: [-V curves of reference molecules, tetrathiophene

(black) and decanethiol (red)).*® Adapted with permission from reference *°. Copyright (2002)
American Chemical Society.
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These monothiolated diode molecules still impose challenge in measurement by using STS
technique due to small contact area with STM tip. Thus, to control the orientation of single
molecular rectifier and provide access to a second electrode, we prepared diblock co-oligomers
with cyanoethyl (CNE) thiol and trimethylsilylethyl (TMSE) thiol end groups that can be
orthogonally deprotected by using sodium ethoxide and tetrabutylammonium fluorides (TBAF),
respectively, as shown in Figure 1.4.46 To demonstrate the sequential deprotection, a molecule
with a switched orientation was synthesized for comparison (Figure 1.4b). First, the CNE group
was removed with sodium ethoxide in ethanol solution and the molecules were inserted in a
preassembled dodacanethiol (DDT) SAM on gold substrate. A second deprotection using TBAF
to remove TMSE group exposes the second thiol group, which can react with a gold nanoparticle.
The self-assembly process can be monitored with STM image, which showed single molecule
images with an average size of 1.8 nm, in accordance with other single molecules inserted in an
alkyl thiol matrix. Au nanoparticles with apparent diameter of 9-11 nm was used to form the
metal-molecule-metal junction. The formation of self-assemblies was confirmed by control
experiments, grazing incidence FTIR studies. The I-V curve was measured with STS technique
and shown in Figure 1.4c and d. The I-V curves showed significant asymmetry at different set
current, indicating the rectification resulted from the molecular core. Switching the orientation of
the diode reversed the direction of rectification. These results demonstrated that the rectification
is indeed originated from the molecular p-n junction. We ascribed the rectification to the dipolar
effect. Theoretical calculation indicated that the diode molecules exhibit an internal dipole moment
of 2.8 D. When it was oriented in defined direction, the dipolar field will be superimposed to the

external field that directs current flow.
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Figure 1.4 (a), (b) Structures and self-assembling monolayer of diodes molecules with orthogonal

protecting groups for sequential assembly on Au surface with different orientations, and the

corresponding I-V curves (c¢) and (d) of these molecules using Au nanoparticle as contact in the
STM technique.*¢

The mechanism of rectification in this diblock system was further investigated by theoretical
calculations.* The I-V curve of molecular diode 5 predicted by theory based on the Green’s
function theory of sub-barrier scattering was in qualitative agreement with the experimental
results. This simple model shows that in addition to the localization of the wave function of the
conducting orbital, the resonant electron transfer in the diblock system also contributes

significantly to the rectifying behavior of the molecular diode.
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Based on the dipolar effect, it can be hypothesized that molecules with large dipolar moment
will exhibit more pronounced rectification effect. Thus, molecule 6 (Figure 1.5) was synthesized,
which possesses similar protecting groups as the previous ones. The head-to-tail connected
dipyrimidinyl segment is more electron-deficient and the dipole moment of the molecule is indeed
6.2D, larger than previous p-n junction molecules. Furthermore, the compound is geometrically
linear, avoiding conformational uncertainty perceived in molecule systems based on five-member
rings (i.e. thiophene). Applying the same procedure as before, the monolayer assembly was formed
and characterized by STM and STS. The current — voltage curve showed that the molecule indeed
exhibited more significant rectifying effect with rectification ratio ranging from 4.5 — 9 compared
to that of the previous system, which ranges from 2-7. Interestingly, the direction of rectification
can be inversed by protonation of the nitrogen atom on the pyrimidinyl group with hydrogen
perchloric acid as shown in the I-V curves in Figure 1.5Error! Reference source not found.. The
change in rectification direction can be explained qualitatively by the change in the dipolar
orientation. As shown in the energy diagram presented in Figure 1.6, the dipole moment of the
self-assembled monolayer created an asymmetric potential in the vacuum level of Au surface and
Au nanoparticles, leading to asymmetric tunneling potential between the molecule and the two
electrodes. After protonation, the dipole moment inverted and rectifying direction inverted. These
results indicated that the shift of rectification direction provides access to switches responding to
environmental factors.’® The above examples also clearly demonstrate the impact of dipole

moment to the charge transfer process in molecules.
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Figure 1.5 (a) Self-assembly of diblock molecular diodes and protonation by HC1Os. (b) I-V curves
of diblock before protonation (black), after protonation (green), and after protonation-
deprotonation (red), showing switchable rectifying effect by protonation. Reprinted with
permission from reference *°. Copyright 2005 American Chemical Society.
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Figure 1.6 Energy diagrams for unprotonated (top) and protonated (bottom) dipyrimidinyldiphenyl
assemblies. AEq is the shift in local vacuum level at the interface due to the dipolar layer. E+,. are
the energies required to align Er with the HOMO/LUMO. Reprinted with permission from
reference *°. Copyright 2005 American Chemical Society.

All of these molecules shown above were investigated by simple STS experiments, which could
be tedious and difficult to perform. Fortunately, all of our results have been reproduced with other
measuring techniques. A convincing demonstration of rectification effect of a p-n junction with
the STM break-junction technique was shown by our collaborative work with Tao’s group.*® Two
molecular junctions, the symmetric tetraphenylene and the asymmetric dipyrimidinyldiphenylene,
were studied. (Figure 1.7a) By applying the sequential deprotection processes, the diode molecules
were aligned on the gold surface during self-assembly in a controlled direction. The conductance

of the asymmetric molecule was observed to be three times greater than the symmetric one, even
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though both molecules have similar length. While symmetric I-V curves are observed in the
tetraphenyl molecule (Figure 1.7b and c), rectification effect was clearly observed in the
dipyrimidinyldiphenyl diblock molecule, with higher current in the direction going from the
dipyrimidinyl to the diphenyl block (Figure 1.7d and e). Measurements recorded with the non-
symmetric molecules bound only to one electrode also display symmetric I-V curves, which

emphasizes the importance of the molecule-electrode contact in the rectification effect.
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Figure 1.7 (a) Structure and self-assembly of compound 6. (b) Selected I-V curves and (c) average
curve from 30 individual curves of the reference tetraphenyl molecule. (d) Selected I-V curves and
(e) average curve from 50 individual curves of compound 6.3
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The same molecules were also investigated by using the MCBJ technique in collaboration with
the group in IBM Zurich lab.’® As shown in Figure 1.8a, the histogram containing 500 opening
cycles shows two distinct conductance peaks, reflecting that the two different orientations of the
molecules forming the junction are of different polarization with respect to the applied bias and
their dipole moments. The similar peak heights show that the two orientation are of similar
probability. I-V curves measured at temperatures ranging from 300 to 50 K showed similar
rectification behavior (Figure 1.8b), indicating rectification resulting from Coulomb blockade and
electrical field induced level shifting. Theoretical calculations based on a single-level
semiempirical model are in good agreement with the experimental data (Figure 1.8c and d).

More in-depth theoretical analysis showed that spatial asymmetry in the molecular junction is
essential for the rectification behavior of the molecule.’! The n-type HOMO is localized on the
biphenyl group while the HOMO-1 and the HOMO-2 are localized on the dipyrimidinyl unit. The
weak orbital overlap between the two units results in electronic structure similar to a p-n junction.
In addition, a length induced inversion of rectification was observed theoretically in this
pyrimidinyl/phenyl diblock system.’? Using ab initio theory and the nonequilibrium Green’s
function theory, a series of increasing length diblock molecular junctions were modeled. The
direction of the rectification was predicted to depend on the molecular length, with a critical length
of 3 pyrimidinyl and 3 phenyl units long (27.735A). The length-induced change of the LUMO
energy level leads to a change of energy alignment with the electrode Fermi level. The LUMO
energy level moves to the Fermi level and its wave function becomes more localized under a
positive bias, while the opposites were observed when the junction is under a negative bias. The
contradictory effects between the energy level alignment and orbital delocalization compete in the

determination of the rectification direction.
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Figure 1.8 (a) Conductance histogram showing two distinct peaks for the two different orientations
of compound 6. (b) Temperature dependent study (300 to 50 K) of the current-voltage
characteristics. (inset: a plot of rectification ratio as a function of bias) (¢) I-V (red) and G-V (blue)
curves at 20 K. (d) Theoretical calculations (fitted) showing good agreement with the experimental
I-V and G-V curves (measured). Reprinted with permission from reference 3°. Copyright 2012
American Chemical Society.

1.3.2 Molecular Rectification Induced by Anchoring Groups

An interesting example that demonstrated the effect of dipole moment is the studies of the

different coupling strength of two anchoring groups with the electrodes.
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We designed and prepared two dipyrimidinyldiphenyl possessing thiol/thiol and thiol/isocyanide
anchoring groups (Figure 1.9a).°* Significant difference in rectification effect was observed
between 6 and 7 even though both molecules contain the same organic conjugated structure and
the orientation and the molecular backbone was identical (Figure 1.9). In STM measurement, a
significant rectifying I-V curve was observed for 6 and a much smaller rectification ratio was
observed for 7. (Figure 1.9b and c) Theoretical calculation revealed that replacing the electron
donating thiol anchoring group with electron-withdrawing isocyano group led to the decrease of
calculated molecule dipole moment from 6.3 D to 2.5 D. The HOMO of 6 is predominantly located
on the biphenyl segment while the LUMO of 6 located on the bipyrimidyl moiety. The HOMO
and the LUMO of 7 is evenly distributed over the entire molecule with the isocyano group
possessed a large orbital distribution in both the LUMO and the HOMO. The decrease in dipole
moment could account for the decrease in rectification ratio but not the inverse of rectification
direction. The inverse of rectification direction came from different bond dipoles resulted from the
different Fermi level alignment between the thiol and isocyano anchoring groups and the gold
surface. When thiol bonds with gold, a negative bond dipole forms. In contrast, when isocyano
group bonds with the gold surface, a positive bond dipole was generated. In 6, the bond dipole was
cancelled. Thus, the molecular dipole dominates the direction of rectification and the charge carrier
tunnels through the HOMO. In 7, the bond dipole between Au and isocyano group increased the
Fermi level of Au surface and the thiol-Au bond decrease the Fermi lever of Au NP. Since the
molecular dipole of molecule 6 is only 2.5 D, the difference in Fermi levels of Au substrate and
Au NP dominates. Therefore, an inversed rectifying effect between molecular diode 6 and 7 was

observed.
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Figure 1.9 (a) Self-assembly of diblock molecules with thiol/thiol anchoring groups (6) and
thiol/isocyanide anchoring groups (7) on Au surface. I-V curves at different current set points of
6 (b) and 7 (c) (insets: frequency of different rectification ratio ranges). Reprinted with permission
from reference 3. Copyright 2009 American Chemical Society.

1.3.3 Molecular Rectification Induced by Transition Metal Gates

Another surprising manifestation of dipolar effect came from studies of charge transport through
single molecular transition metal complex. Two complexes consisting of redox active Ru** and

Co” metal centers were investigated. Their structures are illustrated in Figure 1.10.
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Figure 1.10 Illustration of the Structures of Transition Metal Complexes

We prepared compound 8 (Figure 1.10) to study the potential redox gating effect of the metal
complex on the molecular wires.>* Metal to ligand charge transfer bands observed in UV-vis
spectrum indicates the blending of the m orbitals of the backbone ligand with the d orbitals of Ru
metal centers. Compound 8 was immobilized on Au surface by stepwise de-protection strategy.
The acetyl group was removed by NH4OH and the molecule was inserted ina DDT SAM. A second
deprotection of the MOM group with trifluoroacetic acid exposed the free thiol group for
immobilization of gold nanoparticles. The same deprotection sequence was applied to the
reference molecule 9 as well. The I-V curve of 8 showed asymmetric character while the -V curve
of the 9 is symmetric (Figure 1.11).

This asymmetry of 8 came from the projection of dipole of metal complex on the backbone as
illustrated in Figure 1.11. The conductivity of ruthenium containing molecular wire is higher than
that of the molecular backbone due to the forced planar conformation of the backbone by the
chelating ruthenium complex. Moreover, the I-V curve of 8 showed multiple fine structures and

the reference I-V curve of the 9 is smooth across the measurement. (Figure 1.11b and d)
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Figure 1.11 The structure of 8 (a), the orientation of 8 assembled on Au surface (¢), the [-V curve

of 8 (b) and the I-V curve of the 9 (d). Reproduced from Ref. 3* with permission from The Royal
Society of Chemistry.

The fine structure of the I-V curve of 8 can be explained by the coupling of metal d orbitals with
ligand = and * orbitals. We calculated the molecular orbitals of the entire complex and found dxy,
dy, and dy, orbitals are coupled with ©* orbital. This coupling provides resonance channel for
charge transfer through n* orbital. When applying voltage so that the Fermi level of the electrode
is in resonance with these orbitals, small negative differential resistance (the fine structures in I-V

curve) was observed due to the reduction of available state density.
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We further proved our hypothesis of rectification through projection of dipole via the
comparison of two cobalt-containing complexes (10 and 11 in Figure 1.10).>> The two complexes
have similar backbone structures. Both complexes showed metal to ligand charge transfer band in
UV-vis spectrum. The molecules were deposit on Au surface assembled with DDT SAM.

As it is shown in Figure 1.12, the dipole moment in the monocobalt complex has a projection on
the molecular backbone while the dipole moment of the di-cobalt complex cancelled out. The
conductivities of metal complexes are higher than the backbones as observed in ruthenium
complexes. Moreover, the asymmetric character of the I-V curves was observed only in the case
of monocobalt complex but not in the di-cobalt complex. Fine structures were detected in the -V
curves of both 10 and 11. These observations demonstrated that the asymmetric character of the
mono metal complex molecular wire indeed come from the dipole projection on the molecular
backbone. The fine structures in both cases showed the interaction of metal d orbitals with ligand

7t and * orbitals.
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Figure 1.12 Assembly of 10 and 11 on Au surface (a and c) and the I-V curves of these two metal
complexes (b and d in red) compared with the backbones (b and d in black).*

1.3.4 Other Effects Impacting Rectification and Conductance
We have also investigated the effect of hydrogen bonding on the rectification effect in molecular
diode. In order to study the difference in electronic properties of molecular diode in the presence
and the absence of an intramolecular hydrogen bond, we have designed and synthesized molecular

diode incorporated with the hydroxyphenyl pyridine unit (Figure 1.13).%
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Figure 1.13 Structures and assembly of molecular wires with (a, 12) and without (b, 13)
intramolecular hydrogen bond. (c) I-V curves of 12 (dashed black) and 13 (solid green) and
rectification ratios (insert) of molecular wires 12 (gray, filled) and 13 (light blue, empty). Adapted
with permission from reference 6. Copyright (2011) American Chemical Society.

A control compound was also prepared with a methyl group replacing the hydrogen on the
hydroxyl group. Similar to other diode studies, asymmetric protecting groups were used to allow

alignment of diode orientation during self-assembly. STS measurements revealed that both
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molecular wires display moderate asymmetric charge transport behavior. The wire containing
hydrogen bond showed slightly higher rectification ratio. Moreover, the hydroxyphenyl pyridine
diode showed a much higher current under bias, suggesting that charge transport is assisted by
hydrogen bonding (Figure 1.13c). DFT calculations showed that the optimized structure of the
hydroxyphenyl pyridine diode is planar, while the control compound with the methyl group is
completely twisted, which explains the poor conductivity due to disrupted conjugation. More
detailed theoretical study based on nonequilibrium Green’s function method showed that the
hydrogen bonding induced coplanar structure of 12 results in higher single molecule
conductivity.”” When the hydrogen bond is removed by turning the hydroxyl group away from the

pyridine, the current value is lowered with this metastable state comparing to the original molecule.
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CHAPTER 2
EDGE-ON GATING EFFECT IN MOLECULAR WIRES

This chapter contains parts of the published work [Lo, W.-Y.; Bi, W.; Li, L. et al. Nano Lett.
2015, 15, 958-962] Copyright (2015) American Chemical Society.

