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ABSTRACT
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Under the Supervision of Professor W. T. Tysoe

In 1947, Bell Laboratories produced an amplifier design in which an electric field would
enhance the flow of electrons near the surface of a layer of silicon, it was called the “point-
contact transistor”, the world’s first semiconductor amplifier. In order to minimize the electronic
circuit elements (device miniaturization), the ability to utilize single molecules that function as
self-contained electronic devices (molecular electronics) has motivated researchers around the
world. Molecular electronics investigates single molecules and collections of molecules
assembled into electronic circuits. Currently, semiconductor devices are fabricated using a “top-
down” approach that employs lithographic and etch techniques to pattern a substrate, but as
feature sizes decrease, the top-down approach becomes challenging. As a result, circuits are

synthesized using a “bottom-up” approach that builds small structures from molecules.



In 1959, Nobel Laureate Richard Feynman gave his famous lecture “There's Plenty of
Room at the Bottom” to an American Physical Society meeting at Caltech, where he he
discussed the use of single molecules or atoms to build nano-devices, sizes that cannot be built
using traditional lithographic techniques.

In 1974, Aviram and Ratner postulated a very simple electronic device, based on the use
of a single organic molecule, and by modulating HOMO and LUMO orbitals to produce a

‘molecular rectifier’.

In this work, a new strategy for building molecular electronics is investigated; by using
different organic linkers that self-assemble and bridge gold nanoparticles in order to create
electron-transfer pathways between them. This involves measuring the electrical properties and
surface structures of isocyanide- and thiol-terminated aromatic molecules. It was found that
diisocyanides and dithiols with one, two, and three benzene rings can form oligomeric chains
linking between gold nanoparticle arrays on mica in order to decrease the tunneling barrier and
enhance the conductivity. The results showed that these molecules generally form oligomeric
bridges when dosed on gold-nanoparticle arrays, and that the tunneling barrier can be affected by
the number of phenyl rings for each molecule where it was observed that the energy barrier

increased when increasing the molecular length (number of benzene rings) of the linker

molecule. For example, the slopes of plots of In (film resistance versus 1/+/T, denoted a versus
In (Ro), where R, is the resistance of the initial nanoparticle array before dosing, for 1,4-
benzenedithiol (BDT), 4,4’-biphenyldithiol (BPDT), and 4,4"-terphenyldithiol (TPDT) were
analyzed to show that the height of the tunneling barrier increases with increasing number of
benzene rings, which means that increased extent of conjugation does not necessarily lead to

lower tunneling barrier. Biphenyl and terphenyl molecules can adopt a twisted ring



configuration which appears to be observed for BPDT and TPDT. This distortion may decrease
the conjugation by reducing the orbital overlap between adjacent aromatic rings. Consequently,

the poly-phenyl dithiol molecules have higher tunneling barrier than benzene dithiol (Chapter 6).

Similar to dithiols, the tunneling barrier of diisocyanides increases when increasing the
number of phenyl rings. Diisocyanides with one, two and three benzene rings can also adopt a
twisted ring configuration. As a result, a possible reason for the increase in the height of the
tunneling barrier as the number of benzene rings increases, is a reduced orbital overlap between
adjacent benzene rings because of twisting. An alternative possibility is that increasing the
number of phenyl rings increases the electron donation to the gold that leaves a partial positive
charge on the isocyanide molecule which leads to a lowering the molecular orbital energies and
moves the HOMO orbital away from the Fermi level, as evidenced by variations in the

isocyanide stretching frequencies (Chapter 7).

The properties of an asymmetric molecule containing both isocyanide and sulfur groups
are investigated by studying the surface structure and electrical properties by dosing gold films
with 4,4'-disulfanediyldibenzoisonitrile (DBN) from solution. It is found that DBN has ability to
form oligomers between gold nanoparticles and contributes to tuning the gold Fermi level and
decrease the height of the electron tunneling barrier. The ATR-IR spectra provide information
that is complementary to the electrical measurements and allow the surface structure of DBN
molecules on the gold-nanoparticle array to be determined.

In Chapter 9, back-gating behavior was explored for three different linker molecules; an
external field was applied using a back-gated device in order to modulate the conductivity of
molecular wires that bridge gold nanoparticles in a granular thin film. It was found that the external

field effect could both modulate the energy of the molecular orbitals (HOMO) of the molecular



wire to influence their alignment with respect to the Fermi level of gold nanoparticles, as well as
polarizing charge from the gold nanopartilces, thereby modulating the current through the
molecular layer. The field effect-conductivity results showed a small increase in the conductivity
with increasing gate potential of either sign. Electrical measurements were performed using 1,4-
PDI-, 1,4-BDT- and 1,3-BDT-linked gold nanoparticles where the maximum sheet resistance
changes were ~1.5 to 2.3%. At a sample temperature of ~110K, for what the sheet resistance

changed by 4.5% under a negative bias.

These results show that it is possible to form molecules linkages between gold
nanoelectrodes by attaching the molecules either using isocyanide or sulfur groups, suggesting that

this is a promising strategy for eventually fabricating molecular electronic circuits.
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Chapter 1

Introduction

There are two possible strategies for constructing nanoscale electronic devices: either from
the top down or from the bottom up. In the top-down approach, devices are made from bulk
(macroscopic) materials. The best example of this is silicon integrated circuit technology. An
integrated circuit is one in which circuit components such as transistors, diodes, resistors,
capacitors etc. are an integral part of a small semiconductor chip [1]. At the moment, the most used
top-down approach is photolithography. It has been used for decades to manufacture computer
chips and produce structures smaller than 100 nm [2].

It was observed that, over the history of computing hardware, the number of transistors on
integrated circuits doubles approximately every 18 months [3]. The Intel co-founder, Gordon E.
Moore, predicted that that period for a doubling in chip performance is a combination of the effect
of more transistors and their being faster [4]. According to Moore’s law, the number of components
in integrated circuits had doubled every year from the invention of the integrated circuit in 1958,
until 1965 and predicted that the trend would continue "for at least ten years™ [5]. His prediction
has proven to be uncannily accurate, because the law is now used by the semiconductor industry
to guide long-term planning and to set targets for research and development [6]. However, it is
predicted that this trend with soon reach the limit of current photolithographic technology. Based
on that, another route to making nanostructures has been proposed, the bottom-up route. Making
electronic circuits by bottom-up techniques by using molecules as electronic components was first
seriously discussed in the 1970s by Aviram and Ratner [7] when top-down integrated circuits still

had fairly large dimensions. At that time, one of the major advantages of molecular electronics
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was building circuits that are much denser and smaller than those possible by top-down
technology. In this case, molecular building blocks are placed in the right environment and they
assemble themselves into complicated structures. These approaches include the miniaturization of
materials components (up to atomic level) with further self-assembly process leading to the
formation of nanostructures. During self-assembly the physical forces operating at nanoscale are
used to combine basic units into larger stable structures. Typical examples are quantum dot
formation during epitaxial growth and formation of nanoparticles from colloidal dispersions [8].
Aviram and Ratner postulated a very simple electronic device, a rectifier, based on the use
of a single organic molecule. Basically, an organic donor is linked via an inert spacer to an organic
acceptor, the spacer is called the o bridge, because it contains only saturated bonds (D-o-A) [9]

as shown in Figure 1.1.