2.1 Introduction and Background

Charge transport through single molecules is an active research topic that involves design,
syntheses, physical measurements and theoretical understanding of functional molecules that can
control charge transport.' The extensive research effort in both measurements and theoretical
calculations of the charge transport phenomenon has led to deeper understanding on this topic.
Different molecular components, including molecular wires and diode molecules were synthesized
and investigated. Despite this progress, controlling charge transport through single molecules is
still a challenging issue.* > Electric gating is an important means to manipulate charge transport
behavior in semiconductor devices, which is the basis of field effect transistors (FET). The same
gating effect was pursued in a limited number of field effect transistor structures using single
molecular semiconductor, such as C60% 7, carbon nanotube® or simple 1,4-benzenedithiol’ via
external third gating electrode separated by an oxide dielectric layer. However, these molecular
transistors were prepared with an exhaustive nanofabrication of small electrode gaps with very
low yield.' ! Other approaches were applied to study the gating effect, such as electrochemical
gating.!>!* There is no molecule that mimics the function of a transistor and can be investigated
via a simple approach although several theoretical studies have dealt with this topic.'> ' An
interesting example was reported by Rabe ef al, in which the current through a hybrid molecular

diode is modulated by the formation of charge transfer interaction.'’
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In the following study, we have designed and synthesized a single molecular transistor system
that contains cyclophane moieties as shown in Figure 2.1 and investigated their electric gating
effect on molecular junctions. The cyclophane moiety ([2.2](2,6)pyridinoparacyclophane-1,9-
diene) offers a building motif for transistor molecules containing drain, source and gating termini;
each of them can exhibit orthogonal reactivity for connection to an electric circuit. The building
motif is a known compound that was shown to exhibit a perpendicular orientation between two
aromatic rings'® !°. In this molecular system, the perpendicular pyridine moiety is connected to
the conjugated semiconducting segment with two vinyl groups. The n-system in the pyridine ring
and vinyl groups is orthogonal to that in the semiconducting wire (Figure 2.1). It provides several
covalent bonding sites that can be chemically manipulated to introduce functional groups. This
system is designed to mimic the structure of a bulk transistor at the molecular level, in which the
pyridine unit can be used as the gating end that is not directly conjugated with the semiconducting
entity. The double bonds in the cyclophane moiety act as the dielectric component to electrically
isolate the gate from the semiconductor. The functional groups exert gating effect indirectly similar
to a FET setup. Although our ultimate goal is to connect the molecule to three electrodes via
orthogonal reactions, it is currently impossible for us to connect three termini into an external

circuit with controlled precision. Thus we decided first to investigate the chemical gating effect.

R

TMS
@@%@@

™S
R=H, NO2, Cl, OCHj, N(CH3),

Figure 2.1 Chemical Structure of the protected cyclophane molecular wires.
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Pentaphenylene bearing protected thiols on the ends was chosen to be the molecular
semiconductor with structures as shown in Figure 2.1 in which the cyclophane core is integrated
into it with the thiols as the anchoring groups for drain and source electrodes. The edge-on pyridine
unit was functionalized with different groups that possess varied electronic demands, which will
play the role of applied gating voltage to modulate the charge conductance in the molecular
junction. These substituents, namely NO», Cl, H, OCH3, and N(CH3),, are attached onto the para-
position of the pyridine in the cyclophane moiety and range from strongly electron withdrawing

to strongly electron donating. Syntheses of these molecules are shown as followed:

2.2 Sample Characterizations and STM Break-Junction

Experiments

To measure the conductance of single molecules, a self-assembled monolayer film of the
deprotected molecules was prepared on gold surface via thiol-gold reaction?’. The molecules with
two terminal thiol groups strongly couple with two gold electrodes to form a molecular junction.
A representative metal-molecule-metal junction is shown in Figure 2.2a. The density of the
anchored molecules was characterized with cyclic voltammetry after the top thiol group was
functionalized with ferrocene thioester as a reporting molecule. It was found that the typical
surface coverage of molecules is around 7.2x107'° mol-cm?. Cyclic voltammograms of the

experiment are shown in Figure 2.3.
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Figure 2.2 (a) A representative metal-molecule-metal junction in STM break-junction technique.
(b) Sample conductance traces of molecular junctions with gating substituent: -NO», -Cl, -H, -
OCH3, and -N(CH3)2. (c) Conductance histogram of the five molecular junctions. Red dash lines
represent polynomial fitting of each peak. (d) Single current-voltage characteristic curves of the
five molecular junctions constructed from the average of 30 individual curves.

35



6.0x10”

= PPC-N(CH,),
-PPC-OCH,
4.0x10°4 ===PPC-H
e PPC-Cl
- = PPC-NO,
< 2.0x10°
ahad
c
<
= 0.0
(&)
-2.0x10° 1
0.2 0.0 0.2 0.4 0.6 0.8

Bias (V)

Figure 2.3 Cyclic voltammograms of ferrocene functionalized PPC molecular wire monolayer on
gold.

2.2.1 Single-Molecule Gating of Conductance

The conductance of the molecular junctions was measured by using the break-junction technique
with a modified STM system.?!>* The experiments were carried out at 100mV of bias voltage in
toluene according to the protocol by the Tao group.?? The conductance traces of the molecules
with different substituents were recorded by using a LabVIEW program and are shown in Figure
2.2b. In each measurement, molecule junctions are formed after the gold STM tip was brought into
contact with a gold substrate functionalized with a monolayer of compound under a small bias
voltage applied between the tip and the substrate. The STM tip was then pulled away from the
substrate while monitoring the current between the tip and the substrate. A plateau in the
conductance trace, recorded as the current as a function of pulling distance, before junction break

would indicate the formation of a single molecule junction (Figure 2.2b).
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The conductance in the last plateau in thousands of current traces for each molecule was
analyzed statistically to produce a histogram with a clear peak, which corresponds to the single-
molecule conductance at that bias voltage. From the conductance histograms in Figure 2.2c, the
conductance values of molecules PPC-NO,, PPC-Cl, PPC-H, PPC-OCH3, and PPC-N(CH3) at
100 mV of bias voltage were determined to be 5.8 x 10° G,, 11 x 10 G,, 2.8 x 10°G,, 5.8 x 10°
G,, and 9.1 x 107 G, respectively, where G, equals 2e*/h (e is the electron charge and 4 is the
Plank constant). Systematic change can be clearly observed when the substituent changes from

strong acceptor (NO2) to strong donor (N(CH3)»).
2.2.2 Single-Molecule Current-Voltage Characteristics

To understand the charge transport mechanism in the single molecule junction at an extended
bias voltage range, thousands of /-} curves were recorded for each molecule when the STM tip
was pinned at the distance corresponding to single-molecule junction, which was deducted from
the conductance measurements, and voltage was swept rapidly from -1.5V to 1.5V. Due to the
instability of the single molecular junction caused by various side effects, such as high bias

21,24,25

voltages and current-induced heating , a large portion of [-V curves (e.g. 47% of the total /-

V curves for PPC-H) were thrown out automatically by the program.??

Based on the results of the conductance measurements, I-V curves were measured at the
corresponding locations of the plateaus at around 5.8 x 10 G,, 11 x 10 G,, 2.8 x 10°G,, 5.8 x
10° G,, and 9.1 x 10° G, for PPC-NO,, PPC-Cl, PPC-H, PPC-OCH3, and PPC-N(CH3),,
respectively. 2D histograms of the I-V and the G-V relations can be found in Figure 2.4. Average
[-V curves of the five molecular junctions constructed from 30 individual curves are shown in

Figure 2.2d. It can be observed that the current displays a clear nonlinearity as a function of bias

voltage. In particular, the current for the molecule with electron donating group increases much
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faster at higher bias than that with electron withdrawing group. The conductance data clearly
showed the gating effect, as the substituent becomes more electron-rich, the conductance increases.
A better expression of the gating effect is the interesting correlation of conductance with the charge
density change on the nitrogen atom in the pyridine ring. Density functional theory (DFT)
calculations of these molecules yield the charge density on each atom. Specifically, we are more
interested in the nitrogen atom in the pyridine ring whose charge density was shown in Table 2.1.
Shown together in the table are also the Hammet parameters opara, which was developed for
characterizing electronic effect of different functional groups on organic reactions. It is interesting
to notice that the conductance changes correlate almost linearly with the charge density changes
on nitrogen atom of the pyridine ring (relative to -H substituent) except for the compound
containing the nitro group (Figure 2.5a). The Hammet equation gives a similar correlation (Figure
2.5b). When the pyridine ring in the cyclophane moiety is attached with electron withdrawing
group, such as chlorine atom, the electronic density of the pyridine ring is reduced relative to that
with hydrogen atom. The nitrogen atom in the pyridine ring bears less negative charge, which is
confirmed from quantum mechanics calculation. On the other hand, a donating group (-N(CH3)a,
or -OCH3) can make the pyridine ring, thus the nitrogen atom, more negative, which will facilitate
hole current through the molecule and increase the conductance. With no substituent present on
the pyridine ring, effectively no bias is applied at the gate. As a comparison, the pentaphenylene
wire was also synthesized and their conductance measured. It is very interesting to notice that the
pentaphenylenedithiolate molecular junction exhibits a conductance of ca. 7.4 x 10 G,, which is
larger that of PPC-H (2.8 x 10°G,), but smaller than that of PPC-NMe2(9.1 x 10° G,). The
difference is due to the significantly more twisted structure along the conjugating backbone caused

by the cyclophane moiety of the PPC molecular wires (i.e. the two phenyl rings next to cyclophane)
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than the pentaphenylene molecule. The detailed STM break junction experiment data of the
pentaphenylene molecular junction is shown in Figure 2.6. Overall, the results indicated that
variation in electronic demand in substituent is identical to the change in gating voltage and the

single molecular circuit is performing similar to field effect transistor.
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junctions with substituents -NO,, -Cl, -H, -OMe, -N(Me): (from left to right), respectively.
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Figure 2.5 (a) A plot of conductance at 0.1 V (red) and 1.5 V (blue) against difference in charge
of the pyridine N (from DFT calculations) of the four substituted PPC compare with PPC-H. The
data points from left to right correspond to -N(CHj3)2, -OCH3, -H, -Cl, and -NO» respectively. (b)
A plot of conductance against Hammet parameters of the corresponding functional group attached
at the gate position. Colored lines are only used as eye guide.

Table 2.1 DFT calculation, STM experiment data, and other parameters.

Functional Charge Apx++® opaa  Conductance AE HOMO LUMO Barrier
Groups  on N2b (1x 10°Ggo)®  (eV)™d  (eV)Pd (eVv)Pd Height (eV)°
-NO, -0.568 0.010 0.78 5.8 2,746  -5.81725 -3.07081 0.87
-Cl -0.575 0.003 0.23 1 4.058 -5.69262 -1.63513 1.36
-H -0.578 0 0 28 4177  -5.57153 -1.39458 1.26
-OMe -0.592 -0.014 -0.27 58 4,184 -554976 -1.36601 1.15
-NMe; -0.605 -0.027 -0.83 91 4148  -5.3982  -1.24955 1.03

aMulliken charge analysis with b3lyp/6-31g*.

bData obtained from theoretical calculations.

°Data obtained from STM experiments.

4DFT calculation is known to sometimes underestimate the gap of the molecule, therefore the bandgap values obtained
from that are only good for rough comparisons with the experimental data.
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Figure 2.6 (a) Conductance histogram, (b) Current-voltage 2D histogram, (c) conductance-voltage
2D histogram, (d) transition voltage 2D histogram, and (e) transition voltage 1D histogram of the

pentaphenylene dithiolate molecular junction. The molecular junction has a conductance of ca. 7.4
x 107 Go.

2.2.3 Transition Voltage Spectroscopy Analysis

To better understand the edge-on gating effect on the charge transport mechanism, transition
voltage spectroscopy (TVS) was recorded and used to determine the energy level alignment of the
molecule.?® Each I-V curve was converted into curve of In(Z/F?) as a function of 1/V, the so-called

Fowler-Nordheim (FN) plot.?” The minimum of the FN plot corresponds to the transition voltage
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Viand the 1D TVS histograms of the occurrence of the transition voltage can be constructed from
these minimum values (Figure 2.7a-¢). The heights of the charge tunneling barriers of molecules
can then be deduced from the equation proposed by Baldea based on these transition voltage
values.?® The heights of the tunneling barriers of molecules with substituent groups of -NO, -Cl,
-H, -OCH3 and -N(CH3)> was calculated to be ca 0.87 eV, 1.36 eV, 1.26 eV, 1.15¢eV, and 1.03 eV
respectively. The results clearly indicated that when the substituent changes from electron donor
to electron acceptor, the transition voltage increased, and the charge tunneling barrier increase
except for the compound with nitro group. The results of the other four compounds are consistent
with the trend in the HOMO energy level deduced from DFT calculations by using calculation
method RB3LYP with basis set 6-31G* (Table 2.1). In particular, the tunneling barrier for nitro
group is very interesting and provides insightful information to be discussed below. The TVS
histograms also indicated a significant asymmetry of conductance. This effect has been observed
in many other systems, both conjugated or non-conjugated, and was attributed to the difference in
geometry of two electrodes, one flat surface and the other a sharp tip.*?

These results indicated that the pyridine unit modulates the conductance of the pentaphenylene
via tuning the charge tunneling barriers. Since the main chain of the molecule is a p-type
semiconductor, it favors hole transport through the HOMO of the molecule.?” DFT calculations
based on RB3LYP method with basis set 6-31G* show that the HOMO energy level of the
molecular wire decreases when the substituent on the pyridine ring change from donor to acceptor
(Table 2.1). This will cause an increase in charge tunneling barrier assuming the energy level
alignment against the Fermi level of the gold was not significantly affected by the substituents.
TVS results are consistent with the HOMO energy level changes for Cl, H, OCH3 and N(CH3):

molecules. However, the compound with nitro group exhibited abnormally small tunneling barrier,
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yet its conductance is lower than other molecules. While studies have shown that the nitro group

may potentially interact with gold surface®® !

, we did not observe any substantial difference
between the SAM of the nitro compound and that of the other wire molecules. Conductance
histogram of the nitro molecular wire in our experiments shows a single well defined peak.
Interaction from the nitro group with the gold surface would theoretically result in a different
conductance value. Cyclovoltametry studies indicated similar surface coverage with other
compounds. The similar anchoring effect with molecules containing thiolate and nitro side group
was described in literature.®? The results imply that the conduction mechanism in nitro compound
is different from the others. Similar phenomenon can be observed in the effect of substituent on
chemical reaction, the linear energy correlation often showed outstanding effect of nitro group due
to mechanistic change.** From the DFT calculation results, we can notice that the LUMO energy
level of the nitro compound (-3.07 eV) is unusually lowered than the others (around -1.3~-1.6 eV).
Based on the tunneling barriers derived from TVS of the other four compounds, the energy offset
of the four compounds are shown in Figure 2.7f, which puts the nitro compound in such energy
level alignment that its LUMO energy level is closer to the Fermi energy level of gold electrodes.
This implies that the charge transport in nitro compound is actually tunneling through the LUMO
orbital. The DFT calculations showed that the LUMO orbital in the nitro compound is almost

exclusively confined in the pyridine unit. The charge transport therefore has to tunnel through

space via the nitropyridine, leading to diminished conductance.
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Figure 2.7 1D transition voltage histograms of (a) PPC-NO», (b) PPC-CIl, (¢) PPC-H, (d) PPC-
OCH3, and (e) PPC-N(CH3). showing the occurrence of transition voltage for each molecular
junction. (f)A plot of energy offsets calculated with the transition voltages from a-e for all five

2.3 Conclusion

In conclusion, we have successfully synthesized a molecular wire system that demonstrated for
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the first time edge-on gating effect by utilizing the pyridinocyclophane moiety as the molecular

gate. The gating effect is manifested via tuning the energy levels of the molecular orbitals.



Molecular conductance and current-voltage characteristics curves measured via STM break-

junction method point out the possibility of molecular switching as a function of gating voltage.

2.4 Experimental Section

Syntheses of molecular wires:

Anthranilic acid 1) mCPBA
NaOH Isopentyl nitrite CHCI,
E(OHIbenzsne \N 1 2-DCE 2) Xylene
S Ph—sw
Br

£

=
~
N
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Scheme 2.1 Synthetic route of the cyclophane-gated molecular wires.

All of the chemicals were  purchased from  Aldrich  except  for
tetrakis(triphenylphosphine)palladium from Strem Chemicals. All reagents purchased
commercially were used without further purification except for toluene and tetrahydrofuran (THF),
which were dried over sodium/benzophenone. *H NMR and *C NMR spectra were recorded on a
Bruker DRX-400 spectrometer, with tetramethylsilane as an internal reference. Matrix-assisted
laser desorption ionization time-of-flight (MALDI-TOF) mass spectra were recorded using a
Bruker Ultraflextreme MALDI-TOF/TOF mass spectrometer with dithranol as the matrix.

Compounds 1a-d, 2 were prepared by standard literature methods.
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5,8-Dibromo-2,11-dithia[3.3](2,6)pyridinoparacyclophane (3a). To a stirred solution of NaOH
(0.526 g, 13.2 mmol) in ethanol (1.38 L) was added dropwise a solution of 1a (1.57 g, 5.98 mmol)
and 2 (1.95g, 5.98 mmol) in benzene (300 mL) over a period of 8 hours. The reaction was stirred
for an additional 10 hours at room temperature. The solution was filtered and concentrated under
reduced pressure. Chromatography of the residue over silica gel gave 3a as white solid (1.54 g,
60% yield). 'H NMR (CDCls, ppm): & 3.57-3.68 (q, 4H), 3.74-4.20 (q, 4H), 7.13-7.15 (d, 2H),

7.22 (s, 2H), 7.49-7.53 (t, 1H). MS (MALDI-TOF/) m/z: Calcd, 428.9. Found, (M*), 429.5,

5,8-Dibromo-7-nitro-2,11-dithia[3.3](2,6)pyridinoparacyclophane (3b). This was prepared
following the general procedure given for the preparation of 3a. From 1b (2.00 g, 6.45 mmol) and
2 (2.12 g, 6.45 mmol) there was obtained 3b as slight yellow solid (1.75 g, 57% yield). *H NMR
(CDCls, ppm): & 3.68-3.76 (q, 4H), 3.77-4.21 (q, 4H), 7.21 (s, 2H), 7.92 (s, 2H). MS (MALDI-

TOF/) m/z: Calcd, 473.9. Found, (M*), 474.6.

5,8-Dibromo-7-chloro-2,11-dithia[3.3](2,6)pyridinoparacyclophane (3c). This was prepared
following the general procedure given for the preparation of 3a. From 1c¢ (1.39 g, 4.63 mmol) and
2 (1.51 g, 4.63mmol) there was obtained 3c as white solid (1.69 g, 79% yield). *H NMR (CDCls,
ppm): & 3.54-3.64 (q, 4H), 3.74-4.20 (g, 4H), 7.19 (s, 2H), 7.24 (s, 2H). MS (MALDI-TOF/) m/z;

Calcd, 462.9. Found, (M"), 463.5.

5,8-Dibromo-7-methoxy-2,11-dithia[3.3](2,6)pyridinoparacyclophane (3d). This was prepared
following the general procedure given for the preparation of 3a. From 1d (2.00 g, 6.78 mmol) and
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2 (2.22 g, 6.78 mmol) there was obtained 3d as white solid (2.75 g, 88% yield). *H NMR (CDCls,
ppm): & 3.52-3.62 (q, 4H), 3.73-4.19 (q, 4H), 3.84 (s, 3H), 6.70 (s, 2H), 7.22 (s, 2H). MS (MALDI-

TOF/) m/z: Calcd, 458.9. Found, (M*), 459.4.

Benzyne-Stevens Rearrangement of 3a-d to Give 4a-d. To a solution of 3 (1.0 eq.) in 1,2-
dichloroethane (45 mL/mmol) boiling under reflux was added isopenty! nitrite (10 eq.), followed
by dropwise addition of a solution of anthranilic acid (2.5 eq.) in 1,2-dichloroethane (45 mL/mmol)
over 2 hours. The reaction was refluxed for an additional 2 hours, cooled, and concentrated under
reduced pressure. Chromatography of the residue over silica gel gave 4 as a mixture of isomers

and was used directly in the next step.

4,7-Dibromo[2.2](2,6)pyridinoparacyclophane-1,9-diene (5a). To a solution of 4a (100 mg,
0.172 mmol) in chloroform (5.73 mL) at -40°C was added dropwise a solution of m-
chloroperoxybenzoic acid (77%) (85 mg, 0.378 mmol) in chloroform (5.73 mL). The reaction was
stirred at -40°C for 1.5 hours, 0°C for 30 mins, and room temperature for 2 hours. The solution
was then washed with ag NaHCOz solution, water, and brine, dried with MgSO4 and concentrated
under reduced pressure. The resulting residue was dissolved in m-xylene (12 mL) and heated to
reflux under N2 for 20 hours. The solution was allowed to cool to room temperature and
concentrated under reduced pressure. Chromatography of the residue over silica gel gave 5a as a
white solid (10 mg, 16% yield). 'H NMR (CDCls, ppm): & 6.52-6.54 (d, 2H), 6.98-6.99 (d, 2H),
7.07 (s, 2H), 7.22-7.24 (d, 2H), 7.43-7.46 (t, 1H). MS (MALDI-TOF/) m/z; Calcd, 360.9. Found,

(M*), 361.7.
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4,7-Dibromo-15-nitro[2.2](2,6)pyridinoparacyclophane-1,9-diene (5b). This was prepared
following the general procedure given for the preparation of 5a. From 4b (1.61 g, 2.56 mmol) there
was obtained 5b as slight yellow solid (157 mg, 15% yield). *H NMR (CDCls, ppm): & 6.62-6.65
(d, 2H), 7.06 (s, 2H), 7.38-7.40 (d, 2H), 7.69 (s, 2H). MS (MALDI-TOF/) m/z: Calcd, 405.9.

Found, (M*), 406.8.

4,7-Dibromo-15-chloro[2.2](2,6)pyridinoparacyclophane-1,9-diene (5c¢). This was prepared
following the general procedure given for the preparation of 5a. From 4c (1.39 g, 2.25mmol) there
was obtained 5¢ as white solid (134 mg, 15% yield). *H NMR (CDCls, ppm): § 6.45-6.47 (d, 2H),
7.01 (s, 2H), 7.06 (s, 2H), 7.27-7.30 (d, 2H). MS (MALDI-TOF/) m/z: Calcd, 394.9. Found, (M*),

395.8.

4,7-Dibromo-15-methoxy[2.2](2,6)pyridinoparacyclophane-1,9-diene (5d). This was prepared
following the general procedure given for the preparation of 5a. From 4d (1.81 g, 2.97 mmol) there
was obtained 5d as white solid (139 mg, 12% yield). *H NMR (CDCls, ppm): & 3.74 (s, 3H), 6.44-
6.47 (d, 2H), 6.55 (s, 2H), 7.06 (s, 2H), 7.20-7.22 (d, 2H). MS (MALDI-TOF/) m/z: Calcd, 390.9.

Found, (M*), 391.7.

(2-((4-Bromophenyl)thio)ethyl)trimethylsilane (7). To a high pressure reaction tube was added
6 (1.00 g, 5.30 mmol), vinyltrimethylsilane (0.921 mL, 6.35 mmol), and azobisisobutyronitrile (9
mg, 0.053 mmol). The tube was sealed and the reaction mixture was stirred and heated at 100°C

for 20 hours. The mixture was then allowed to cool room temperature and concentrated under
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reduced pressure to give 7 as a clear liquid (1.47 g, 95.7% yield). *H NMR (CDCls, ppm): § 0.04

(s, 9H), 0.89-0.93 (m, 2H), 2.91-2.95 (m 2H), 7.15-7.17 (d, 2H), 7.38-7.40 (d, 2H).

Trimethyl(2-((4-(trimethylstannyl)phenyl)thio)ethyl)silane (8). To a solution of 7 (1.47 g, 5.07
mmol) in THF (10 mL) at -78°C under N2 was added n-butyllithium (2.5 M in hexanes) (2.23 mL,
5.58 mmol). After stirring the reaction mixture at -78°C for 2 hours, trimethyltin chloride (1.0 M
in hexanes) (5.58 mL, 5.58 mmol) was added to the mixture. The reaction was allowed to gradually
warm to room temperature and stirred for 12 hours. The reaction was diluted with ethyl acetate
and water. The organic phase was washed with water, dried with MgSO4 and concentrated under
reduced pressure to give 8 as slight yellow oil (1.71 g, 90% yield). *H NMR (CDCls, ppm): § 0.04

(s, 9H), 0.28 (s, 9H), 0.92-0.96 (m, 2H), 2.94-2.98 (m 2H), 7.27-7.29 (d, 2H), 7.39-7.41 (d, 2H).

(2-((4'-Bromo-[1,1'-biphenyl]-4-yhthio)ethyl)trimethylsilane (9). To a round-bottom flask
equipped with a condenser was added 8 (1.71 g, 4.58 mmol), 1-bromo-4-iodobenzene (1.56 g, 5.53
mmol), and tetrakis(triphenylphosphine)palladium (266 mg, 5 mmol%). The system was
evacuated and refilled with N2 three times, then charged with toluene (50 mL). The reaction
mixture was refluxed at 120°C under N for 16 hours. After cooling to room temperature, the
reaction mixture was filtered and concentrated under reduced pressure. Chromatography of the
residue over silica gel gave 9 as white solid (954 mg, 57% yield). *H NMR (CDCls, ppm): § 0.06
(s, 9H), 0.94-0.99 (m, 2H), 2.98-3.02 (m 2H), 7.35-7.37 (d, 2H), 7.43-7.49 (g, 4H), 7.54-7.56 (d,

2H).
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Trimethyl(2-((4'-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-[1,1'-biphenyl]-4-

yl)thio)ethyl)silane (10). To a round-bottom flask equipped with a condenser was added 9 (1.78
g, 4.87 mmol), bis(pinacolato)diboron (1.48 g, 5.84 mmol), potassium acetate (1.43 g, 14.6 mmol),
and [1,1’-Bis(diphenylphosphino)ferrocene]dichloropalladium(ll) (238 mg, 6 mmol%). The
system was evacuated and refilled with N three time, then charged with dioxane (100 mL). The
reaction mixture was bubbled with N2 for 5 minutes, then refluxed at 100°C under N2 for 24 hours.
After cooling to room temperature, the reaction mixture was filtered and diluted with
dichloromethane. The organic phase was washed with water and brine, dried with MgSOs4, and
concentrated under reduced pressure. Chromatography of the residue over silica gel gave 10 as
white solid (1.20 g, 60% vyield). 'H NMR (CDCls, ppm): & 0.06 (s, 9H), 0.94-0.99 (m, 2H), 2.98-

3.02 (m 2H), 7.35-7.37 (d, 2H), 7.43-7.49 (q, 4H), 7.54-7.56 (d, 2H).

PPC-H (11a). To a round-bottom flask equipped with a condenser was added 5a (7.5 mg, 0.021
mmol), 10 (18.8 mg, 0.046 mmol), tetrakis(triphenylphosphine)palladium (2 mg, 8 mmol%), and
Aliquat 336 (0.3 mg, 3 mmol%). The system was evacuated and refilled with N three times, then
charged with toluene (0.5 mL). The reaction mixture was heated at 85°C under N2 for 24 hours.
After cooling to room temperature, the reaction mixture was filtered and concentrated under
reduced pressure. Chromatography of the residue over silica gel gave 11a as white solid (5 mg,
31% yield). 'H NMR (CDCls, ppm): § 0.05 (s, 18H), 0.94-0.98 (m, 4H), 2.98-3.02 (m, 4H), 6.31-
6.34 (d, 2H), 6.77-6.78 (d, 2H), 7.26 (s, 2H), 7.35-7.39 (m, 8H), 7.50-7.53 (M, 11H). MS (MALDI-

TOF/) m/z: Calcd, 773.3. Found, (M™), 774.5.
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PPC-NO: (11b). This was prepared following the general procedure given for the preparation of
11a. From 5b (50 mg, 0.123 mmol) and 10 (111 mg, 0.270 mmol) there was obtained 11b as slight
yellow solid (15 mg, 15% yield). *H NMR (CDCls, ppm): & 0.05 (s, 18H), 0.94-0.98 (m, 4H), 2.98-
3.02 (m, 4H), 6.41-6.44 (d, 2H), 7.32 (s, 2H), 7.32-7.37 (m, 8H), 7.49 (s, 2H), 7.51-7.54 (m, 8H),

7.68-7.71 (d, 2H). MS (MALDI-TOF/) m/z: Calcd, 818.3. Found, (M*), 818.9.

PPC-CI (11c). This was prepared following the general procedure given for the preparation of
11a. From 5c¢ (30 mg, 0.076 mmol) and 10 (68 mg, 0.166mmol) there was obtained 11c as white
solid (9 mg, 15% yield). *H NMR (CDCls, ppm): & 0.06 (s, 18H), 0.94-0.99 (m, 4H), 2.98-3.02
(m, 4H), 6.24-6.26 (d, 2H), 6.80 (s, 2H), 7.30 (s, 2H), 7.35-7.39 (m, 8H), 7.53-7.59 (M, 10H). MS

(MALDI-TOF/) m/z: Calcd, 807.3. Found, (M*), 808.2.

PPC-OCH3 (11d). This was prepared following the general procedure given for the preparation
of 11a. From 5d (50 mg, 0.128 mmol) and 10 (116 mg, 0.282 mmol) there was obtained 11d as
white solid (15 mg, 15% yield). *H NMR (CDCls, ppm): & 0.06 (s, 18H), 0.94-0.99 (m, 4H), 2.98-
3.02 (m, 4H), 3.69 (s, 3H) 6.24-6.27 (d, 2H), 6.35 (s, 2H), 7.30 (s, 2H), 7.35-7.40 (m, 8H), 7.49-

7.55 (m, 10H). MS (MALDI-TOF/) m/z: Calcd, 803.3. Found, (M"), 803.8.

PPC-N(CHa)2 (11e). To 11c (10 mg) in a high pressure reaction tube was added dimethylamine
(2.0M in THF) (2 mL). The tube was sealed and the reaction mixture was stirred and heated at
150°C for 24 hours. The reaction mixture was allowed to cool to room temperature and
concentrated under reduced pressure to give 11e as white solid (8 mg). *H NMR (CDCls, ppm): §
0.06 (s, 18H), 0.94-0.99 (m, 4H), 2.98-3.02 (m, 4H), 3.03 (s, 6H) 6.24-6.27 (d, 2H), 6.35 (s, 2H),
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7.30 (s, 2H), 7.35-7.40 (m, 8H), 7.49-7.55 (m, 10H). MS (MALDI-TOF/) m/z: Calcd, 816.3.

Found, (M*), 816.6.

STM break-junction sample preparation:

The gold substrates were prepared by thermally evaporating 130 nm of gold (99.999%, Alfa
Aesar) on freshly cleaved mica slides (Ted Pella) in an ultra-high vacuum chamber (4x107 torr),
and stored under vacuum. Before each measurement, the gold electrode was annealed briefly with
a propane torch to remove any possible contamination and to generate large, atomically flat
terraces.

The SAM of the five molecules were prepared in a single step using tetrabutylammonium
fluoride (TBAF) as the deprotecting agent under a N> protected environment in a tetrahydrofuran
(THF) solution containing ca. 5x10° M of the target molecule. A gold substrate prepared using
the procedure described above was immersed in the solution for more than 12 hours. The substrate
was then washed successively with THF and ethanol, dried under a stream of N2, and immediately

used for experiment.
STM break-junction experiment:

The experiments were performed with a previously described STM break-junction setup. Briefly,
fresh gold tips were prepared by mechanically cutting a 0.25 mm gold wire (99.998% Alfa Aesar).
The experiments were carried out in toluene (>99.9% Sigma-Aldrich), which reduced possible
surface contamination. Before use, the STM Teflon solvent holder was sonicated in acetone and
dried with N2. During assemble, the solvent holder was placed over the gold—SAM surface and
filled with a couple drops of the solvent. A typical break-junction experiment comprised a total of
2,000-2,500 current—distance traces collected at pulling rates of 10-15 nm/s. Of these traces, 8—
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10% displayed plateaus that corresponded to the formation of a molecular bridge and were
employed to build the histograms. The break-junction experiments were performed at a bias of 0.1
V. I/V measurements were performed with a previously described method. Construction of the
histograms was done following the work by Tao et. al.

Energy offsets of the molecular junctions o are calculated following the work by Baldea, with
the equation:

elVe Vel
JV2 + 10|V, V. |/3 + VA

|50| =2

where Vi is the transition voltage at positive bias, V.. is the transition voltage at negative bias, and
e is electron charge.
Surface characterization:

Cyclic voltammetry (CV) was performed with Autolab VVoltammetric Analyzer ina conventional
three-electrode cell. A disc of gold film on mica (prepared as described above) was used as the
working electrode. After forming the SAM of the target molecule on the gold substrate (prepared
as described above), the surface was immersed in THF and ferrocenoyl chloride was added to react
with the free thiol to form ferrocene thioester as a reporting molecule. A platinum wire was used
as auxiliary electrode and the potentials were measured against an Ag/AgNQO3 electrode in 0.01 M
AgNO3. 0.1 M tetrabutylammonium hexafluorophosphate (TBAPFg) in acetonitrile was used as
supporting electrolyte. The electrolyte solution was degassed prior to experiment by bubbling N>

for 10 minutes. All measurements were carried out at ambient conditions.

Surface coverage of the molecule on the gold substrate were determined from the

voltammograms recorded according to the equation:
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QFe
I =
nFAr

where Qre is the charge consumed for the oxidation-reduction process of the ferrocene groups,
n is the number of electrons involved in the electron transfer process (n = 1 for ferrocene), A is the
geometric surface area of the electrode (0.6362 cm?), r is the scan rate, and F is the faraday
constant. Values of Qre were obtained by the integration of the faradaic current peaks from the

voltammograms.
FMO calculations:

The molecular geometries of the molecules were optimized, and their orbital energies and charge
distributions calculated using the B3LYP DFT function with basis set 6-31G* as implemented in

Gaussian 09.
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Figure 2.8 Geometries of the frontier molecular orbitals of the five molecules (left HOMO, right
LUMO).
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CHAPTER 3
PROTON-TRIGGERED SWITCH BASED ON MOLECULAR
WIRE WITH EDGE-ON GATE

This chapter contains parts of the published work [Li, L.; Lo, W.-Y.; Cai, Z. et al. Chem. Sci.
2016, 7, 3137-3141] The Royal Society of Chemistry.