Figure 1.1: Molecular rectifier proposed by Aviram and Ratner, D—-o—A molecule

Subsequently, experimental approaches were used to characterize transport properties by
assembling monolayers on metal surfaces using a tip electrode in scanning tunneling microscopy

(STM) [10], and the conductive probe atomic force microscopy (CP-AFM) [11], or by attaching



molecules in a mechanically controllable break junctions (MCBJ) to manipulate the electronic
current at the atomic scale [12].

Aromatic compounds are of special interest in molecular transport. Their small highest
occupied molecular orbital-lowest unoccupied molecular orbital (HOMO-LUMO) gap and
functionalization capability make them attractive for potential molecular electronics applications.
The molecular system of gold (Au)—sulfur on surfaces has been studied frequently owing to its
facile fabrication [13]. Among various sulfur-containing adsorbates, aromatic thiols have attracted
considerable attention because they show robust binding on gold [14]. Moreover, by taking
advantage of two labile SH units and the delocalized m-electron conductivity, aromatic dithiol
molecules have been introduced as a molecular alligator clip between electrode surfaces in
molecular electronic devices [15].

Another interesting system is the organoisocyanides on metals. With a vertical orientation
of isocyanides on many metal surfaces as well as the delocalized dm-pmr orbital system allowing
electron density to shift between the metal and the molecule, a small contact barrier is expected.
Isocyanides have also been suggested as possible “alligator clips” for molecular wires, and the
electronic transport between metal contacts (gold or palladium) and 1,4-phenylenediisocyanide
(PDI) [16] and longer diisocyanide phenylene oligomers has been explored [17].

In this work, the surface structure and transport properties of linked gold nanoparticles with
self-assembled aromatic molecules terminated with thiolates (-SH) and/or isocyanide (-NC)
“anchor groups” have been studied. This dissertation begins with discussing the requirement for
working in high vacuum conditions (~2x108 Torr) and sample preparation techniques, as well as
using attenuated total reflection infrared spectroscopy (ATR-IR) to characterize the surface

structures of molecules of interest on gold films (Chapter 2). In Chapter 3, the electrical properties



of 1,4-phenylene diisocyanide on gold nanoparticle arrays were characterized, and the tunneling
barrier through the linker molecule was found to be 0.10 + 0.02 eV [18]. In Chapter 4, infrared
spectra of 1,4-phenylene diisocyanide adsorbed on gold films were measured and showed a single
isocyanide stretching mode at low solution exposures. Higher PDI doses causes the isocyanide
mode to split into two features, one of which is due to a free isocyanide, consistent with a vertically
bonded species bound to the surface by one isocyanide group. This behavior rationalized the
apparent disparity between the results obtained in ultrahigh vacuum and those obtained previously
when dosing from solution [19]. Chapter 5 explains the surface chemistry and electrical properties
of 1,4-benzendithiol (1,4-BDT) and 1,3-benzendithiol (1,3-BDT) oligomers bridging between
gold nanoparticles on mica. It was found that 1,4-benzendithiol adsorbs on Au(111) surfaces, with
the two thiolates bound to a gold adatom to generate extended zig-zag chains, whereas 1,3-
benzendithiol molecules were exclusively observed as monomeric species, which is the main
reason why 1,4-benzendithiol has better electrical properties than 1,3-benzendithiol [20, 21].
According to the measured ATR-IR spectra, in both molecules, S-H bonds break and S-Au bonds

form after adsorbing on gold films.

In order to study the influence of the lengths of diisocyanide and dithiol molecules,
Chapters 6 and 7 present electrical studies and surface structures of 4,4’-biphenyldiisocyanide
(BPDI), 4,4™- terphenyldiisocyanide (TPDI), 4,4’-biphenyldithiol (BPDT) and 4,4™-
terphenyldithiol (TPDT) on gold. As a result, in the case of dithiol aromatic molecules, the slopes
of values derived from I-V measurements for BDT, BPDT and TPDT show that the height of the
tunneling barrier increases with increasing the number of benzene rings in the linker backbone,
which means that an increased extent of conjugation does not necessarily lead to higher

conductivity. The biphenyl and terphenyl molecules have a twisted ring configuration which



appear to be observed for BPDT and TPDT. This distortion decreases the conjugation by reducing
the orbital overlap between the aromatic rings. Therefore, the poly-phenyl dithiol molecules are
not expected to be as conductive as benzene dithiol because of the higher tunneling barrier
(Chapter 6).

The ATR infrared spectra of BPDI and TPDI adsorbed on a thin gold film showed the same
behavior that was seen with 1,4-PDI on gold. At low solution exposures, a single isocyanide
stretching mode was seen, while at higher solution concentrations the diisocyanide molecule
orientation changes, and the free C=N mode appears. Similar to dithiols, the electrical conduction
of diisocyanides decreases when increasing the number of phenyl rings for two possible reasons;
first, Increasing the number of phenyl rings decreases the aromaticity because of the ring twisting
configuration, which leads to increase the height of the tunneling barrier. Second, increase the
number of phenyl rings in diisocyanide linkers increases the electron donation to the gold, that
leaves a partial positive charge on the isocyanide molecule which leads to lowering the molecular
orbital energies and moves the HOMO orbital away from the Fermi level (Chapter 7).

In Chapter 8, an assymetric molecule with both isocyanide and S- terminated groups is
explored, by studying the surface structure and electrical properties after dosing gold films with
4. 4'-disulfanediyldibenzoisonitrile (DBN) from solution. As a result, DBN has ability to form
oligomers between gold nanoparticles and contributes to tuning the gold Fermi level and iecrease
the height of the electron tunneling barrier. The ATR-IR spectra provide information that is
complementary to the electrical measurements, and allow the surface structure of DBN molecules

on the gold-nanoparticle array to be determined.

Finally, in Chapter 9, back-gating behavior has been explored for three different devices.

The field effect results showed a small increase in the conductivity with increasing the gate



potential of either sign. Electrical measurements were performed using 1,4-PDI-, 1,4-BDT- and
1,3-BDT-linked gold nanoparticles, and the maximum sheet resistance changes were ~1.5 to 2.3%.

At a sample temperature of ~110K, the sheet-resistance changed by 4.5% under a negative bias.
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Chapter 2

Experimental Methods

2.1 High Vacuum System
In general, the essential requirements for performing thin-film experiments are a clean
surface and a contaminant-free environment; consequently, all experiments were carried out under

high-vacuum conditions where the pressure were maintained in the range of 107- 10 Torr.

Low pressures help to reduce the density of contaminations and increase the mean free path
of the gas molecules in the high-vacuum chamber. The mean free path is the average distance
traveled by moving particles (such as atoms, molecules, photons) before colliding with another

particle.

The mean free path A can be calculated using the Kinetic theory of gases from the following

equation [1]

A= _XBT )

~ V2nd2?p

where kg is the Boltzmann constant, T is the temperature in Kelvin, d is the diameter of the
molecule in meters, and P is the pressure in Pascal. At lower pressures, the mean free path
increases and the collision rate reduces, which is a suitable condition for an experiment to be

performed on a relatively clean surface.