3.1 Introduction and Background

As mentioned in Chapter 1, variation of molecular structures, either electronic or geometric
changes, can exert a profound effect on electric conductance of single molecular wires. For
example, meta- or para-position of connection will lead to different electric conductance;
introduction of dipole into single molecules can render the molecules rectification property.!= In
addition to these intrinsic structural changes, a continuing interest in molecular electronics is to
build devices integrating molecules whose conductivity can be manipulated by external stimuli
such as pH values of environmental solution,>* light,® mechanical motion,® temperature,’ magnetic
field,® or electric field.”'® For example in the previous chapter, we have demonstrated the concept
of edge-on gating at the molecular level with a set of single molecular wires, which contain the
2.2(2,6)pyridinoparacyclophane-1,9-diene (PPC) moiety (Figure 3.1a).!” In this system, we took
the advantage of the perpendicular orientation between the two aromatic planes and used the
pyridine end of the moiety as the gating part of the wire attached with function groups of different
electronic demands.'® ! Further studies by scanning tunneling microscopy break-junction (STM-
BJ) technique demonstrated that the single-molecule conductance, the orbital energy level, as well

as the charge tunneling barrier of these molecular wires can be tuned by changing the electronic
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property of the gating substituent group. The collective behavior of these compounds resembles
that of field effect transistors when the functional group changes from strong electron acceptors to

strong electron donors.

An important function of transistor is their switching behavior, which is the basis of modern
computing mechanism. The function of switch “on” and “off” corresponds to binary information
of “0” and “1”. In this study, we report an on/off switch based on a molecular wire containing the
edge-on pyridinoparacyclophane moiety, triggered by the protonation of the pyridine ring. The
results reveal that the protonation/deprotonation processes on the nitrogen atom of the edge-on
pyridine ring can reversibly alter the electrical property of the molecular wire, leading to a binary

system.

R = H, NO,, Cl, OCH3, N(CH;),

Au substrate Single molecular junction

Figure 3.1 Experimental setup. (a) Chemical structure of the PPC-based molecular wires. (b) A
representation of metal-molecule-metal junction in the STM-BJ technique.
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3.2 Sample Characterizations and STM Break-Junction

Experiments

Detailed synthesis and characterization of these PPC-molecular wires with gating pyridinyl
moiety whose para-position are functionalized with groups -NO», -Cl, -H, -OCH3, and -N(CH3)2
were described in the previous chapter.!” The pyridinoparacyclophane unit was shown to be similar
to other pyridine derivatives that can be protonated by strong acid.'®?% 2! To measure the
conductance of single molecules, self-assembled monolayer (SAM) films of the deprotected thiol
molecules were prepared on gold surface via thiol-gold binding chemistry. The resulting SAM was
further treated with trifluoroacetic acid (TFA) (100 mM in degassed THF) to protonate the SAM
for conductance measurements, and then with Na>COs solution (100 mM in a degassed
water/acetonitrile (v/v, 1/1) mixture) to obtain deprotonated assembly. Details of the preparation
of SAMs can be found in the supporting information. Successful immobilization of these
molecular wires onto gold substrates was confirmed by the CV measurements'’ and the XPS
characterization (Figure 3.2), and further supported by the variation of the contact angles of these
modified surfaces compared with bare gold surface (Figure 3.3). Specifically, XPS studies
indicated that the C/S ratio for PPC-OCHs SAM before treated with TFA was 40.0/2.3, in
agreement with the theoretical ratio of 40.0/2.0. An extra signal of fluorine was detected for TFA-

treated PPC-OCH3; SAM, demonstrating the success of the protonation process.
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Figure 3.2 XPS characterization of elements C, S and F of PPC-OCHj3 self-assembled monolayer
before and after treated with TFA.
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Figure 3.3 (a) Photographs of water droplets on the PPC-based self-assembled monolayers
(SAMs). (b) Statistical average values of the contact angle of the PPC-based self-assembled
monolayers (SAMs), where 3 individual measurements were carried out to extract the average
contact angle.
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3.2.1 Single-Molecule Conductance Switch

The single-molecule conductance was measured by the break-junction technique with a
modified STM system.!*:?223 The experiments were carried out at a small bias voltage of 100 mV
in degassed toluene.?” The conductance traces of the molecular junctions with different substituent
were recorded by using a LabVIEW program. Figure 3.4a shows the typical conductance-distance
curves for the protonated single molecular junctions with different functional groups. The plateaus
of constant conductance observed in these stretching traces around ~ 10~ Gy represent the signature
of single molecule junction, where Gy is the quantum of conductance 2e?/% (e is the electron charge
and 4 is the Plank constant). The plateau length is generally around 0.5-1.0 nm. The fluctuation of
the conductance value below 10 Gy is originated from the noise floor. Repeated measurements
gave a statistical assessment of the junction properties. Figure 3.4b shows the corresponding
conductance histograms generated from 300 ~ 500 effective conductance decay curves. The
histogram reveals an unambiguous peak for all of the molecules measured. By fitting these peaks
to a Gaussian function, we can determine the most probable conductance value for the junctions.
More specifically, the values of single molecule conductance of the protonated molecules PPC-
NO», PPC-CI, PPC-H, PPC-OCH3, and PPC-N(CH3)2 at 100 mV of bias voltage were determined
to be 6.3 x 10 Go, 5.6 x 10 Go, 6.0 x 10° Gy, 5.5 x 10 Go, and 5.4 x 10" Gy respectively. These
results clearly indicated that the protonated molecules exhibit similar conductance, independent of
the nature of substituent on pyridine ring. The conductance values of protonated molecules are
almost identical to that of unprotonated, nitro-substituted compound. It shows that the positive

charge on protonated pyridinyl moiety suppressed charge transport and acted as a switch.
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Figure 3.4 Conductance of protonated molecular junctions. (a) Representative conductance-
distance traces of the protonated molecular wires with different substituent. (b) Conductance
histograms of the five protonated molecular wires, where the black solid lines represent the
Gaussian fitting curves. (c) The most probable conductance values of the unprotonated and
protonated molecular wires. Dotted lines are only used as eye guide.
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As mentioned in the above section, XPS studies indicated the presence of fluorine atoms in the
monolayer assembly, an evidence for the protonation by TFA. To further ensure that the observed
difference of conductance values is due to the effect of protonation, spectroscopic studies were
carried out in solution state. The 'H-NMR studies showed that chemical shifts of all protons of
PPC-based molecules shift to lower field after protonation, which was caused by the enhanced de-
shielding effect of the pyridinium compared with the neutral pyridine ring. The UV-vis spectra
showed that the absorption maxima of these PPC-based molecules exhibits a bathochromic shift
after TFA protonation, and the shift enhances as the substituent group changes from electron-
withdrawing to electron-donating group (Figure 3.5). It is interesting to note that the protonation
of PPC-NO; and PPC-Cl molecules did not lead to obvious bathochromic shift, which is consistent
with the conductance results, where all of the conductance values fall to the level of the nitro-
substituted compound. The DFT calculation discussed below indicated that the protonation affects
LUMO more than HOMO orbitals unless the pyridine ring is substituted with electron deficient

groups.

The effect of protonation process on the conductance of molecular wires was shown to be
reversible after the protonated SAM was treated with NaxCOs solution in a water/acetonitrile
mixture. The conductance histograms of the unprotonated, protonated and deprotonated PPC-NO,,
PPC-H and PPC-N(CH3)> molecular junctions are shown in Figure 3.6. Figure 3.7a summarizes
the corresponding most probable conductance values, and the results clearly demonstrate the
deprotonation of the nitrogen atom of pyridine ring successfully restore the conductance of neutral
PPC-based molecules. The reversible features of the protonation/deprotonation process were

consistent with spectroscopic observation (Figure 3.7b).
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Figure 3.6 Conductance histograms of the unprotonated, protonated and deprotonated molecular
wires with different substituents (R): -NO, -H, and -N(CH3)s.
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deprotonated molecular wires. (b) 1H-NMR spectra of PPC-Cl core of the
protonation/deprotonation cycles.

The contact angle measurements showed no significant difference between the untreated SAM,
and the SAMs treated by TFA and Na>COs. This is reasonable because the wetting property of
SAM is mainly dominated by the outermost functional group, i.e., thiol group in our case, instead

of the pyridine ring hidden in the interior.

The protonation effect is further demonstrated by the inability of weak acid in changing the

conductance. The pyridine moiety cannot be protonated by acetic acid, a weak acid, with a pKa
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value ~ 4.75. Thus, when the SAMs were treated with acetic acid, no difference in conductance
can be detected in break-junction measurements before and after protonation. Similar phenomenon

was observed in all other experiments including the "H-NMR spectra and UV-vis spectra.

3.2.2 Single-Molecule Current-Voltage Characteristics

The current—voltage (/-V), conductance-voltage (G-V) characteristics, and the related transition
voltage spectroscopy (7VS) were obtained to further probe the charge transport mechanism in the
protonated molecular junctions. Figure 3.8a and e plot ca. 800 /-V curves for unprotonated and
protonated PPC-H molecular junctions. The incomplete /-V curves constituting ~70% of all the
curves due to the breakdown and instability of the molecular junctions were automatically detected
and not included in the /- histogram shown in Figure 3.8. Typically, most of the initial slopes of
the I-V curves for the protonated PPC-H molecular junction are smaller than that for the
unprotonated version, consistent with the observed trend of the previous conductance histograms.
The I-V and G-V histograms for other molecules are summarized in Figure 3.9. Most of the I-V
curves display a clear nonlinearity as a function of bias voltage, which was also reflected in the

corresponding bowl-shaped 2-D G-V histograms (Figure 3.8b and f).
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Figure 3.8 Change in electrical properties due to protonation. 2-D [-V histograms, 2-D G-V
histograms, 2-D transition voltage histograms, and 1-D transition voltage histograms for
unprotonated (left column: a, b, ¢, d)!” and protonated (right column: e, f, g, h) PPC-H molecular
junctions, respectively.

The single-molecule 7VS was obtained by converting each /-V curve into curve of In(Z/V?) as a
function of 1/, the so-called Fowler-Nordheim (FN) plot.?**¢ The minimum of the FN plot

corresponds to the transition voltage V: and the 1D TVS histograms of the occurrence of the
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transition voltage can be constructed from these minimum values. The 7VS plot of octanedithiol
was constructed as a control experiment. The result indicates that the measured V; for octanedithiol
is ~ 1.35 V, which is consistent with the reported values (1.30 V ~ 1.40 V) in the literatures.?* %’
As shown in Figure 3.8d and h, the transition voltage histograms of the unprotonated and
protonated PPC-H molecules exhibit two distinguished characteristics: (1) both histograms are
asymmetric in nature; (2) the absolute values of the measured positive and negative transition
voltages (Vi+ and Vi) decrease from 1.35 V to 0.95 V and 1.51 V to 1.35 V, respectively, after
protonation. The asymmetry of the transition voltage histogram for molecular junctions was
previously observed in the work of Kushmerick®* and Tao?’. The phenomenon was mainly
attributed to the metal-molecule contacts and the symmetry of the molecule itself, namely, the flat
substrate electrode versus the sharp tip electrode and the stronger coupling of the n-electrons of
the aromatic rings to the flat substrate than to the atomically sharp tip. Most recently, it was shown

that polarity of solvent can also cause the asymmetry.?®
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Figure 3.9 (a) Current-voltage 2D histograms, (b) conductance-voltage 2D histograms, (c)
transition voltage 2D histograms, and (d) transition voltage 1D histograms of the protonated PPC
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respectively.

3.2.3 Transition Voltage Spectroscopy Analysis

Since the applied bias V can affect the energy offset between Fermi level of electrodes and
molecular orbitals, po =po(V)|r=0 —¢@o(V), voltage division factor y was designed to account for
this effect, where po(V) = po + 7y eV.?%>* More specifically, the experimentally measured transition
voltages V. for both bias polarities are related to the barrier height ¢o and the voltage division
factor y based on the equations developed by Baldea.? ** The calculated values for the
unprotonated and the protonated PPC molecular wires are summarized in Figure 3.10 and
Supplementary Table S2. As shown in Figure 3.10a, all the calculated y values are positive,
indicating that the potential drop at the soft contact (e.g., STM-tip) is slightly larger. Moreover,

the y values of the protonated molecular wires are larger than those of the unprotonated molecular
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wires. This implies that protonation changes the symmetry of the molecular structure, thus affects
the interfacial potential drops. Figure 3.10b shows a comparison of the calculated energy offsets
of the molecular wires before and after protonation. We can see that protonation converts the ¢o
value of different molecules to the same value within the experimental uncertainty. This is
consistent with the observed trend of conductance value, demonstrating that the protonation indeed
functions as a switch by changing the energy levels. Our previous study!’ showed that the tunneling
barrier of the unprotonated PPC-molecular wires followed the order: @o(-Cl)>@o(-H)>@o(-
OCH3)>po(N(-CH3)2), which agreed well with the observed order of conductance: G(-Cl)<G(-
H)<G(-OCH3)<G(N(-CH3)2). This was attributed to the modulation of the charge tunneling
barriers of the pentaphenylene wire via the pyridine unit, acting like gate electrode. Since the
pentaphenylene unit is a p-type semiconductor, the measured ¢ reflects the Er — Enomo offset.
However, for the unprotonated PPC-NQO,, its conductance was observed to be the lowest among
the neutral compounds while its tunneling barrier was also the lowest. We attributed the cause of
this phenomenon to a switch of transport mechanism by tunneling through the LUMO due to strong
electron withdrawing ability of nitro group. The DFT calculation supported this explanation.!” The
results in this study indicate that the effect of protonation is the same as for nitro groups. The
positive charge in the pyridine ring converted the molecular wire into n-type semiconductor. The
charges are tunneled through the LUMO energy level. This mechanistic change in charge tunneling

is the origin of the switching behavior.
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3.3 Conclusion

The protonation effect observed in this work is different from those molecules in which the
pyridine ring is a component along the charge transport pathway in molecular wire.>* In this
system, the pyridine ring is orthogonal to the conjugated system in molecular wire. The effect of
protonation is akin to a gating voltage, demonstrating that the molecular system reported here will

be a genuine transistor if it can be connected to three electrodes.

The influence of protonation on the edge-on gating effect of a series of novel

pyridinocyclophane moiety-based molecular junctions was investigated. It was found that the

71



protonation on the nitrogen atom of the edge-on pyridine ring can reversibly change the
conductance of the molecular wires and act as a switch. Protonation converted a molecular wire
from p-type to n-type semiconductor. The switch mechanism is thus attributed to the change in

charge tunnelling channels from HOMO in neutral molecules to LUMO in protonated ones.

3.4 Experimental Section

Preparation of self-assembled monolayers (SAMs):

Prior to each experiment, the substrate was briefly annealed in a propane flame. The self-
assembled monolayers (SAMs) of the five molecules were prepared in a single step using
tetrabutylammonium fluoride (TBAF) as the deprotecting agent under a N protected environment
in a tetrahydrofuran (THF) solution containing ca. 5 x 10° M of the target molecule. A gold
substrate prepared using the procedure described above was immersed in the solution for 12 hours.
For the measurement of the unprotonated samples, the substrate was then washed successively
with THF and ethanol, dried under a stream of N>, and immediately used for experiment. For the
measurement of the protonated samples, the substrate was further submerged in a solution of
trifluoroacetic acid (TFA) 100 mM in THF for 15 min, subsequently washed with THF and then
dried under a stream of N, and immediately used for experiment. For the measurement of the
deprotonated samples, the protonated substrate was washed with THF and distilled water, and then
was further submerged in 100 mM Na,CO3 water/acetonitrile (v/v, 5/5) solution for 15 min,
subsequently washed with water, THF and then dried under a stream of N2, and immediately used

for experiment.

Break-junction experiment for single molecule junctions:
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The STM-BJ experiments were performed with a previously described STM break-junction
setup. Briefly, fresh gold tips were prepared by mechanically cutting a 0.25 mm gold wire
(99.998% Alfa Aesar). The experiments were carried out in degassed toluene (>99.9% Sigma-
Aldrich), which reduced possible surface contamination. Before use, the STM Teflon solvent
holder was sonicated in acetone and dried with N>. During measurement, the solvent holder was
placed over the gold-SAM surface and filled with a couple drops of toluene. A typical break-
junction experiment comprised thousands of current—distance traces. Of these traces, ~ 30% (300
~ 500 effective curves) displayed plateaus that corresponded to the formation of a molecular bridge
and were employed to build the histograms. The break-junction experiments were performed at a

bias of 100 mV.