2.2 High Vacuum (HV) Chambers
The high-vacuum chamber was made of corrosion-resistant, welded stainless-steel that
allows the system to be baked up to ~150° C for several days in order to remove the water layer

and all other contaminations from the inner walls of the chamber shown in Figure 2.1.

Various tubes are welded to the chamber so that pumps, instrumentation, leak valves, and
windows can be mounted to it. These tubes terminate in different types of flanges, such as Conflat

flanges with knife-edged rims, allowing copper gaskets to be used to create a vacuum tight seal.

Alternatively, quick-release flanges, which are connected to each other by elastomer O-rings and

are held together by a ring clamp, can be used for pump mounting.

It is important to ensure that the chamber and all the components inside the chamber are
constructed from suitable materials with low vapor pressures. The inside of the chamber should be

clean of high-vapor-pressure materials (such as finger-prints), and these can be removed using

[

Flanged Ports

solvents, such as acetone.

Flanged Port——

Stainless Steel | View Port

Body

Gate Valve

Figure 2.1: Diagram of a stainless steel high-vacuum chamber.



2.3 Conductivity Measurement Chamber

The conductivity measurement chamber is a standard UHV chamber, and is used for
conductivity (current versus voltage) measurements of nanoparticle array samples (see section
2.6). It includes two high-vacuum feedthroughs to make electrical conductions to the sample. One
feedthrough is installed on an X, Y, Z, theta manipulator that holds the copper plate which is
designed to carry the sample under test (inside the vacuum) and connects it directly to a liquid-
nitrogen filled reservoir (outside the vacuum) (Figure 2.2). This feedthrough has pins that are
connected to two electrical wires terminated by two alligator clips which are carefully attached to

the sample under test (Figures 2.3).

An additional feedthrough is attached to a chromel-alumel thermocouple that is spot-
welded to the copper sample holder used to measure the sample temperature when it is cooled to

liquid-nitrogen temperatures, or heated.

The current versus voltage (1/V) characteristics were measured by applying a voltage to the
sample via a D/A convertor controlled by a LabView program, and the resulting current is
measured by means of a Keithley picoameter placed in series with the circuit that converts the
current to a voltage signal, which is sent back to the data acquisition card, so that an I/V curve is
directly recorded and displayed on a PC screen (Figure 2.4). Once the sample is placed inside the
chamber, the process of evacuation begins by pumping down, initially using rotary and
turbomolecular pump and finally an ion pump, to a base pressure of ~10® Torr without baking the

chamber to avoid sample damage.
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<«<— Liquid Nitrogen Reservoir

X, Y, Z Theta Manipulator

Source/Drain and

«——— Thermocouple
Feedthroughs
Turbomolecular Pump \
UHV
*— Stainless Steel
Copper Sample Holder Chamber
T With a Mica Substrate on it
Knudsen /

Source
Organic Compound
vial

Figure 2.2: A typical combination for the electrical measurements chamber

Chromil-Alumil Source/Drain
Thermocouple Electrical wires
Connected to the Connected to the

feedthrough feedthrough

Gold Pads
Copper Sample Holder ~ 5mm apart

Mica
Substrate

Smooth Alligator
Clips

Figure 2.3: An illustration for mica substrate placed on the copper sample holder and connected to

feedthroughs using fine alligator clips
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L PC
Data Acquisition Card

InI;ut Output

Sample in HV Keithley pA meter

Figure 2.4: Block diagram of I/V measurement instrumentation

2.4 Vacuum Pumps

Achieving ultrahigh vacuum (UHV) where the pressure is ~ 5.0x107° Torr or lower
involves different stages of pumping and then baking the whole system to ~150° C in order to
remove adsorbed water from the inner walls. In case of conductivity measurement experiments, as
mentioned above, baking the system while the sample is inside the chamber is not an option, and
it was found to be adequate to pump the chamber for several hours until the pressure reached ~10

8 Torr.

2.4.1 Mechanical (Rotary Vane) Pump

A rotary vane pump is used for the first stage of pumping in the HV system, and operates
between atmospheric pressure to ~10 Torr, and is used for rough pumping the vacuum chamber
as well as a backing pump for oil diffusion and turbomolecular pumps. As is shown in Figure 2.5,
the HV chamber is connected to the inlet of the pump, and the pressure in region I is equal to the
chamber pressure. As the rotor turns, it traps a volume of gas at chamber pressure in region II, so

that, as the rotor continues turning, and the gas molecules are forced to the outlet valve in region

12



I11. The pressure increases until it exceeds atmospheric pressure, so that the gas is expelled through

the outlet valve and through the oil into an exhaust vent [2].

Gas Balllast Valve Inlet
@ Outlet Valve

Oil Region I

g L~
N\
Region III \\\\\\\
Reglon I
Stat01

N

Figure 2.5: Rotary Mechanical Pump schematic

2.4.2 Turbomolecular Pumps

Turbomolecular pumps are often called “turbopumps” for simplicity, and they are used to
reduce the pressure from ~10 Torr to ~107 Torr, and a mechanical pump is needed as backing
pump. The turbopump consists of stack of rotors/slots with blades, so that when the blades are
spinning (at ~20000 rpm) they collide with the gas molecules in the pump and impart momentum
to them, causing them to move to the next rotor. This series of blades drives the molecules towards
the exhaust, where they are removed by the backing pump. Because of the rotor’s high speed, the
pump’s temperature increases while running, so it is necessary to place a cooling fan on the pump

while it is operating to maintain the pump temperature below 30° C (Figure 2.6).
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Turbopumps are very clean, since they do not require oil to operate. They have the disadvantages

that they can be noisy, are relatively expensive, and can introduce vibrations to the system [3].

Chamber

/ > Backing
Pump
N\

|

Rotor Blades

Stator Blades

Figure 2.6: Turbomolecular pump schematic

2.4.3 Oil Diffusion Pumps

il diffusion pumps are used to further reduce the pressure from ~10° Torr to ~10® Torr,
and require backing pumps in the same way as the turbomolecuar pump. The pump consists of a
pumping stack, and contains high-purity oil. As the oil is heated and evaporates, the stack confines
it, so that the oil moves down the stack thereby colliding with gas molecules to drive them to the
rotary pump, and then to the atmosphere. The oil vapor hits the sides of the pump that are cooled

by water filled tubes, and the condensed oil returns back to the bottom to be reheated (Figure 2.7).

Since the pump relies on hot oil, there can be oil back-streaming to the HV chamber. To avoid
back streaming of the oil, diffusion pumps use low-vapor-pressure, high-molecular-weight oils.
To further eliminate oil from the chamber, the HV system is isolated from the pump using a liquid-

nitrogen trap placed between the diffusion pump and the chamber [4].
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Figure 2.7: Oil diffusion pump schematic

2.4.4 Ton Pumps (Sputter-ion pumps)

These pumps are capable to operate in the range ~107 to ~10! Torr. They form a closed system
with the vacuum chamber, and they have no moving parts or additional valves and do not require
the use of oil, and do not cause any vibrations inside the UHV system. There is no backing pump
connected to the ion pump. However, the gate valve between the ion pump and the chamber cannot

be opened until the HV chamber pressure drops below ~5.0x107 Torr.