I-V recording for single molecule junctions:

The I-V recording experiments were carried out at 100 mV of bias voltage in toluene. Positive
bias means that the substrate is positive and the tip negative. The entire process consists of
iterations of three steps, tapping, conductance step detection and /- recording, which is in contrast
to the single-step tapping procedure used in the STM break junction measurements. In the tapping
step, the tip is moved towards the substrate until the current reaches a preset threshold, and then is
retracted until it reaches a lower preset current. In the present method, the conductance step
detection is applied during each retraction cycle to identify conductance steps. The measured
conductance range was selected according to the previously measured conductance histogram of
each molecule. Once a conductance step is detected, the /- recording step is activated, which
involves the following sub-steps: 1) The tip is immediately held in position, 2) the current -voltage

curve was recorded from+ 1.5 V to — 1.5 V quickly (10 Hz), 3) upon completion of the /-V curve,
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the tip was pulled away from the substrate until the current drop to a preset value, and the
measurement started over again. For the data selection, /- curves that are incomplete or contain
large switching noises are detected and removed from statistical analysis. This procedure allowed

us to obtain complete /- curves for statistical analysis.

Energy offsets o and voltage division factor y of the molecular junctions are calculated

following the work by Baldea, with the equation:

elVe Vel
$o =2 > >
JV2 + 10|V, Vi |/3 + VA
1 Viy + Vi
'y =

2. JVZE + 10|V, V,_|/3 + V2
Other characterizations:

The contact angle measurements were performed using a KSV (Helsinki, Finland) CAM 200
contact angle goniometer. The X-ray photoelectron spectroscopy (XPS) measurements were
conducted on an ESCALAB-250 spectrometer using a monochromatic Al Ka (1486.6 eV) as
radiation source. The ultraviolet absorption spectra were recorded by a UV-vis spectrometer, and
the scan range was set from 300 nm to 500 nm.'H nuclear magnetic resonance (‘H NMR) spectra
were recorded on a Bruker AV400 spectrometer by using deuterated chloroform (CDCI3) as
solvent and tetramethylsilane (TMS) as an internal standard. For the protonation/deprotonation
cycle measurement: 1) ~ 4 mg of PPC-Cl sample was first dissolved in 1 mL of CDCls for the 'H
NMR measurement; 2) the solution was further added ~15 uL of TFA/AA for the '"H NMR
measurement; 3) the solution was further added an excess of anhydrous Na>CO3 powder and stirred

for 10 min, after filtrated with a 220 nm PVDF filter to remove the inorganic salt, the clear solution
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was used for the '"H NMR measurement; 4) steps 2 and 3 were repeated one more time to finish

the whole cycle measurement.
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CHAPTER 4
MOLECULAR RECTIFICATION TUNED BY THROUGH-

SPACE GATING EFFECT

4.1 Introduction and Background

The control of charge transport in single molecular electronic junction is critical for the
construction of complex molecular circuitries.! Molecular diode provides access to basic

46 and transistors.” Aviram and Ratner (AR) first

functions including rectification, switches
proposed theoretically that rectification effect in molecular scale is possible with donor acceptor
systems.® The general structure of an AR diode consists of a donor block electronically decoupled
by an o bridge from an acceptor block. However, the incorporation of ¢ bond decreases the
conductance of the molecular wires, limiting the length of the molecular junction and the potential
complex functions that can be introduced. Inspired by the p/n junction structure in semiconductors,
we proposed and demonstrated the concept of p/n junction in molecular diodes.’!? The molecular
rectification is induced by the dipole of the molecular core.’!? Rectification can also come from
asymmetric anchoring groups, which induce asymmetric bond dipole.'? Other effects that changes

1

rectification including protonation,'! environmental effects,'* and the introduction of charged

host.!?

All these diodes involve changes in the molecular backbone, thus leading to dramatic
changes of charge transfer properties. Inspired by nature where proteins regulate the electron
transfer using through-space amino acid residue,'® this chapter describes synthesis and
investigation of a gated molecular diode system, in which a change in electronic structure through-

space would result in the fine tuning of the electronic structures of the backbone, leading to the

control of the rectification behavior.
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The diode molecules consist of the cyclophane moiety as the bridging group between the p-type
biphenyl unit and the n-type bipyrimidinyl unit. Recently, we found the incorporation of a
pyridinocyclophane unit in the molecular backbone effectively tune the conductance via non-

conjugating spatial electronic effect.!”

The substitution group of pyridinocyclophane acts as an
effective gate electrode that control the conductance of a series of molecular wires. Moreover, this
through-space effect can switch off the charge transport through molecular wire via protonation of
the nitrogen atom in the pyridine moiety.'® Combination of the through-space edge-on gating effect
and p/n type diode construction enabled us to demonstrate the cyclophane gating effect in
molecular diodes.

We have synthesized five molecular diodes with functional groups of varying electronic
properties at the gating position. The five functional groups, namely NO», Cl, H, OCH3 and
N(CH3),, are used as chemical gates to tune the electrical properties of the molecular wire. The
two ends of the molecular wires are functionalized with thiol groups with asymmetric protecting
groups: trimethylsilylethyl (TMSE) and cyanoethyl (CNE), to allow for sequential deprotection
during the self-assembly process so that the orientation of the diodes immobilized on the Au

surface was controlled.!” '> The structure and the orientation of the five molecular diode

assemblies is shown in Figure 4.1.

Edge-On Gate

R
DS % s
N —_N N
PPCH_d;R=H
PPCNO,_d; R=NO,

PPCCI_d;R=CI

PPCOMe_d; R = OMe

PPCNMe,_d; R = NMe,

+-

Figure 4.1 Assembly of pyridinoparacyclophane based diodes with edge-on gates on Au surface.
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4.2 Sample Characterizations and STM Break-Junction

Experiments

The synthesis and characterizations of these diode molecules can be found in the supporting
information. Self-assembled monolayer (SAM) films of the deprotected thiol molecules were
prepared in order to measure their single-molecule electrical properties. Details of the SAM
preparation can be found in the supporting information. The low bias single-molecule conductance
was determined by the break-junction technique with a modified STM system. The experiments
were carried out at a positive bias voltage of 100 mV in degassed mesitylene. As the STM tip
retracts from the surface, plateaus can be observed in the conductance-distance trace, which
indicated the formation of single molecule junctions. This tapping motion was performed
repeatedly to give a statistical evaluation of the junction properties. From the break-junction
experiment, the single-molecule conductance of these molecules were found to be ca. 1 to 7 x 10
5 Gy (SI Table 1), where Gy is 2e*/h (e is the charge of electron and /4 is the Planck constant),

depending on the nature of the gating group.

4.2.1 Current-Voltage Characteristics of Gated Diodes

To study the rectification behavior of these diode molecules, the current-voltage (/-V)
characteristics of these molecular junctions were investigated. During the retraction phase, the Au
tip of the STM probe head was briefly held in the position at the detection of plateau in the
conductance-distance curve, an indication of the formation of a single-molecule junction. A
voltage sweep between 1.8 V and -1.8 V was performed at this point to obtain the individual /-V
characteristics. Similar to the measurement of conductance, this process was performed repeatedly

to compile an /- histogram. The 2D histograms are shown in Figure 4.2.
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The average I-V curves for each molecule were compiled from ca. 700 to 1000 individual curves,
as shown in Figure 4.3. A clear rectification effect in all five molecular diodes can be seen in all
of'the I-V curves, with the forward bias results in high current and low current under reverse bias.
Since the symmetric pentaphenyl paracyclophane molecular wires showed symmetric I-¥ curves,!”
the asymmetric character in the /-V curves of these diodes originates from the molecular backbone.
It is also clear that the current increases the fastest as the forward bias increases for the diode with
the NMe; gating group, and was tuned down as the gating group becomes less electron donating.
The lowest current under forward bias was reached with electron withdrawing NO; as the gating
group. This gating effect was similarly observed in the /-V characteristics of the symmetrical
version of the molecule under positive bias. The junction of the molecule with the most electron-
rich gating group has the highest current, while that with the most electron-deficient gating group
has the lowest.!” However, under reverse bias, all molecules exhibit similar current level. The
rectification ratio at 1.5 V is calculated and plotted against the corresponding Hammett parameters
of the gating groups. The general trend shows that rectification increases as the gating group

becomes more electron-rich, with the amine wire having the highest rectification ratio of 2.63.
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Figure 4.3 a) Average current (nA) over bias (V) plot of five molecular junctions with varying
gating groups. The forward bias refers to negative charge applied on Au tip. b) The rectification

ratio plotted against the Hammett parameters of the R gating group. The dotted line is for visual
aid only.

Since rectification ratio is dependent on bias, transition voltage is another method of revealing
inherent junction asymmetry. The Fowler-Nordheim (FN) plot was obtained by converting each /-
V curve into curve of In(Z/V?) as a function of 1/V. The single-molecule transition voltage can then
be deduced by plotting the minimum of the FN plot, which corresponds to transition voltage V7,
against the corresponding conductance. This 2D transition voltage histogram can be further

converted into 1D histograms as shown in Figure 4.4 for extracting V. data.
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Figure 4.4 a) - e) The transition voltage histograms and Gaussian fit of five molecular junctions
with through-space gating groups namely: NMe,, OMe, H, CI, NO. Red curve corresponds to the
positive bias and green curve corresponds to negative bias. f) plot of transition voltages over the
Hammett parameter of R group. The dash lines are for visual assistance.

The transition voltage histograms of the series show an increase in forward bias transition voltage
Vi+ as the gating group changes from electron-rich amine group to electron-deficient nitro group,
while the reverse bias transition voltage V- remains relatively constant. Although the transition
voltage cannot be quantitatively related to the energy barrier between the HOMO of the molecular
backbone and the Au Fermi level in the case of diodes, it can be used to qualitatively evaluate the
energy barrier.!?! The plot of transition voltage over the Hammett constant of the R gating group
showed the through-space electronic gating effect indeed impacted the HOMO energy level and

the electron density distribution on the molecular diodes.

83



4.2.2 Proposed Gated Diodes Transport Mechanism

To explain the underlying mechanisms of the rectification behavior, we propose a model based
on a combination of the asymmetric energy level shifting due to electric field and molecule
charging in the presence of a bias.??> The general mechanism is shown in Figure 4.6. Judging from
DFT calculated HOMO and LUMO levels, charge transport in this series of molecules mostly
occurs via the HOMO. The electric field resulted from the intrinsic dipole of the molecule was
calculated based on the dipole moment from the DFT calculations (Table 4.1). It is shown that all
five diode molecules exert similar electric dipole field along the backbone direction to the junction.
The diode backbone without the cyclophane gate also exhibit similar dipole field. This indicates
the gating group has minimal effect on dipolar field generated from the diode, and the contribution
comes primarily from the p/n junction. In addition, the Au-S bond dipole also contribute to the
asymmetric character of the junction. Comparison of the dipoles between the two ends of the diode
shows a more significant dipole on the bipyrimidinyl side, which is attached to the tip electrode
(Figure 4.5). As a result, the electric dipole field from the backbone together with the bond dipole
of the Au-S bond constructively offset the Fermi level of the tip electrode (AEq4 in Figure 4.6).
Under zero bias, the charge transfer rate is low due to the small energy level overlap between the
HOMO and the Fermi level of gold electrodes. Transport occurs via non-resonant tunneling. When
the junction is put under a positive bias, the Fermi level of the Au tip decreases further and the
HOMO level of the diode shifts in respond to the electrical field between both electrodes. Since
the junction is asymmetric and the HOMO is closer to the substrate, the change of the HOMO
level is small compared to the shift of the Fermi level of the Au tip. Upon the alignment of the Au
tip Fermi level and the HOMO of the backbone, resonant tunneling occurs. Different bias is

required to achieve resonant tunneling for the five diodes since their HOMO levels are gated by
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the functional groups with different electronic effects. While the forward bias transition voltage
Vi+ does not necessarily represent the resonant bias, the relative trend in Figure 4.4f agrees with
this mechanism. DFT calculated HOMO levels also show similar trend. When a negative bias is
applied to the junction, the Fermi level of the Au tip increases. At the same time, additional bias
is required to counteract the potential from the dipole field exerted onto the junction by the diode
core and the bond dipole. The large difference between HOMO level and the Fermi level on the
substrate side demands a large bias to reach resonance between the Au electrodes. Transport
remains inefficient and occurs mostly due to non-resonant tunneling, leading to a low current in
all cases of R groups.

Table 4.1 Electric dipole fields calculated from the dipole moment (DFT) of the core.

1 (Debye) ux (Debye) ? Ex (V/A) & o (V)°©
NMe» 7.9355 4.7166 0.00740 0.04321
OMe 7.1743 5.7782 0.00907 0.05294
H 6.3882 5.2954 0.00831 0.04851
Cl 5.6662 5.3927 0.00846 0.04940
NO; 5.7503 5.4087 0.00849 0.04955
Backbone 5.3975 5.2820 0.00829 0.04839

 Direction along the molecular backbone.

b The electric dipole fields were calculated by the equation:

1[G
i

4me, T3

where p is the dipole moment, r is the position relative to the center of mass of the dipole, &, is the
permittivity constant of mesitylene.

¢ The potential from the dipole is given by the equation:

_ 1
= 4me, 13

(p-7)
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Figure 4.5 Bond dipole comparison between the biphenyl side (2.35 Debye) and the bipyrimidinyl
side (5.36 Debye) of the diode.