A sputter-ion pump consists of two electrodes, the anode and the cathode, where the anode
is made of stainless steel, and the cathode plates are constructed from titanium. Titanium is inert
when it is in its bulk form, but it is chemically reactive with most gases when it is deposited as a
pure metallic film on a surface, and it serves as a gettering material on the anode tubes [5]. Strong

magnets are placed outside the chamber, to create a high magnetic field inside it.
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When the ion pump starts operating, free electrons are pulled towards the anode and get
caught by the magnetic field that is created by the two magnets outside the chamber. The magnetic
field forces the electrons to move and colloid with incoming gas molecules, and the result of
collisions is to create a positively charged ions that have sufficient kinetic energy to accelerate
towards the cathode and be trapped in it. lons will sputter titanium away from the cathode and
form a gettering film on a neighboring surface and reacts to form stable chemical compounds with
reactive gases, such as CO, CO2, Oz, and N2. The anode assembly will be coated with these
compounds (Figure 2.8). This process will keep sputtering small amount of cathode overtime, so
that it will eventually develop craters from all the impacting ions and need to be replaced.

+—— UHV Chamber

n | Gate Valve

Strong Magnet

\l Magnetic field

»

Anodes

|+
[\

E

Figure 2.8: lon pump schematic and operation

Titanium Cathodes

2.5 Metal Thermal Evaporator

In order to prepare samples for conductivity measurements, it was necessary to evaporate
gold films to create nanoparticle arrays and gold electrodes. Gold thin film deposition, as a basic
part of sample preparation for this work, was carried out in a Cooke Vacuum Products CVE 30
evaporator. This device is a thermal evaporator, and consists of a high-vacuum system which

operates at ~10® Torr, and is used for vacuum deposition of metal thin films. As is shown in Figure
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2.9, this device consists of a bell jar that is pumped using mechanical and diffusion pumps to a
final pressure of ~10 Torr, in which the metal (gold) evaporation process is performed. For that
purpose, the chamber contains a tungsten basket filament in which a piece of gold foil can be
placed. An AC current is passed through the filament in order to heat it and the gold rapidly

evaporates onto the sample to form a thin gold film.

Figure 2.9: A) Cook Vacuum Products CVE 301 thermal evaporator. B) Inside the evaporator, tungsten

basket filaments, pre-wetted with high purity gold [7].

This system is used to deposit both gold nanoparticle arrays and thicker gold electrodes.

The thickness of the gold electrode film deposited on mica substrate depends on the distance to
the sample and the sample position. Inside the vacuum evaporator, the masked mica substrate is
place on a circle-shaped stand and faces the tungsten filament. The thickness of the gold film is

calculated using the following equation:
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m

t = 2)

pand?

where m is the gold mass, p is the gold density, and d is the distance between the tungsten filament

and the sample. The temperature is sufficiently large to evaporate all the gold.

Area = 4nd?

Gold volume ="/,

Tungsten filament

Figure 2.10 Control the gold film thickness inside the evaporator

2.6 Sample Preparation

As shown in Figure 2.3, a 1x1cm? cleaved mica substrate (highest grade, Ted Pella) was
used as the sample support. Gold electrodes were fabricated by masking the central portion of the
mica substrate and evaporating ~200 nm-thick gold pads using the thermal evaporator with
99.999% purity gold (metal basis, Alfa Aesar) by passing a current of ~60 A through the filament
as described in section 2.5. After the gold pads were deposited, the sample was removed from the
evaporator, the mask removed, and then the gold pads were attached to smooth alligator clips
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inside the evaporator in order to monitor the resistance change while depositing gold nanoparticles
on the mica substrate. After placing the sample into the chamber and pumping the evaporator to
~108 Torr, the deposition was carried out by passing a ~20 A current through the tungsten filament.
In this work, all the samples were prepared with different initial resistance values while continually
monitoring the sample resistance. After reaching the desired initial resistance, the sample was left
under vacuum for to age until the resistance stabilized. This typically requires a few hours, after

which then the bell jar was opened to atmosphere, and the sample was removed.

The samples could be dosed with organic molecules after depositing gold nanoparticles,
either by vapor deposition, or dosing from solution. VVapor deposition was carried out in the HV
chamber using the Knudsen source, as shown in Figure 2.2. It is attached to one of HV chamber
flanges, so that the end of the source faces the sample holder. The organic compound was placed
in a glass vial and attached to the Knudsen source using a Swagelok connector, and the system
was evacuated separately to outgas the sample while the valve between the Knudsen source and
the HV chamber was closed. The gold nanoparticle-covered sample was attached to the copper
sample holder in the HV chamber, and the chamber was pumped to ~108 Torr, and the valve
between the Knudsen source and the chamber was opened to allow the sample to be dosed with
the sublimed organic molecules. The resistance change across the gold pads was continually
monitored and the dosing process was stopped after no further change in sample resistance was
measured. Electrical conductivity measurements were then made as a function of sample

temperature.

In case of dosing from solution, after the sample was again allowed to age and removed
from the thermal evaporator, the sample was dosed by adding 50 pL of the compound in a solution

(generally benzene) with a certain concentration. The excess solution was removed by washing
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using the same solvent, and the sample allowed to dry in air. It was mounted in the HV chamber

to carry out the electrical measurements at different temperatures, as discussed above.

Sample cooling was achieved by pouring liquid nitrogen into the tube that is attached to the sample
manipulator, and in a direct thermal contact with the copper sample holder. The sample
temperature was monitored using a chromel-alumel thermocouple that is attached between the
feedthrough and the sample holder. I-V measurements were carried out as the sample temperature

was changing between room temperature and liquid nitrogen temperature.

2.7 Attenuated Total Reflection Infrared Spectroscopy (ATR-IR)
2.7.1 ATR-IR Principle and Theory

While traditional IR spectrometers have been used to analyze solids, liquids, and gases by
means of transmitting the IR beam directly through the sample, ATR uses the reflection of the
beam instead [8]. This technique measures the change that occurs in a totally internally reflected
IR beam when it comes in contact with the sample (Figure 2.11). The IR beam is directed into an
ATR crystal with a relatively higher refractive index, so that the beam reflects from the internal
surface of the crystal creating an evanescent wave that extends 0.5-5 pum into the sample held in
contact with the crystal. The attenuated radiation is returned to the detector, then the system

generates an IR spectrum [9].
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Sample in contact with the evanescent wave
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“e— ATR Crystal

To Detector gm— <+— [R Beam

Figure 2.11: A multiple reflection across an ATR crystal

The condition which must exist to obtain total internal reflectance is that the angle of the
incident radiation, 8, must exceed the critical angle, 6c. The critical angle is a function of the

refractive indices of the sample and ATR crystal and is defined as

— eip—1m2
6. = sin o (3)

where n; is the refractive index of the ATR crystal, and n is the refractive index of the sample.
The refractive indices of the crystal and the sample are important considerations in the ATR
sampling technique, since ny must be significantly greater than n, (Figure 2.12), otherwise the

beam will be transmitted rather than internally reflected in the crystal [10].

Bulk Sample  e——

ATR Crystal e

¥

Figure 2.12: lllustration shows refractive index of crystal > sample
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A further useful consideration for ATR analysis is the depth of penetration (dp) of the IR beam

into the sample (Figure 2.13), which is defined by

d, = 2 (4)

2m(n2sin26-n3)1/2

where 4 is the wavelength of light and & is the angle of incidence of the IR beam [11]. As
mentioned above, typical depth of penetration in the ATR ranges from 0.5-5um depending upon

the experimental conditions.

Bulk Sample  m——
S Fyanescent Wave

ATR Crystal—

Figure 2.13: A single reflection ATR

In this work, the ATR-IR technique is used as a method for solution-phase surface studies

to explore the structures of different organic molecules when coordinated to gold surfaces.

Zinc Selenide (ZnSe) was used as an ATR crystal (1x8x0.7 cm?), which has refractive index of
2.4, while the typical values for organic substances range from 1.2 to 1.5, which means that a large

majority of IR-active samples can be measured [12].
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Infrared spectra were collected by evaporating a gold thin film on to the ZnSe crystal, in
exactly the same way as depositing gold thin films on a mica substrate. A mica substrate with gold
pads was used as a reference sample for resistance monitoring while depositing gold films on the
ATR crystal. The gold film thickness is critical and it was selected to allow reasonable infrared
transmission through the sample. After gold thin film deposition, different organic molecules with
different concentrations were dosed onto the sample and then washed with benzene to rinse away

the excess.

In order to clean the crystal, the gold film was removed by polishing the crystal using 1um
(MetaDi) diamond polishing compound. One drop of polishing compound was placed on the
crystal and few drops of distilled water were added, using delicate-task Kimwipes, after which the
crystal was polished manually and carefully until the gold film is completely removed. Then the
polishing compound was washed away using distilled water and the crystal was left to dry before

depositing a new gold film.

IR spectra were collected using Vertex infrared spectrometer operating at a resolution of

4cm by collecting 2000 scans using DTGS detector.
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Chapter 3

Experimental and Theoretical Approaches

3.1 Introduction

The idea of “molecular electronics” was first proposed in 1970, when Aviram and Ratner
postulated a very simple electronic device, a rectifier, based on the use of a single organic molecule
[1]. Experimental approaches have been made to characterize transport properties by assembling
monolayers on metal surfaces and use a tip electrode in scanning tunneling microscopy (STM) [2],
and by conductive probe atomic force microscopy (CP-AFM) [3], or by attaching molecules in a
mechanically controllable break junctions (MCBJ) to manipulate the electronic current at the
atomic scale [4]. The transport in granular materials between metallic electrodes have been studied

by using molecular linkers to control spacing between metallic nanoparticles [5].

In this chapter, the transport properties of linked gold nanoparticles with self-assembled
1,4-PDI linkers to form -(Au-PDI)s- oligomers is examined to illustrate the approach used in this
work. PDI has been proposed as a prototypical molecular electronic component and a suitable

candidate for electronic devices [5].

Scanning tunneling microscopy (STM) studies on Au (111) studies showed that PDI can
form long, one-dimensional chains by extracting low-coordination gold atoms from surface defect
sites, with a repeat distance of ~1.1 nm [5] (Figure 3.1). If the distance between gold nanoparticles
in granular films is greater than 1.1 nm, then -(Au-PDI)n- oligomers can be formed to fill the gap.

This idea was explored by measuring the conductivity of PDI-dosed granular gold films.
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Figure 3.1: Time-dependent sequence of images of Au—-PDI chains collected every 53 seconds scanning a

5.0 x5.0 nm2 region. A dotted line showing the chains has been included as a guide to the eye [5].

Figure 3.2: Sequence of images of Au-PDI oligomers linking between gold nanoparticles on a Au(111)

surface where the location of the nanoparticles is indicated by A, B and C [5].

The ability of the mobile oligomers to bridge nanoparticles is illustrated by the series of

STM images (Figure 3.2) of a Au(111) surface containing nanoparticles (Labelled A, B and C).
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Clearly, the Au-PDI oligomers are capable of bridging between the gold nanoparticles (as depicted
in the inset to Figure 5) and the images show the same chain mobility as seen in Figure 1 [5].

The electrical properties of linker molecules are studied by depositing an array of gold
nanoparticles on an insulating mica substrate. There are three distinct structural regimes in granular
materials [7]. First, the metallic regime, where the metal concentration is high enough so that the
grains can touch and form a continuous film. In this regime, the resistance increases with
increasing temperature, which means that the temperature coefficient of resistivity (TCR) is
positive, but still much smaller than in pure metals. Second, in the dielectric regime, where small
isolated metal particles are formed, electrical transport is due to tunneling between the isolated
particles. Finally, a transition regime occurs, in which the dielectric inclusions become
interconnected to form a maze structure, and the electrical conductivity in this regime is due to
percolation along the metallic maze and electron tunneling between isolated metal particles. In
both dielectric and transition regimes the resistance decreases with increasing temperature, they
both have a negative TCR.

In this work, the films were prepared by evaporating gold on a mica substrate to grow
isolated gold nanoparticles with different average spacings by maintaining the gold thickness in
the dielectric regime (Figure 3.3), above which a continues metallic film can be formed. The sheet
resistance decreases by increasing the number of gold nanoparticles (particle density) between the
gold electrodes, which can be controlled by passing a set current through the evaporator in one
evaporation step to some specific initial resistance, and then by allowing the sample age until the
sheet resistance stabilizes. As long as the gold nanoparticles are not touching, the charge will be

transferred through tunneling or hopping mechanisms.
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Figure 3.3: AFM image of a continuous film that represents a gold electrode (region A), and a

nanoparticle array (dielectric regime as shown in region B) on mica substrate

3.2 Experimental

The experimental strategy has been discussed in detail in Chapter 2; briefly, a 1cm x 1cm
mica substrate was used with ~200-thick nm gold electrodes, with a ~1 mm distance in between
them. Deposition process takes place in a thermal evaporator. Gold nanoparticles were deposited
to some initial resistance value. After deposition, the sample was left in the evaporator to age until
the sheet resistance becomes stable. Gold nanoparticles were deposited until the conductivity
between gold electrodes increased from zero to ~3.0 nS. As shown in Figure 3.4, the sample was
left to age, during which, the gold nanoparticles aggregate to form larger clusters, which minimizes
the number of electron tunneling junctions between the gold pads, causing the conductivity to
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decrease as the number of gold nanoparticle decreases,. After ~2.5 hours, the conductivity has

decreased and became stable at ~0.6 nS after the aging process had stopped.
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Figure 3.4: Gold nanoparticles aging process. In this sample, the initial conductivity was 3.0 nS, the

sample aged to ~0.6 nS.

The sample was moved from the thermal evaporator and placed inside the HV chamber,
and the chamber was pumped to 108 Torr, after which the 1,4-PDI was deposited in situ from the
gas phase. Conductivity started to gradually increase from 0.6 nS, so that after ~ 2 hours, the
sample was saturated and the measured conductivity was equal to ~30 nS (Figure 3.5).