/ﬂ\ /\ s,
Er of Au

Surface _ Ef of Au
HOMO Tip
zero bias

-~
~~~.

ol S
Er of Au Rk
Surface
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Erof Au =
Surface
HOMO

negative bias

Figure 4.6 The charge transfer mechanism of the pyridinoparacyclophane gated molecular wires.
Black bars represent the HOMOs at the respective bias and grey bars represent that at zero bias.
AEq is the potential from the electric dipole field of the p/n junction and the Au-S bond.
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4.2.3 Theoretical Analysis

The transmission spectra for the diodes with NMe», H, and Cl, were calculated based on the non-
equilibrium Green’s function theory and shown in Figure 4.7a. Highest transmission with the
HOMO was observed closest to the electrode Fermi level with the diode bearing the most electron-
rich gating group. The transmission peak is shifted further away from the Fermi level as the gating
group changes to less electron donating. The trend observed is similar to that in the TVS and DFT
calculated HOMO energy levels. In addition, the I-V characteristics of the NMe, gated diode was
calculated and showed asymmetric feature (Figure 4.8) as expected from the experimental results.
The transmission eigenstates of the diode molecule with gating group NMe;, also exhibit
asymmetric geometries at the opposite bias (Figure 4.7b and c), confirming the diode behavior of

this molecular wire system.

——PPCNMe, d

——PPCH_d
| o M
2 -

Transmission

0 T T T T M T T T T T T
3 2 - 0 1 2 3

E-E_ (eV)

Figure 4.7 a) Transmission spectra of the diode molecules with gating group NMe,, H, and Cl.
Transmission eigenstates of the diode molecule with gating group NMe; atb) 1.5 Vandc) -1.5V
calculated by non-equilibrium Green’s function theory showing asymmetric conducting behavior
under forward and reverse bias.
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Figure 4.8 Simulated 1-V curve for PPCNMe: under vacuum based on non-equilibrium Green’s
function theory showing asymmetric characteristics between forward and reverse bias. Black line
is the polynomial fit of the data points.

4.3 Conclusion

In conclusion, we have demonstrated the tuning of rectification ratio by through-space gating
effect. Rectification ratio increases as the gating group becomes more electron-rich. The forward
transition voltage can be correlated with the Hammett parameter of the R gating group on
pyridinoparacyclophane, indicating a through-space gating effect of pyridinoparacyclophane on
diodes. This fine tuning of charge transport properties of molecular diodes by through-space

interaction provides a mean to control properties of molecular electronics without major change to

the backbone.
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4.4 Experimental Section

Syntheses of Pyridinoparacyclophane Diode Molecular Wires and the Reference Compound:

R

TMS

s—ND>—ND — s

9a;R=H CN
9b; R =NO,
9¢c; R=Cl
9d; R = OMe
9e; R = NMe,

™

OO0,

MeSNa 1, mCPBA, DCM, 0 °C, 30 min NC gy
DMF, 150 °C 2. TFA, DCM, reflux 2 h K2CO3, DMF, 80 °C
12h
46%

OO e O
/_/ 5 mol% PdCly(dppf) o
NC KOAc, dioxane NC

100 °C, 12 h

90%

overnight
94% over two steps

R R
N N o} & cN Pd(PBug),/Pd(dba) TMS\—\ &
= = X Us)o/Pdy(dba)y
t 0 — N—y N—
/_/S_<\N:/>_<\Nj/>_5b NS +j: :BS s> NS IS
™S Br 0
=al

K5CO3, Cs,CO4 —/
toluene/dioxane/H,O (v/iviv =1/ 1/ 1) R, = Cl: 16.3% CN
Ry H overnight F{; ErveirSodas
R3=OMe Rj = OMe; 15%
R, =NO, Ry =NO; 4%
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CN
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S B o
AL + eV e .
T™S Br o 2C03, Cs,CO3
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NMe, NMe,
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Scheme 4.1 Synthetic route of the molecular diodes.
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Materials: 3-(4'-Bromobiphenyl-4-ylthio)propanenitrile and 5-bromo-2'-(2-
(trimethylsilyl)ethylthio)-2,5'-bipyrimidine were synthesized according to literature procedures.'!
5,8-Dibromo-7-chloro-2,11-dithia[3.3](2,6)pyridinoparacyclophane,  5,8-dibromo-7-nitro-2,11-
dithia[3.3](2,6)pyridinoparacyclophane, 5,8-dibromo-7-methoxy-2,11-
dithia[3.3](2,6)pyridinoparacyclophane and 5,8-dibromo-2,11-
dithia[3.3](2,6)pyridinoparacyclophane were synthesized according to literature procedures.'’

Other chemicals and materials are used as received without purification.
0
S I
~ ©
NC

3-(4'-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)biphenyl-4-ylthio)propanenitrile

In a 250 mL round bottom flask charged with a stirring bar was added 3-(4'-bromobiphenyl-4-
ylthio)propanenitrile (430 mg, 1.17 mmol, 1 equiv), bis(pinacolato)diboron (445 mg, 1.75 mmol,
1.5 equiv), PACl(dppf) (50 mg, 0.058 mmol, 0.05 equiv) and potassium acetate (344 mg, 3.51
mmol, 3 equiv) and sealed. The flask was evacuated for 5 min and refilled with nitrogen for three
times. Dioxane (anhydrous, 24 mL) was added via a syringe. The flask was put in to an oil bath
preheated to 100 °C. The reaction was left in oil batch for 15 h and cooled down. The solution was
added to saturated sodium bicarbonate solution (20 mL) and extracted with ethyl acetate (20 mL).
The organic layer was collected and washed with water (20 mL) and brine (20 mL) and dried with
sodium sulfate. The organic layer was filtered and the filtrate was collected and concentrated to
yield a brown solid, which was further purified by silica gel column chromatography with gradient
ethyl acetate and dichloromethane mixture (1:4 to 4:1). The crude product was further purified by

heptane wash to give a white solid. Yield: 482.6 mg, 99%. '"H NMR (500 MHz, CDCl3) &: 9.49 (s,
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2H), 9.05 (s, 2H), 3.25-3.28 (m, 2H), 1.37 (s, 12H), 1.04 — 1.08 (m, 2H), 0.09 (s, 9H). '3 C{'H}
NMR (125 MHz, CDCL3) &: 175.1, 163.1, 162.8, 157.0, 125.8, 84.6, 83.4, 27.4, 24.8, 16.8, -1.8.

[Mw+H]" calced for [C21H3sBNO,S]" at 366.17, MALDI-TOF observed at 364.722.

e e

5-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-2'-(2-(trimethylsilyl)ethylthio)-2,5'-

TMS

bipyrimidine

In a 250 mL round bottom flask charged with a stirring bar was added 5-bromo-2'-(2-
(trimethylsilyl)ethylthio)-2,5-bipyrimidine (318 mg, 1mmol, 1 equiv), bis(pinacolato)diboron
(381 mg, 1. 5 mmol, 1.5 equiv), PAClx(dppf) (81.6 mg, 0.1 mmol, 0.1 equiv) and potassium acetate
(300 mg, 3 mmol, 3 equiv) and sealed. The flask was evacuated for 5 min and refilled with nitrogen
for three times. Dioxane (anhydrous, 20 mL) was added via a syringe. The flask was put in to an
oil bath preheated to 100 °C. The reaction was left in oil batch for 15 h and cooled down. The
solution was added to saturated sodium bicarbonate solution (20 mL) and extracted with ethyl
acetate (20 mL). The organic layer was collected and washed with water (20 mL) and brine (20
mL) and dried with sodium sulfate. The organic layer was filtered and the filtrate was collected
and concentrated to yield a brown solid, which was further purified by silica gel column
chromatography with gradient ethyl acetate and dichloromethane mixture (0% to 10%) to give a
white solid. Yield: 360 mg, 90%. 'H NMR (500 MHz, CDCls) &: 7.88-7.90 (d, 2H), 7.57-7.60 (dd,
4H), 7.47-7.50(d, 2H), 3.15-3.18 (t, 3H), 2.60-2.65 (t, 3H), 1.37 (s, 12H). > C{'H} NMR (125
MHz, CDCl) &: 143.2, 141.1, 136.0, 133.0, 132.3, 128.7, 126.8, 118.5, 84.5, 30.8, 25.4, 18.8.

[My+H]" calced for [C19H20BN4O2SSi]" at 417.195, MALDI-TOF observed at 416.905.
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Synthesis of 5,8-dibromo-7-N, N-dimethyl-2,11-dithia[3.3](2,6)pyridinoparacyclophane
In a thick wall tube (4 mL) was added 40 mg 5,8-dibromo-7-chloro-2,11-

dithia[3.3](2,6)pyridinoparacyclophane, dimethylamine in THF solution (2 M, 2 mL) and heated
to 150 °C for 6 hours. The orange solution was concentrated and purified by silica gel column
chromatography with 20% ethyl acetate in hexanes to generate an orange solid. Yield (17 mg,
55%). "H NMR (400 MHz, CDCls) &: 7.13-7.16 (d, 2H), 7.04 (s, 2H), 6.41-6.44 (d, 2H), 6.28 (s,
2H), 2.91 (s, 3H). * C{'H} NMR (125 MHz, CDCl) &: 155.0, 152.4, 144.1, 135.3, 134.2, 133.3,
122.2, 106.4, 39.4. [My+H]" calced for [Ci7H;sBraN2]" at 406.958, MALDI-TOF observed at

406.731.

Synthesis of diodes:

Compound 9a: In an oven dried round bottom flask (100 mL) charged with a stirring bar was added
5,8-dibromo-2,11-dithia[3.3](2,6)pyridinoparacyclophane (27 mg, 0.075 mmol, 1 equiv), boronate
1(54 mg, 0.15 mmol, 2 equiv), boronate 2(31 mg, 0.075 mmol, 1 equiv), Pd(P‘Bus), (3.8 mg,
0.0075 mmol, 0.1 equiv), Pdx(dba)s; (3.4 mg, 0.00375 mmol, 0.05 equiv), Cs2COs3 (75 mg, 0.225
mmol, 3 equiv) and Aliquat (1 drop). The flask was degassed by three cycles of evacuation and
refill with nitrogen. K2CO; (2M, aqueous solution, 1 mL) was degassed by bubbling N> through it
for half an hour. Dioxane (anhydrous), toluene (anhydrous, 1 mL) and potassium carbonate
solution (1 mL) were added via syringe under nitrogen. The reaction was left stirring at room
temperature for 15 h. The reaction was quenched by addition of water (5 mL) and the mixture was
extracted with ethyl acetate (4 mL) for three times. The organic layer was combined, dried with
sodium sulfate and filtered. The filtrate was concentrated and purified by silica gel column
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chromatography with 20% ethyl acetate in hexanes solution to give a pale yellow solid. Yield:14.0
mg, 19%. '"H NMR (500 MHz, CDC1) &: 9.47 (s, 2 H), 8.69 (s, 2H), 7.50 — 7.61 (m, 8 H), 7.46-
7.47 (d, 2H), 7.46(s, 1H) 7.38 — 7. 41 (t, 1H), 7.32 (s, 1H), 6.83-6.86 (dd, 2H), 6.38 — 6.41 (dd,
2H), 3.27 - 3.29 (m, 2H), 3.18-3.20 (t, 2H), 2.65 — 2.67 (t, 2H), 1.07- 1.10 (m, 2H), 0.12 (s, 9H).
BC{'H} NMR (125 MHz, CDCl) &: 174.6, 159.4, 156.7, 156.6, 152.7, 152.4, 143.3, 141.8, 141.5,
140.2, 139.4, 138.9, 136.1, 135.5, 135.0, 134.9, 134.2, 133.5, 132.2, 132.1, 131.8, 129.6, 128.7,
128.5, 127.9, 127.0, 125.8, 122.3, 122.2, 117.9, 30.3, 27.4, 18.3, 16.7, -1.7. [My+H]" calced for

[C43H39N6S2Si]" at 731.244, MALDI-TOF observed at 730.825.

Compound 9b: In an oven dried round bottom flask (100 mL) charged with a stirring bar was
added 4,7-dibromo-15-nitro[2.2](2,6)pyridinoparacyclophane-1,9-diene (28 mg, 0.07 mmol, 1
equiv), boronate 1(38 mg, 0.105 mmol, 1.5 equiv), boronate 2(28 mg, 0.07 mmol, 1 equiv),
Pd(P'Bus): (3 mg, 0.007 mmol, 0.1 equiv), Pdz2(dba); (3mg, 0.0035 mmol, 0.05 equiv), Cs,CO3
(70 mg, 0.21 mmol, 3 equiv) and aliquat (1 drop). The flask was degassed by three cycles of
evacuation and refill with nitrogen. K,CO3 (2M, aqueous solution, 0.5 mL) was degassed by
bubbling N, through it for half an hour. Dioxane (anhydrous), toluene (anhydrous, 1 mL) and
potassium carbonate solution (1 mL) were added via syringe under nitrogen. The reaction was left
stirring at room temperature for 15 h. The reaction was quenched by addition of water (5 mL) and
the mixture was extracted with ethyl acetate (4 mL) for three times. The organic layer was
combined, dried with sodium sulfate and filtered. The filtrate was concentrated and purified by
silica gel column chromatography with 20% ethyl acetate in hexanes solution to give a pale yellow

solid. Yield: 4.1 mg, 8%. 'H NMR (500 MHz, CDCL) &: 9.47 (s, 2 H), 8.73 (s, 2H), 7.56 — 7.60
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(m, 2 H), 7.49-7.52 (m, 6H), 7.38-7.43(d, 2H) 7.29 (dd, 4H), 6.47-6.54 (dd, 2H), 3.26 — 3.30 (m,
2H), 3.18- 3.21 (t, 2H), 2.64 — 2.68 (t, 2H), 1.06- 1.10 (m, 2H), 0.12 (s, 9H). 3C{'H} NMR (125
MHz, CDCl) 8: 174.9, 159.8, 156.7, 156.6, 155.0, 154.7, 154.3, 143.4, 141.1, 140.7, 139.9, 139.3,
139.2, 138.7, 138.0, 134.9, 132.9, 132.4, 132.0, 131.7, 131.6, 129.4, 128.3, 127.9, 127.9, 127.2,
125.6, 117.9, 114.2, 114.1, 30.2, 27.4, 18.3, 16.7, -1.7. [My+H]" calced for [C43H3sN70,S,Si]" at

776.229, MALDI-TOF observed at 776.009.

Compound 9¢: In an oven dried round bottom flask (100 mL) charged with a stirring bar was added
5,8-dibromo-7-chloro-2,11-dithia[3.3](2,6)pyridinoparacyclophane (40 mg, 0.1 mmol, 1 equiv),
boronate 1(36 mg, 0.1 mmol, 1 equiv), boronate 2( 41 mg, 0.1 mmol, 1 equiv), Pd(P'Bus), (6 mg,
0.01 mmol, 0.1 equiv), Pd2(dba); (6 mg, 0.005 mmol, 0.05 equiv), Cs2CO3 (100 mg, 0.3 mmol, 3
equiv) and aliquat (1 drop). The flask was degassed by three cycles of evacuation and refill with
nitrogen. KoCOs3 (2M, aqueous solution) was degassed by bubbling N> through it for half an hour.
Dioxane (anhydrous, 1 mL), toluene (anhydrous, 1 mL) and potassium carbonate solution (0.5 mL)
were added via syringe under nitrogen. The reaction was left stirring at room temperature for 17
h. The reaction was quenched by addition of water (5 mL) and the mixture was extracted with
ethyl acetate (4 mL) for three times. The organic layer was combined, dried with sodium sulfate
and filtered. The filtrate was concentrated and purified by silica gel column chromatography with
20% ethyl acetate in hexanes solution to give a pale yellow solid. Yield: 12.1 mg, 21%. '"H NMR
(500 MHz, CDCl3) 6: 9.45 (s, 2 H), 8.70 (s, 2H), 7.59 — 7.54 (m, 6 H), 7.48-7.50 (d, 2H), 7.41 —
7. 43 (d, 2H), 7.39 (s, 1H), 7.31 (s, 1H), 6.85 (s, 2H), 6.27 — 6.32 (dd, 2H), 3.24 — 3.28 (m, 2H),

3.16 - 3.19 (t, 2H), 2.62 — 2.65 (t, 2H), 1.04- 1.08 (m, 2H), 0.10 (s, 9H). 3C{'H} NMR (125 MHz,
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CDCl) 8: 174.9, 159.7, 156.8, 156.8, 153.9, 153.6, 143.5, 143.2, 141.7, 141.3, 140.2, 139.3,139.2,
137.8, 136.7, 135.1, 133.3, 132,6, 132.4, 132.1, 131.9, 129.7, 128.8, 128.5, 128.0, 127.3, 125.8,
122.4,122.3,118.1,30.4, 27.6, 18.4, 16.9, -1.6. [My+H]" calced for [C43H3sCIN6S2Si]" at 765.205,

MALDI-TOF observed at 765.125.

Compound 9d: In an oven dried round bottom flask (100 mL) charged with a stirring bar was
added 5,8-dibromo-7-methoxy-2,11-dithia[3.3](2,6)pyridinoparacyclophane (20 mg, 0.05 mmol,
1 equiv), boronate 1(19 mg, 0.05 mmol, 1 equiv), boronate 2(21 mg, 0.05 mmol, 1 equiv),
Pd(P'Bus)2 (3 mg, 0.005 mmol, 0.1 equiv), Pd»(dba); (3mg, 0.005 mmol, 0.1 equiv), Cs2CO;3 (50
mg, 0.15 mmol, 3 equiv) and aliquat (1 drop). The flask was degassed by three cycles of evacuation
and refill with nitrogen. KoCO3 (2M, aqueous solution, 0.5 mL) was degassed by bubbling N»
through it for half an hour. Dioxane (anhydrous), toluene (anhydrous, 1 mL) and potassium
carbonate solution (1 mL) were added via syringe under nitrogen. The reaction was left stirring at
room temperature for 15 h. The reaction was quenched by addition of water (5 mL) and the mixture
was extracted with ethyl acetate (4 mL) for three times. The organic layer was combined, dried
with sodium sulfate and filtered. The filtrate was concentrated and purified by silica gel column
chromatography with 20% ethyl acetate in hexanes solution to give a pale yellow solid. Yield: 5.7
mg, 15%. '"H NMR (500 MHz, CDCl;) &: 9.47 (s, 2 H), 8.70 (s, 2H), 7.56 — 7.62 (m, 4 H), 7.46-
7.51 (m, 6H), 7.41(d, 1H) 7.31 (d, 1H), 6.41-6.42 (dd, 2H), 6.30 — 6.34 (dd, 2H), 3.73 (s, 3H), 3.26
—3.31 (m, 2H), 3.17- 3.19 (t, 2H), 2.64 — 2.68 (t, 2H), 1.06- 1.10 (m, 2H), 0.12 (s, 9H). 3C NMR
(125 MHz, CDCl) &: 174.6, 165.7, 159.4, 156.7, 156.6, 153.8, 153.5, 143.4, 141.9, 141.6, 140.2,

139.5, 138.8, 136.2, 135.1, 135.0, 134.4, 133.6, 132.3, 132.1, 131.8, 129.6, 128.9, 128.7, 128.3,
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127.9, 127.6, 127.0, 125.8, 117.9, 115.8, 108.6, 108.4, 54.9, 30.3, 27.4, 18.3, 16.7, -1.7. [My+H]"

calced for [C44H41N6OS,Si]+ at 761.255, MALDI-TOF observed at 760.837.

Compound 9e: In an oven dried round bottom flask (100 mL) charged with a stirring bar was added
4,7-dibromo-15-N,N-dimethyl[2.2](2,6)pyridinoparacyclophane-1,9-diene (18 mg, 0.044 mmol, 1
equiv), boronate 1(25 mg, 0.066 mmol, 1.5 equiv), boronate 2(19 mg, 0.044 mmol, 1 equiv),
Pd(P'Bus)2 (3 mg, 0.0044 mmol, 0.15 equiv), Pd2(dba)s; (3mg, 0.0044 mmol, 0.15 equiv), Cs2CO3
(50 mg, 0.15 mmol, 3 equiv) and aliquat (1 drop). The flask was degassed by three cycles of
evacuation and refill with nitrogen. KoCO3 (2M, aqueous solution, 0.5 mL) was degassed by
bubbling N> through it for half an hour. Dioxane (anhydrous), toluene (anhydrous, 1 mL) and
potassium carbonate solution (1 mL) were added via syringe under nitrogen. The reaction was left
stirring at room temperature for 15 h. The reaction was quenched by addition of water (5 mL) and
the mixture was extracted with ethyl acetate (4 mL) for three times. The organic layer was
combined, dried with sodium sulfate and filtered. The filtrate was concentrated and purified by
silica gel column chromatography with 20% ethyl acetate in hexanes solution to give a pale yellow
solid. Yield: 4.6 mg, 14%. 'H NMR (500 MHz, CDCl;) 8: 9.45 (s, 2 H), 8.68 (s, 2H), 7.40 — 7.60
(m, 12 H), 6.25-6.28 (dd, 2H), 6.08-6.12 (dd, 2H), 3.24 — 3.28 (m, 2H), 3.15- 3.18 (t, 2H), 2.88 (s,
6H), 2.61 —2.65 (t, 2H), 1.06- 1.10 (m, 2H), 0.10 (s, 9H). [Mw+H]" calced for [C43H3sN70,S,Si]"

at 774.286, MALDI-TOF observed at 774.170.
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Synthesis of reference compound 10:

™S,
Pd(PPhg),

NC,
— N N ) NG N N
o > = =
SSn Bus * S—</N;>—</N;>78r toluene, reflux, overnight \_\S O O O \ N/>—<\:N/>—S\_\
1 10

T™S
33%

A oven-dried 25 mL round bottom flask was charged with a stirring bar, compound 11 (27 mg,
0.0744 mmol, 1 equiv), 5-bromo-2'-(2-(trimethylsilyl)ethylthio)-2,5'-bipyrimidine (45 mg, 0.0744