Electrical measurements were carried out as described in Chapter 2, where resistance
values were measured as a function of temperature by cooling the sample holder to liquid nitrogen
temperature. Similar experiments were performed for samples with different initial resistance

values.
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Figure 3.5: Typical curve shows the increase in conductivity across a granular film as a function of 1,4-
PDI dosing time. R, is the sheet resistance of the clean gold film before dosing. The inset shows a

schematic depiction of the oligomer-linked nanoparticles

3.3 Results

The initial resistance (R,) values for all measured films in this study ranged between ~30
MQ to 990 MQ where, in all samples, the R, values dropped dramatically after dosing with 1,4-
PDI from gas phase, proposed to be due to the formation of —(Au-PDI)x- oligomers between the
gold nanoparticles [5]. Another possible reason is that the gold nanoparticles film changes from
dielectric regime to transition regime because of the morphology of gold nanoparticles. AFM
measurements of the particle morphology before and after dosing with PDI [5].

I/V curves were measured as a function of change in temperature for all of the samples.

They show Ohmic behavior up to a bias voltages of +4 V. Plots of In(R) versus T2 have shown
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a good linearity (Figure 3.6). The excellent linear fits of the In(R) versus T2 plots in this system
confirms the model proposed by Abeles and Sheng [6]. However, Arrhenius plots of In(R) versus
T were constructed and showed pronounced nonlinearity, Arrhenius behavior was predicted by

Nuegbauer and Webb by the theory of activated tunneling in granular materials [7].
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Figure 3.6: Typical plots of In(R/Q) versus T2, where the temperature is measured in degrees in Kelvin
for various films with a range of initial films resistances. The value of the initials resistance values of the
films, R,, are indicated on each of the plots.

The slopes of the plots of In(R) versus T2 were obtained for films spanning a wide range

of initial (undosed) resistances, R,. The slopes of these plots () was found to vary linearly with

In(R,) (Figure 3.7). The slope of this plot was found to be 3.7 + 0.2 with an intercept of -52 + 3.
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Figure 3.7: Plot of a values versus In(R,) for the 12 films studied in this chapter. The linear is in

agreement with the theory of activated tunneling in granular materials put forth by Abeles and Sheng [6].

3.4 Discussion

Electrical conduction measurements have been performed in the granular regime, where
all studied films have a negative temperature coefficient of resistivity (TCR), and showed a
decrease in resistance with increasing temperature; the conduction mechanism is not the same as
in metallic films. The linear In(R) versus T2 variation is predicted by Abeles theory for thermally
assisted tunneling through granular materials. This model provides an explicit dependence of the

conductivity on the size and separation of the nanoparticles, which has been experimentally
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verified elsewhere [5]. This theory, which provides the basis for the analyses of the conductive

behavior of linked gold nanoparticles, is described in the next section.

3.4.1 Theoretical Aspects (Abeles Theory of Conduction in Granular Materials)

All samples show a linear relationship between In(R) and T-/2 that can be attributed to the
form of the density of states near the Fermi level [6] which is predicted by the Abeles model for
thermally assisted tunneling through granular materials [6] which also provides an explicit
dependence of conductivity on the size and separation of the nanoparticles.

The theory of Abeles and Shang analyzes the conductivity through an array on
nanoparticles as a function of applied voltage. In particular, since there are a large number of
nanoparticles contained between the electrodes, the voltage drop between adjacent electrodes is

small and the current versus voltage characteristics are analyzed in the low-voltage limit.

The model assumes that electron transport between adjacent nanoparticles is controlled by
two effects. The first effect arises because of the small size, and therefore capacitance of adjacent
nanoparticles which requires a significant threshold energy for an electron to be transported from
one nanoparticle to an adjacent one, the so-called Coulomb changing energy, E.. The second effect
is the direct tunneling of the electron from one nanoparticle to the next and is analyzed using the

WKB approximation.

The energy required to charge a capacitor with capacitance C with one electron of charge e is given

by ; so that the Coulomb charging energy is given by:

Ec=— )
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If d is the size of a particle, which are separated by a distance s, the capacitance between particles
will depend on d and s, where the details depend on the shape and arrangements of the particles.
Abeles analyses this by using a model for the capacitance of a particle diameter d, where the effect

of the surrounding nanoparticles is modeled by an annulus around the central nanoparticle separate
by a distance s. The energy density of an electric field E is given by %860@2, where ¢, is the

permittivity of free space, and ¢ is the relative permittivity of the material between the

nanoparticles. For the simple model for the capacitor given above, this yields:

d 2
_ l —+s e 2
Ee = 7 £€0 dz/z (4n££or) 4mr=dr ©)

where e is the electronic charge. This can be straightforwardly integrated to give:

e

_ 2 s/d
Ee = 4megyd <%+(§)> (7

c

Thus, the Coulomb charging energy can be written as:

e? s
EC - 4meggd F (E) (8)
It is also assumed that the tunneling probability depends on the particle separation, s, and

2me
A2

the height of the barrier, ¢. Writing y = [ ]E where m is the mass of the electron, # is Plancks

constant divided by 27, the tunneling probability is ~exp(—2ys).

The number of charge carriers depends on the temperature T, and is proportional to

exp (— ZfCT), where kg is the Boltzmann constant. Thus, the total low-field conductivity a;, is
B

proportional to the product of the tunneling mobility multiplied by the temperature-dependent

number of charge carriers integrated over all possible percolation paths through the sample:

34



0, X fooo B(s)exp (—2)(5 — %) ds )

where B(s) is the density of percolation paths associated with s. Writing C = ysE. gives:

o, « J; B(s)exp (—2xs - (10)

ZXSkBT)

In this case, C depends on s. However, Abeles et al argue that the product sE. is
approximately constant. It is assumed that the particles on the surface are produced from some
total volume V of material (in this work, gold) and is sufficiently small that it forms n isolated
particles per unit area of average diameter d separated by an average distance s. If the nanoparticles
that are formed have an approximately equal thickness t, then V~ntd?. If the particles are
separated by an average distance s and have a diameter d, then the average area occupied by each

particle ~(s + d)?. The number of particle per unit area is then the reciprocal of this value so that

V~ ﬁ This indicates that the ratio s/d is approximately constant for a given loading of metal
1+=
d

on the surface. This simple analysis assumes that the heights of the nanoparticles is approximately
constant and this has been disputed. Nevertheless, it provides a convenient model for our purposes
since it yields values of the tunneling barriers for the molecular linkers and the experimental results

are in good agreement with the theory. Thus from Eqgn. 7:

_ e? (s/d)?
SEC - 4mee <%+(§)> (ll)

and, from the above arguments, is a constant since it depends only on s/d, which is argued to be
a constant for a given metal loading. Note that, even if the value of t does vary, C will only be a

relatively weakly varying function of s/d. Consequently, the value of C is given by:
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_xe? [(s/a)?
= (%ﬂ%)) o
The next step is to calculate the of s, s,, which gives the maximum conductivity. Eqn. 6

contains two factors, B(s) and exp(f(s)), where f(s) = —2xs — ZXS% and is a peaked function
B

of s. From percolation theory, B(s) is a relatively slowly varying function of s [8], so that the
effect of changing s is dominated by variations in f(s), which is a strongly peaked function. To

obtain the value of s,,,, f(s) is differentiated, assuming that C is constant, and put to zero to give:

Sm = \/kzi Expanding the integral f(s) around s,, gives:
B
1 2 c kgT 2
f(S) = f(sm) +Ef (Sm)(S - Sm) +.=-2 @_ T(ZXS - ZXSm) + - (13)
Substituting into Eqgn. 10 gives:

o, % B(Sm) [exp (—2\/%)] fooo exp {—\/k;T <2)(s — \/g) }ds (14)

where the value of sy is the spacing at the maximum of the conductivity and £ (s,,) is the density

of percolation paths, taken to be approximately constant, and s,,, = < \/g) /2x. Putting \E =a

yields:

o, « f(sm)lexp(—2a)] f;” exp{— = (2xs — @)} ds (15)
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(o] 2 -
The integral becomes [~ exp {— (% — \/E) }ds. Put p = 2—\/)%5 — +/a and the integral becomes

g f_ooﬁe‘p2 dp. Assuming (following Abeles) that « is large, the integral becomes \;_a fooo e‘pzdp

and gives:

0, ¢ f(sm)[exp(—2a)] T (16)

Assuming that the temperature dependences of £ (s,,) and ‘/Zif are relatively small gives:

[c
0, = gpexp (—2 ﬂ) a7

We now apply the model to either a clean (gold) nanoparticle film, or a film proposed to
be linked by oligomer chains. Since, in the majority of experiments, the resistance rather than the

conductivity was measured, Eqn. 17 is rewritten as:

R = Ryexp [+2\/RBZT] (18)

Note that this temperature dependence is found for the films dosed by organic linkers in this work,
suggesting that the above approximations are reasonable. Thus, the resistance, Rc, of the clean gold
film (prior to dosing) provides a convenient parameter for describing its properties and, from

equation (18) is:

Cc
InR. = InR2 + 2 7 (19)
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where T= 300 K, the temperature at which the resistance was measured. Taking € = 1 for a

vacuum and substituting for C yields:

2f(s,d 4
InR; = InRY + /%x\/;xﬂ/xc (20)

In the case of films dosed with organic linkers, the slopes of plots of In( R) versus 1/+/T are found

2
to vary linearly with In(R.). Since from above, a = 2 f% where Cp = w, o is given by:
F

o = ’16)(Fezf(s,d) (21)
€F

Since f(s,d) is identical for clean and organic-covered films, rearranging equation (21) and

substituting into equation (20) gives a relationship between « (the slope of In( R) versus AT,

and the initial resistance of the clean film (Rc) as:

a=17.32 [XZ x InR; — 17.32 [-XZ x InR? (22)

€FXc €FXc

This plot is found to be linear for the majority of the organic linker molecules and can be used to

estimate the height of the tunneling barrier from y.

XF

The slope in Figure 7 (a versus In (R;)) is 3.7 + 0.2, which indicates that = 0.045 +

€EF&C

0.005. PDI has a dielectric constant (e5) value of 3.5, and since X = (21‘;"—2@)1/2 where ¢ is the

height of the tunneling barrier, then g—" = 0.025 + 0.005, where @ and @ are the barrier heights
Cc

for the PDI dosed and the clean gold films respectively. Work function of clean gold (@.) is ~5.5
eV, which makes @ equals to 0.14 eV. However, PDI adsorbed on Au lowers the work function
(@¢) to 4.08 eV, which modulates the barrier height (@) to 1.1 +0.02 eV (Figure 3.8).
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According to STM measurements of several phenyl-based isocyanides and diisocyanides,
it was found that the value of (@F) is equal to 0.38 + 0.1 eV for 1,4-PDI bridging gold [9].
Spectroscopic studies of Au-PDI oligomers on Au (111) show that the HOMO of the oligomer
lies ~ 0.88 eV below the Fermi level, with a LUMO ~3.32 eV above it, consistent with a HOMO
tunneling barrier [10]. More recent experiments found a barrier height of 0.19 + 0.02 eV [11],
where the difference from previous results was ascribed to different numbers of PDI molecules in
the contact. Break-junction measurements suggested a thermionic barrier height of 0.22 eV for

PDI between gold electrodes [12].

Au Au
1.4-PDI

PDI HOMO

M @F

L 4

0.1 +£0.02eV

Figure 3.8: Energy level diagram for gold nanoparticles linked by 1,4-PDI oligomers, where @,
corresponds to the work function of the 1,4-PDI-covered gold nanoparticles (4.08 eV) and ¢F is the

tunneling barrier through the linker molecule measured to be 0.10 £+ 0.02 eV.
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3.5 Conclusion

PDI on Au(111) self-assembles with gold to form oligomers that are sufficiently mobile to
bridge between gold nanoparticles. The conductivity of gold nanoparticles on mica increases
substantially when exposed to PDI and requires both the presence of the nanoparticles and two
isocyanide groups. The temperature dependence of the conductivity is in accord with the particles

being electrically linked with a tunneling barrier height of ~0.1 eV.
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Chapter 4

Surface Chemistry and Structures of 1,4-phenylene Diisocyanide on

Gold Films from Solution

4.1 Introduction

Adsorbing 1,4-phenylene diisocyanide (PDI) on Au(111) single crystal surfaces in
ultrahigh vacuum at room temperature results in the spontaneous formation of one-dimensional
chains parallel to the surface which are observed when the surface is imaged using scanning
tunneling microscopy (STM). The one-dimensional, assemblies have been assigned to oligomeric
chains comprising alternating gold and PDI units [1-4] that form by extracting gold atoms from
low-coordination sites on the gold substrate, where the structure was confirmed by comparing the
simulated images of oligomer structures calculated using density function theory (DFT)
calculations and from the reflection absorption infrared spectra of oligomer-covered surfaces [4].
Adatom structures formed on coinage metals are relatively common [5-8]. Density functional
theory (DFT) calculations of the of the oligomer formation pathway reveal that a vertical Au—PDI
adatom complex provides the propagating monomer that inserts to the isocyanide terminus of a

tilted PDI molecule bound to a surface defect such as a step edge [9].

In contrast to these observations, the results of previous work to explore the chemistry of
PDI adsorbed onto planar gold surfaces and powdered gold from solution proposed structures in
which the PDI adsorbed via one of the isocyanide groups, leaving a pendant, isolated isocyanide
group [10-15]. Compelling evidence for this structure comes from the detection of a vibrational

stretching mode due to an unbound isocyanide. There appears therefore to be a discrepancy
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between the results obtained under ultrahigh vacuum (UHV) conditions on Au(111) and those
found when dosing from solution. However, it has recently been shown that adsorbing carbon
monoxide on a PDI-covered Au(111) surface covered by —(Au—PDI)— oligomer chains results in
the decoordination of one of the isocyanide groups in the oligomer chain to form a vertical PDI
species adsorbed to a gold adatom, that exhibits two vibrational modes due to free and bound
isocyanide groups [16]. Similar isocyanide decoordination, induced by PDI adsorption rather than
by CO, as in the above example, would rationalize the apparent discrepancy between the results
for PDI on gold films and nanoparticles and the work on Au(111) single crystals in UHV. This
would involve the initial formation of —(Au—PDI)— oligomer chains oriented parallel to that surface

that then decoordinate at higher PDI exposures to form vertically oriented species.