mmol, 1 equiv) and Pd(PPh3)4 (7 mg, 0.007 mmol, 0.1 equiv). The mixture was degassed three
times by evacuation and refilled with nitrogen. Dry toluene (2 mL) was added by syringe. The
flask was transferred to a preheated 100 °C oil bath and the reaction was left stirring at 100 °C for
14 h. The reaction was cooled down and the toluene was removed by vacuum. The product was
purified by silica gel column chromatography with gradient dichloromethane to 20% ethyl acetate
in dichloromethane (V/V). The crude product was further purified by precipitation in ethanol to
give a pale yellow solid. Yield: 45 mg, 33%. '"H NMR (CDCls) 9.52 (s, 2H), 9.07 (s, 2H), 7.81-
7.83 (d, 2H), 7.76-7.69 (m, 6H), 7.65-7.62 (d, 2H), 7.51-7.53 (d, 2H), 3,26-3,30 (t, 2H), 3.17-3.21
(t, 2H), 2.64-2.68 (t, 2H), 1.06-1.10 (t, 2H), 0.11 (s, 9H). *C NMR (CDCl;) 174.9, 160.9, 156.7,
155.2, 141.2, 140.0, 139.5, 139.3, 133.1, 132.5, 132.0, 131.8, 128.0, 127.9, 127.6, 127.5, 127.2,
125.6, 117.9, 30.3, 27.4, 18.3, 16.8, -1.7. [M+H]" calced for [C:H3,NsS,Si]" at 604.20, MALDI-

TOF observed at 603.92.
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UV characterization of compounds:
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Figure 4.9 UV-vis and PL spectra of 9a-e. Excitation wavelength at 330 nm.
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Figure 4.10 UV-vis and PL spectra of reference compound 10. Excitation wavelength at 330 nm.

Preparation of self-assembled monolayers (SAMs) and break-junction experiment for single

molecule junctions:

Preparation of Self-Assembled Monolayers (SAMs). Prior to each experiment, the substrate was

briefly annealed in a butane flame. The self-assembled monolayers (SAMs) of the five molecules
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were prepared in a two-step procedure to allow sequential deprotection. Cesium hydroxide
(CsOH-H>0 in EtOH), a deprotecting agent for the CNE group, was first added to an anhydrous
tetrahydrofuran (THF) solution containing ca. 5 x 10> M of the target molecule protected under
Na. A gold substrate was immersed in the solution for 12 hours. The substrate was then washed
successively with THF, water, and ethanol, dried under a stream of N>, and immersed in anhydrous
THF under N,. Tetrabutylammonium fluoride (in THF) was added to remove the TMSE group.
After 6 hours, the substrate was again washed successively with THF, and ethanol, dried under a

stream of N>, and immediately used for measurements.

Break-Junction Experiment for Single Molecule Junctions. The STM-BJ experiments were
performed with a previously described STM break-junction setup. Briefly, fresh gold tips were
prepared by mechanically cutting a 0.25 mm gold wire (99.998% Alfa Aesar). The experiments
were carried out in degassed mesitylene (>99.9% Sigma-Aldrich), which reduced possible surface
contamination. Before use, the STM Teflon solvent holder was sonicated in acetone and dried with
N». During measurement, the solvent holder was placed over the gold—SAM surface and filled with
a couple drops of mesitylene. A typical break-junction experiment comprised thousands of
current—distance traces. Of these traces, ~ 50% displayed plateaus that corresponded to the
formation of a molecular bridge and were employed to build the histograms. The break-junction

experiments were performed at a bias of 100 mV.

I-V recording for single molecule junctions. The /-V recording experiments were carried out at
100 mV of bias voltage in mesitylene. The entire process consists of iterations of three steps,
tapping, conductance step detection and /-V recording, which is in contrast to the single-step

tapping procedure used in the STM break junction measurements. In the tapping step, the tip is
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moved towards the substrate until the current reaches a preset threshold, and then is retracted until
it reaches a lower preset current. In the present method, the conductance step detection is applied
during each retraction cycle to identify conductance steps. The measured conductance range was
selected according to the previously measured conductance histogram of each molecule. Once a
conductance step is detected, the /-V recording step is activated, which involves the following sub-
steps: 1) The tip is immediately held in position, 2) the current -voltage curve was recorded from
+ 1.8 Vto — 1.8 V quickly (10 Hz), 3) upon completion of the /-V curve, the tip was pulled away

from the substrate until the current drop to a preset value, and the measurement started over again.

Theoretical Calculations:

DFT calculations were performed using Gaussian 09 with functional and basis set b3lyp/6-
31g**. Electron transport calculations for the molecular diodes were performed with the non-
equilibrium Green’s function-density functional theory method via the Atomistix Toolkit (ATK)
package. Self-consistent calculations were performed using a double-& polarized basis set except
for the gold atoms in the electrodes for which a single-§ polarized basis set was used. Exchange
correlation was treated using the local spin density approximation and all atoms were relaxed such
that the force per atom was less than 0.05 eV/A. K-point samplings of 3 x 3 x 50 was employed

for all junction calculations with 50 being on the direction along transport.
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Figure 4.11 DFT calculated (b3lyp/6-31g**) ground state molecular orbitals of the five diode
molecules.
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CHAPTER S
EXCEPTIONAL SINGLE-MOLECULE TRANSPORT
PROPERTIES OF LADDER-TYPE HETEROACENE
MOLECULAR WIRES

This chapter contains parts of the published work [Cai, Z; Lo, W.-Y.; Zheng, T. et al. J. Am.
Chem. Soc. 2016, 138, 10630-10635] Copyright (2016) American Chemical Society.

5.1 Introduction and Background

Fundamental understanding on controlling charge transport through single molecules is the
central theme of molecular electronics.'® In particular, how to design molecules that allow
efficient charge transport over extended distance is one of the important goals in the realization of
molecular electronics. As mentioned in Chapter 1, the distance dependence of the single molecule
conductance is characterized by the tunneling decay constant, . It was observed that electron
conductance decreases exponentially as a function of the molecular length, a;; < e~ where om
is the single molecule conductance and L is molecular length.> ¢ The lower the B value, the better
the molecule is able to mediate long range charge transport. It was shown that m-conjugated
molecules typically have lower B value than aliphatic 6-bond molecules. The delocalization of
orbitals and the small energy gap between the highest occupied molecular orbitals (HOMO) and
the lowest unoccupied molecular orbitals (LUMO) allow m-conjugated molecules to function as
highly conductive wires. The Fermi energy level of the metal electrodes typically locates within
the bandgap of these molecules with small offset relative to either the HOMO or the LUMO,

resulting in efficient charge injection and transport.
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Numerous molecules were investigated and the length dependence of their conductance can
usually fit with the equation above. For example, oligothiophenes are among the most studied
materials in molecular electronics due to their highly conjugated m-orbitals and efficient charge
transport.” Other structural factors, such as effects of side chains and terminal groups on charge
transport in oligothiophenes have been studied.®!? The conductance indeed showed exponential
decay as a function of length. Interestingly, it was shown that simple tetrathiophene exhibits higher
conductance than the terthiophene.!* '* The observation was attributed to the difference in the

HOMO alignment relative to the Fermi level of gold electrodes by Tao et al.!?

Campos et al argue
for the contribution due to the change in molecular conformation during the STM break-junction
experiment.'* Most recently Xiang et al. observed that iodide-terminated oligothiophene molecules

do not follow the exponential length dependence due to transition in binding geometry to the

electrodes with change in molecular length. !>

SH =
] o
X s
RO OR
RO
Sz =
S

Al
ey Py P
TR, ;""' >
iy SRRy
HHRRRRS
» ekt

(343
’» ,‘t:’b:v:"v o
S 233434338%
'.;‘?:Q 32820240

NN N N

HA3 HAS HA7 HA9 HA1l

Figure 5.1 Experimental setup. Chemical structure of the heteroacene molecular wires and a
representation of metal-molecule-metal junction in the STM break-junction technique.
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Most recently, the Yu group have synthesized a series of new fused heteroacene molecule. ' !

These molecules can be easily functionalized with thiol groups, offer us opportunity to investigate
the length dependence of conductance through these ladder types of molecules. The fused structure
of these molecular wires locks the m system in a single planar conformation and eliminate the
uncertainty caused by the conformational change typical in oligothiophene and other linear n-
conjugated systems during transport through the junction.'* In this chapter, five molecules were
synthesized and the number of rings in these fused heteroacenes are 3, 5, 7, 9, and 11 with names
and structures as shown in Figure 5.1. Thiol groups are installed on the two ends of these molecules
and protected with acetyl groups, which can be easily deprotected with ammonium hydroxide to
form the free thiols for further immobilization onto gold surface. All molecules except HA7 are
symmetrical in the conducting backbone with ethylhexyl branched side chains to solubilize the

molecules.

5.2 Sample Characterizations and STM Break-Junction

Experiments

Synthesis and characterization of these heteroacene (HA) molecular wires can be found in the
supporting information. Thiol-gold binding chemistry was utilized to prepare self-assembled
monolayer (SAM) of the thiol molecules in order to measure their single-molecule
conductance.'®*Successful immobilization of these molecules onto gold surfaces was confirmed by

the XPS characterizations and the CV measurements (Figure 5.2 and Figure 5.3).
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Figure 5.2 XPS carbon 1s, oxygen 1s, sulfur 2p spectra of HA3, HAS, HA7, HA9, and HA11. The
extra higher energy peaks on the sulfur spectra (~169 eV) correspond to oxidized sulfur (e.g.

sulfoxide).
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Figure 5.3 Cyclic voltammograms of ferrocene functionalized heteroacene molecular wire
monolayer on gold.

5.2.1 Length Dependent Conductance of Ladder-Type Molecules

Break-junction technique with a modified STM system was utilized to measure the single-
molecule transport properties.!®2! The experiments were conducted at a bias voltage of 0.1 V in
degassed mesitylene. The conductance-distance traces of the molecules with different lengths were
recorded by a program written in LabVIEW. The typical conductance-distance decay curves for
the heteroacene molecular junctions with different lengths are shown in Figure 5.4a. The
conductance plateaus locate ca. 10* Go are the characteristic signatures of single-molecule
junctions, where Gy is the conductance quantum 2¢*/% (e is the charge of electron and # is the
Planck constant). Measurements were performed repeatedly to provide a statistical analysis of the
single-molecule junction. A conductance histogram can be generated by compiling the effective
conductance-distance curves as shown in Figure 5.4b. A clear single peak can be observed for each

of'the molecules measured which was fitted by a Gaussian function to determine the corresponding
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conductance values. The values of the single-molecule conductance of HA3, HAS, HA7, HA9,
and HA11 under a bias voltage of 0.1 V were determined to be 8.08 x 10* Gy, 5.14 x 10™* G, 4.05
x 10* Go, 2.81 x 10* Gy, and 1.84 x 10™* Gy respectively. A plot of In(Go) vs length can be
constructed with these conductance values and the corresponding lengths of the molecular wires,
as shown in Figure 5.4c. The slope of the linear fitting represents the length dependent decay
constant B at that particular voltage. At low bias, a P value of 0.088+0.007 A was obtained for
this series of heteroacene molecular wires. These are one of the lowest  values, significantly lower
than other m-conjugated molecules such as oligophenylenes (0.43 A™), oligothiophenes (0.16 A,
0.4 A", and cyclopenta-difluorenes (0.21 A™') .%22 The results indicate that the ladder structure
with locked & system together with thiophene unit can support efficient charge transport over long

distance.
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Figure 5.4 Molecular conductance of heteroacene wires. (a) Typical molecular conductance-
distance traces of the five heteroacene molecular junctions. (b) Conductance histograms with
Gaussian fitting. (c) A plot of In(Go) vs length of the junctions at 0.1 and 0.5 bias. Solid line is the
linear fit with slopes corresponding to the B value.

5.2.2 Single-Molecule Current-Voltage Characteristics

To further understand the charge transport behavior of these heteroacene molecular wires, the

current-voltage (I-V) characteristics of these molecular junctions were investigated. The Au tip of
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the STM probe head was briefly held in the position, corresponding to the plateau in the
conductance-distance curve and indicating single molecular junction, while a voltage sweeps
between 1.5 V and -1.5 V. The current-voltage characteristics of molecular junctions were
repeatedly measured for a statistical evaluation and are shown in Figure 5.5. Nonlinearity between
the current and the bias voltage in the I-V curves are clearly observed, consistent with the
corresponding bowl-shaped conductance-voltage (G-V) histograms (Figure 5.5b). As the molecule
length of the heteroacene increases, the current is increasing more rapidly with voltage. This is
more clearly observed in the G-V histogram through the increased curvature of the G-V bands
from HA3 to HA11. In addition, the most probable conductance of the heteroacene wires at higher
voltage can be obtained from the G-V histograms and the results are plotted alongside with the
low bias conductance in Figure 5.4c, from which the decay constant of the heteroacene molecular
wire system at 0.5 bias voltage was determined to be 0.047+0.009 A-!. This value is smaller than
that obtained at 100 mV bias voltage, showing a decrease in length dependence of these

heteroacene molecules at higher bias.

The single-molecule transition voltage spectroscopy (TVS) can be obtained by plotting In(Z/V?)
as a function of 1/V, also known as the Fowler Nordheim (FN) plot.?" 2325 The minimum of the
plot corresponds to transition voltage V. Plot of these voltages with their corresponding
conductance results in the 2D transition voltage spectra shown in Figure 5.5c, which can be
converted to 1D histograms as shown in Figure 5.5d for extracting V; data. The transition voltage
histograms of the series show a decrease in V; as the length of the molecular wire increases, from
0.73 V for HA3 to 0.21 for HAI1. The peak locations of the transition voltages are fairly
symmetrical in values between the forward and the reverse bias sweep. These values are quite low

comparing with other n-conjugated molecules.?!2%27
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Figure 5.5 Current-Voltage Characteristics Measurements. (a) Current-voltage characteristics
histogram, (b) conductance-voltage histogram, (c) transition voltage histogram, and (d) 1-D
transition voltage histogram of HA3, HAS, HA7, HA9, HA11 (from left to right).

5.2.3 Transition Voltage Spectroscopy Analysis

To understand the implication of these results, the Newns-Anderson model was employed to
analyze the transport data, assuming that the transport is dominated by a single orbital.?3-*° For
hole-transporting material, the assumption implies that the LUMO and the HOMO-1 are
sufficiently far away from the Fermi level of the electrodes. The charge transport can be described
as an off-resonant coherent tunneling process with a simple energy offset ¢, = Er - Enomo where
Er is the Fermi level of the electrode. When a bias V' is applied to the junction, the energy offset
between the Fermi level of electrodes and the energy level of the transport orbital can be
approximated as ex(V) = e,— yeV, where voltage division factor y was derived to account for the

asymmetric /-V characteristics and consequently the transition voltages due to the polarity of the
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bias. Thus, the experimentally measured transition voltages Vi for both bias polarities can be used
to calculate the corrected energy offset &5 and y using the equations developed by Baldea®"*°. For
junctions with symmetrical /-V characteristics (i.e. y = 0), the expression for the transition voltage
can be simplified as eV, = 2e,/N3. The calculated values of the energy offset g, for the HA
molecular wires are plotted against the number of fused ring in the molecule in Figure 5.6a as the
red data points. The absolute values of all voltage division factor y are < 0.01 with the exception
of HA7 (0.018) due to the asymmetric feature of the molecular wire. Also shown in Figure 5.4a is
a comparison of the energy offsets calculated using the transition voltages obtained from the STM
break-junction experiments (red) with the energy difference between the Fermi level of gold (-5.0
eV) and the HOMO energy levels of the protected molecular wires measured by cyclic
voltammetry (black). The energy offsets derived from the transition voltages follow the same trend
with those obtained from CV measurements: energy offset decreases as the length of the molecule
increases. As the conjugation of the molecule extends, the energy gap becomes narrower. This
brings the HOMO of the molecule closer to the Fermi level of the metal electrode, resulting in
smaller energy offset. In addition, the increased number of electron donating alkoxy side-chains
in the longer molecules makes the molecule more electron rich contributed to the increase in
HOMO energy level. The energy diagram of the molecules obtained by optical and electrical

characterizations shown in Figure 5.7 clearly illustrated this point.

To further study the correlation between molecule length and transition voltage, the dependence
of the parameter y = |Er— Enomo| / V: on molecular length was investigated (Figure 5.6b).3 33 This
parameter can reveal the relationship between the transition voltage and the energy offset of the
transport orbital. For shorter molecules (i.e. HA3, HAS, HA7), the value of y exhibits narrow

variation. This is a reflection of the strong screening effect in conjugated molecules.** 3> The &
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electrons delocalized throughout the conjugated molecule and can screen out the voltage, resulting
in voltage drop near the contacts of the junction. The y value is relatively well-defined in this
region. However, TVS becomes increasingly inaccurate for determining the HOMO energy offset
as the transport orbital locates closer to the Fermi energy of the electrode, as shown by the small

value for HA11 in Figure 5.6Db.
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Figure 5.6 Energy Offset Comparisons. (a) The energy offsets obtained from the difference of the
Fermi level of gold and the HOMO from CV measurements (black squares, left axis) are compared
with those obtained from the transition voltage in the break-junction experiment using the Newns-
Anderson model (red triangles, right axis). (b) A plot of y = |Er— Ernomol| / Vi versus molecule
length.
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showing the HOMO (black) and the LUMO (red) derived from UV-vis and CV measurements,
along with the HOMO and the HOMO-1 levels obtained by DFT calculations (grey).

5.2.4 Theoretical Analysis

Transport calculations based on the non-equilibrium Green’s function-density functional theory

(NEGF-DFT) method offer further insight into the states involved in the transport in the HA
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molecular wires. Geometries of each junction are optimized with DFT calculations before
performing the transport calculation. Figure 5.6b shows the calculated low bias transmission
spectra of HA3 to HA11. The main peak at ~ -1.5 eV corresponds to transport through the HOMO,
while the peak at > 0.5 eV corresponds to transport through the LUMO. The shorter molecular
wires (e.g. HA3) having a larger HOMO-LUMO gap exhibits higher transmission but over a
narrower range, while longer molecular wires have lower transmission over a wider range. As the
length of the molecular wire increases, additional high transmission states emerge close to the
HOMO of the junction. Their contribution to hole transport is not included in the single-level
analysis in the Newns-Anderson model. Figure 5.8c-f shows that these additional states correspond
to the lower energy orbital of the molecules. The geometries of the transmission eigenstates of the
junctions match up with those of the HOMO-1 and the HOMO of the molecule itself. The HOMO-
1 eigenstate also shows larger electron density on the tip Au atoms in both HA9 and HA11
junctions. Bias applied on the junction brings the frontier orbitals closer to the electrode Fermi
level, including the HOMO-1 orbital. This becomes significant for the longer molecules as their
HOMO/HOMO-1 gaps are smaller due to extended conjugation (Figure 5.7¢), which may possibly
allow more efficient transport through the HOMO-1 level at higher bias. The I-V curves shown in
Figure 5.9d, e indeed showed fine features in the dI/dV spectra. However, cautions must be
exercised in assigning these features. More experiments, especially those at low temperature, are
needed to firmly designate these features to contributions from HOMO-1 transport. Further
simulation of the [-V curve of the HA11 junction indicates that the calculation is consistent with
the experimental data, as shown in Figure 5.8g. The experimental I-V curve of HA11 was compiled
from the average of 25 individual curves from the STM experiment. Agreement between the

experimental and the theoretical data demonstrates that the calculated transmission spectra
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properly depict the transmission states involved in the transport process of these molecular

junctions.
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Figure 5.8 Transmission Spectra and Eigenstates Calculations. (a) Example junction geometry of
HAI11 after optimization used in the calculations of the transmission spectra. (b) Low bias
transmission spectra of the five molecular junctions. Geometries of the transmission eigenstates
for HA9 that correspond to (c) HOMO-1 and (d) HOMO, and for HA11 that correspond to (e)
HOMO-1 and (f) HOMO. (g) Comparison between Experimental and Theoretical [-V Curves. The
experimental I-V curve is an average of 25 individual curves of the HA11 junction. The theoretical
calculation agrees well with the experimental data.
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Figure 5.9 Average I-V curves, di/dV and d?l/dV? spectra of HA3 to HA11 (ato e). Average |-V
curves are constructed from ca. 500 individual curves. *The peaks observed in the red box are
artifacts originated from the disconnected data in the 1-V curves and should not be interpreted as

part of the junction transport property.

In summary, we have designed and synthesized a new series of ladder-type fused heteroacene

molecular wires with varying lengths. The fused ring structure prevents possible conformation

5.3 Conclusion
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change as discussed by other studies, allowing a more defined structure in the molecular core for
charge transport. The length dependent decay constant B was found to be 0.088+0.007 A under
low bias and 0.047+0.009 A under 0.5 V. These B values are significantly lower comparing with
oligothiophene, resulting in reduced loss in conductance over long distance. TVS analysis
indicates that energy offsets decrease as the molecule lengths increase due to extended

conjugation.

5.4 Experimental Section

Synthesis of the molecular wires
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Scheme 5.1 Synthetic route of the ladder-type molecular wires
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All of the chemicals  were  purchased from  Aldrich  except  for
tetrakis(triphenylphosphine)palladium from Strem Chemicals. All reagents purchased
commercially were used without further purification except for toluene and tetrahydrofuran (THF),
which were dried over sodium/benzophenone. *H NMR and *C NMR spectra were recorded on a
Bruker DRX-400 spectrometer or Bruker DRX-500, with tetramethylsilane as an internal
reference. Matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) mass spectra
were recorded using a Bruker Ultraflextreme MALDI-TOF/TOF mass spectrometer with dithranol
as the matrix. Compounds 1-4%, 5% were prepared by our previous work.

Heteroacene(HA)-3: Benzodithiophene (1) (400 mg, 0.90 mmol, 1.0 equiv) was dissolved in dry
THF (25 mL), and the solution was cooled to —78 °C. n-BuLi (2.5 M in hexanes, 0.79 mL, 1.97
mmol, 2.2 equiv) was added dropwise via a syringe, and the reaction was allowed to stir at =78 °C
for 30 min, and 0 °C for 1 h. Dry sulfur (86 mg, 2.68 mmol, 3.0 equiv) powder was added in one
portion, and the reaction was stirred at 0 °C for another hour, before AcCl (200 xL, 2.68 mmol,
3.0 equiv) was added via a syringe. The reaction was allowed to warm to RT and stirred overnight
(15 h), before pouring into water (50 mL). The aqueous layer was extracted with Et,O (30 mL x
2), and the combined organic layers were washed with brine (10 mL), dried over MgSQsg, filtered,
and concentrated to provide yellow solid. Purification by flash chromatography with a gradient of
1:1 hexane: CH.Cl, provided HA-3 as a pale yellow solid (282 mg, 52.9 % yield). *H NMR
(CDCls, ppm): & 7.54 (s, 2H), 4.16 (g, 4H), 2.47 (s, 6H), 1.76 (m, 2H), 1.63 (m, 2H), 1.52-1.36 (m,
14H), 0.99 (t, 6H), 0.92 (t, 6H). 3C NMR (CDCls, ppm): & 192.9, 144.2, 132.3, 131.6, 128.8,
127.4, 40.6, 30.4, 29.9, 29.1, 23.8, 23.1, 14.1, 11.3. MS (MALDI-TOF/) m/z: C30H4204S4, Calcd,

594.2. Found, (M"), 594.1.
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Heteroacene(HA)-5. This was prepared following the general procedure given for the preparation
of HA-3. From 2 (80 mg, 0.14 mmol) there was obtained HA-5 as yellow solid (52 mg, 51.4 %
yield). *H NMR (CDCls, ppm): 8 7.37 (s, 2H), 4.20 (d, 4H), 2.44 (s, 6H), 1.99 (m, 2H), 1.69 (m,
2H), 1.61-1.59 (m, 6H), 1.40 (m, 8H), 1.02 (t, 6H), 0.91 (t, 6H). **C NMR (CDCls, ppm): & 193.9,
144.1, 136.9, 136.8, 131.0, 128.9, 128.6, 125.7, 40.7, 30.2, 29.7, 29.1, 23.7, 23.1, 14.1, 11.2. MS
(MALDI-TOF/) m/z: C34H4204Ss, Calcd,706.1. Found, (M*), 706.0.

Heteroacene(HA)-7. This was prepared following the general procedure given for the preparation
of HA-3. From 3 (126 mg, 0.14 mmol) there was obtained HA-7 as yellow solid (42 mg, 28.7 %
yield). *H NMR (CDCls, ppm): & 7.59 (s, 1H), 7.41, (s, 1H), 4.27 (m, 8H), 2.49 (s, 3H), 2.47 (s,
3H), 2.08 (m, 2H), 1.77 (m, 4H), 1.64 (m, 8H), 1.40 (m, 18H), 1.24 (m, 4H), 1.05 (m, 12H), 0.93
(m, 12H). 3C NMR (CDCls, ppm): 5 194.0, 193.1, 145.2, 144.3, 144.3, 143.4, 137.0, 136.8, 132.7,
132.0,131.7,131.3, 130.7, 130.2, 129.1, 128.7, 128.7, 126.7, 126.2, 125.6, 125.4, 40.8, 40.7, 30.4,
30.3, 30.0, 29.7, 29.2, 23.8, 23.7, 23.1, 14.1, 11.3, 11.2. MS (MALDI-TOF/) m/z: CseH7606S7,
Calcd, 1068.4. Found, (M*), 1068.4.

Heteroacene(HA)-9. This was prepared following the general procedure given for the preparation
of HA-3. From 4 (190 mg, 0.15 mmol) there was obtained HA-9 as light orange solid (145 mg,
68.4 % yield). 'H NMR (CD2Cl, ppm): & 7.53 (s, 2H), 4.32 (d, 4H), 4.26 (d, 4H), 4.20 (d, 4H),
2.42 (s, 6H), 2.12 (m, 2H), 2.08 (m, 2H), 1.70-1.35 (m, 50H), 1.05 (m, 18H), 0.92 (m, 18H). *C
NMR (CD2Cl,, ppm): 6 192.9, 145.2, 1444, 143.3, 132.7, 131.8, 131.6, 130.8, 130.0, 129.0, 127.0,
125.8, 125.2, 40.8, 40.8, 30.4, 30.4, 30.3, 30.0, 29.8, 29.3, 29.3, 23.8, 23.8, 23.7, 23.2, 23.2, 23.2,
14.0,14.0,11.2,11.2,11.1,11.1, 11.0, 11.0. MS (MALDI-TOF/) m/z: C7gH1100gSs, Calcd, 1430.6.

Found, (M"), 1430.5.
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Heteroacene(HA)-11. This was prepared following the general procedure given for the
preparation of HA-3. From 5 (30 mg, 0.02 mmol) there was obtained HA-11 as orange solid (13.2
mg, 39.8 % yield). *H NMR (CDCls, ppm): & 7.39 (s, 2H), 4.35 (d, 4H), 4.32 (d, 4H), 4.27 (d, 4H),
2.46 (s, 6H), 2.07 (m, 6H), 1.80 (m, 6H), 1.70-1.58 (m, 38H), 1.23 (m, 4H), 1.06 (m, 18H), 0.93
(m, 18H). 3C NMR (CDCls, ppm): & 194.0, 144.4, 143.3, 137.0, 138.8, 132.1, 132.0, 131.2, 130.9,
130.5, 130.2, 128.8, 128.7, 126.2, 125.9, 125.4, 40.8, 40.8, 30.4, 30.4, 30.3, 29.7, 29.7, 29.3, 29.3,
29.2,29.2,23.8,23.2,23.2,14.2,14.2,14.2,11.2, 11.2. MS (MALDI-TOF/) m/z: C142H11008S10,

Calcd, 1542.5. Found, (M+H), 1543.8.

Synthesis and Characterization: The synthesis of all the heteroacene compounds were shown in
Scheme 5.1. The synthesis started from compounds 1-5, which was prepared according to our
reported procedures. Thiol group was introduced into the heteroacenes, respectively, by a general
method. Treatment of 1-5 with n-butyl lithium at -78 °C, followed by the addition of dry sulfur
powder led to thiol groups. Finally, AcCl was added to protect thiol groups afforded yellow or
orange solids heteroacenes (HA-3, 5, 7, 9 and 11), respectively, after purification. The chemical

structures of HA-3, 5, 7, 9 and 11 were characterized with NMR and MS data.
Surface characterizations (XPS and CV):

X-ray photoelectron spectroscopy (XPS) was performed on the Thermo Scientific ESCALab
250Xi using 200 W monochromated Al Ka radiation. The 500 um X-ray spot was used for XPS
analysis. The base pressure in the analysis chamber was about 3x107° mbar. Typically, the

hydrocarbon C1s line at 284.8 eV from adventitious carbon is used for energy referencing.
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Surface coverage of the molecule on the gold substrate were determined from the

voltammograms recorded according to the equation:

QFe
=
nkFAr

where Qre is the charge consumed for the oxidation-reduction process of the ferrocene groups, n
is the number of electrons involved in the electron transfer process (n = 1 for ferrocene), A is the
geometric surface area of the electrode (0.6362 cm?), r is the scan rate, and F is the faraday
constant. Values of Qre Were obtained by the integration of the faradaic current peaks from the

voltammograms.

Preparation of self-assembled monolayers (SAMs). Prior to each experiment, the substrate
was briefly annealed in a propane flame. The self-assembled monolayers (SAMs) of the five
molecules were prepared in a single step using ammonium hydroxide (28% NH3 in H>0) as the
deprotecting agent under a N protected environment in a tetrahydrofuran (THF) solution
containing ca. 5 x 10° M of the target molecule. A gold substrate was immersed in the solution
for 12 hours. The substrate was then washed successively with THF and ethanol, dried under a
stream of N, and immediately used for experiment.

Break-junction experiment for single molecule junctions. The STM-BJ experiments were
conducted with a published modified STM break-junction setup. Fresh gold tips were prepared by
mechanically cutting a 0.25 mm diameter gold wire (99.998% Alfa Aesar). The experiments were
carried out in degassed mesitylene (=99.9% Sigma-Aldrich). The STM Teflon solvent holder was
sonicated in acetone and dried with N before use. During measurement, the solvent holder was

secured above the gold—-SAM surface and filled with a couple drops of mesitylene. A typical break-
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junction experiment consisted of ca. 2000 current—distance traces. Of these traces, ~ 50% displayed
the conductance plateaus signifying the formation of a molecular junction and were used for the
construction of the histograms. The break-junction experiments were conducted at a bias of 100
mV.

I-V recording for single molecule junctions. The /- recording experiments were carried out
at 100 mV of bias voltage in mesitylene. The entire process consists of iterations of three steps,
tapping, conductance step detection and /-7 recording, which is in contrast to the single-step
tapping procedure used in the STM break junction measurements. In the tapping step, the tip is
moved towards the substrate until the current reaches a preset threshold, and then is retracted until
it reaches a lower preset current. In the present method, the conductance step detection is applied
during each retraction cycle to identify conductance steps. The measured conductance range was
selected according to the previously measured conductance histogram of each molecule. Once a
conductance step is detected, the /-V recording step is activated, which involves the following sub-
steps: 1) The tip is immediately held in position, 2) the current -voltage curve was recorded from
+ 1.8 Vto — 1.8 V quickly (10 Hz), 3) upon completion of the /-V curve, the tip was pulled away
from the substrate until the current drop to a preset value, and the measurement started over again.

Theoretical calculations:

Electron transport calculations for HA3 to HA11 were performed with the non-equilibrium
Green’s function-density functional theory method via the Atomistix Toolkit (ATK) package. Self-
consistent calculations were performed using a double-§ polarized basis set except for the gold
atoms in the electrodes for which a single-& polarized basis set was used. Exchange correlation

was treated using the local spin density approximation and all atoms were relaxed such that the
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force per atom was less than 0.05 eV/A. K-point samplings of 3 x 3 x 50 was employed for all

junction calculations with 50 being on the direction along transport.

The geometries of molecules were optimized, and their orbital energies and charge
distributions calculated using the B3LYP DFT function with basis set 6-31G** as implemented

in Gaussian 09.

125



Figure 5.10 Geometries of the frontier molecular orbitals of HA3 to HA11 (top to bottom, HOMO
left, LUMO right).
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