This issue is addressed here first by measuring the infrared spectra of PDI on gold films
dosed from solution as a function of solution dose using attenuated total internal reflection infrared
spectroscopy (ATR-IR) to determine the structure and orientation of adsorbed PDI. The molecular
orientation can be determined using the surface selection rules [17-19], combined with comparison

of the experimental vibrational frequencies with those from previous work.

In addition, it has been shown that gold-containing PDI oligomers can bridge between gold
nanoparticles on a mica substrate (Chapter 3) [20]. Since the oligomers maintain their n
conjugation, this provides a conductive pathway between the gold nanoparticles, thereby causing
the conductivity to increase. This observation is confirmed since the experimentally measured
variation in conductivity with temperature and nanoparticle spacing is in accord with the Abeles
model for conductivity through an array of nanoparticles [21, 22]. It was also found that PDI
decoordination to form vertical PDI molecules induced by CO co-adsorption resulted in an

decrease in conductivity due to an interruption of the conductive pathway [16]. Similar
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decoordination induced by additional solution exposure to PDI should therefore also result in
conductivity decrease. Accordingly, the conductivity of a gold-nanoparticle array grown on an
insulating mica support was measured after exposing it to increasing PDI doses from solutions. It
is anticipated that if the PDI restructures at the higher exposures available by solution dosing to
induce adsorption in an n!-configuration via one isocyanide group, the conductive path should also
be interrupted, thereby lowering the conductivity to providing an additional in situ probe of any
change in molecular configuration. The results of these experiments are reported here, where it is
found that, at low PDI doses from solution, the infrared spectra show a single isocyanide peak at
a similar frequency to that found for PDI on Au(111), due to Au—PDI oligomer chains, where the
conductivity of a PDI-dosed nanoparticle array increases over the same range of PDI doses. At
higher doses, the free isocyanide mode appears in the infrared spectrum, accompanied by a

conductivity decrease, in accord with PDI decoordination to form an n! species.

4.2 Experimental Methods

The conductivity of PDI on nanoparticle-covered mica was measured as described in detail
elsewhere [20]. 10 ul aliquots of serially diluted PDI solutions (with a 5 mM initial solution
concentration) in benzene were deposited on a gold nanoparticle array, the sample was then rinsed
with benzene to remove any remaining weakly bound PDI and allowed to dry in air.

Electrical measurements were made at base pressure of ~2x107® Torr. The temperature was
monitored by means of a chromel-alumel thermocouple attached to the sample, and the I/V
characteristics were measured by applying a voltage via a D/A converter and the resulting current
measured by means of a picoammeter that was monitored by an A/D converter to yield I/V curves

directly.
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Infrared spectra of PDI gold films were also collected by evaporating gold onto the zinc
selenide ATR plate for 2000 scans using a DTGS detector. The gold film thickness was selected to
allow reasonable infrared transmission through the sample to be obtained and spectra were
collected after dosing with 200 pl aliquots of a 0.5 mM PDI solution in benzene. The sample was

allowed to dry in air and then rinsed with benzene to remove any residual, weakly bound PDI.

4.3 Results

Figure 4.1 shows a series of ATR-IR spectra of a gold film dosed sequentially with
solutions of PDI in benzene as a function of PDI solution dose, where the PDI doses are indicated
adjacent to the corresponding spectrum. Initial PDI exposure gives rise to a single, relatively broad
feature centered at ~2166 cm™ in the C=N stretching region. The peak frequency remains constant
at this value up to a dose of ~40 nmoles/cm?. The detection of a single isocyanide stretching mode
is consistent with the presence of a single type of isocyanide group expected for the formation of
a —(Au-PDI)- oligomer chain. When formed on Au(111), the oligomers exhibit a single C=N
mode at ~2154 cm™ at low coverage, shifting to lower frequencies (~2139 cm™) at higher
exposures, likely due to coupling between the isocyanide groups as the chains grow, so that the
isocyanide mode frequencies found by solution dosing are within the range expected for oligomer

chains [4, 9, 23].

After dosing with 50 nmoles/cm? of PDI solution, the ~2166 cm™ mode shifts to a slightly
lower frequency, with a sharper peak appearing at ~2120 cm™. Adding further PDI shifts the broad
feature slightly to ~2158 cm™ and is accompanied by the growth in intensity of the ~2120 cm'*
peak. These spectra are in reasonable agreement with the results from previous work on 1,4-PDI

on gold films [10] that suggested that the molecules adsorb perpendicularly to the surface with the
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free isocyanide group exhibiting a vibrational frequency of 2120 cm™. Note that weakly adsorbed
molecule PDI would also give rise to a free isocyanide mode. However, this possibility is excluded
since the dosed surfaces were rinsed with benzene after exposure to the PDI solution to remove
any excess PDI. Other work [11] showed similar frequencies of 2121 (free) and 2172 (surface-
bound) cm™ for solution-dosed gold. Sum-frequency generation (SFG) results [24] provided
corresponding vibrational frequencies of 2122 and 2195 cm™ for the free and bound isocyanide
groups, respectively. An average of the values of the vibrational frequencies of isocyanide SAM’s
on gold from the literature (summarized in reference [24]) yields a value of 2123 + 1 cm™ for a
free isocyanide group and 2181 + 4 cm™ for a surface-bound group. The spectrum shown in Figure
4.1 after dosing more than 50 nmoles/cm? of PDI is thus indicative of a vertical PDI species since
it clearly exhibits a free isocyanide mode at ~2120 cm™. Large PDI exposures on a Au(111) surface
in vacuo also show the appearance of a shoulder at ~2123 cm™ assigned to a free isocyanide group
with an additional, more intense peak at ~2136 cm™ [4], similar to that seen in Figure 4.1, but with

much lower intensity.
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Figure 4.1: A series of ATR infrared spectra of PDI adsorbed on a thin gold film using aliquots of 200 ul
of solution of 0.5 mM PDI. The resulting PDI doses, in nmole/cm?, are indicated adjacent to the

corresponding spectrum.

The conductive properties of gold nanoparticles deposited onto a mica substrate exposed
to 50 ul aliquots of serially diluted PDI solutions in benzene are summarized in Figure 4.2, which
plots the conductivity versus the PDI dose in nanomoles/cm?. The clean sample, prior to PDI
dosing, had a conductivity of ~0.5 nS. The conductivity of the sample increases monotonically
with PDI dose from solution to reach a maximum value of 18 = 2 nS. The experiment was repeated
several times, giving consistent results yielding a dose at which the conductivity reached its
maximum value of 45 + 5 nmoles/cm?. This maximum conductivity is in reasonable agreement
with that found by gas-phase dosing (of ~23 nS) [20]. However, in the case of gas-phase dosing,
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the conductivity saturates over the range of PDI doses accessible in high vacuum while, when
dosing from solution at higher doses, the conductivity decreases, initially quite rapidly, to a value

of ~8 nS and then more slowly as the PDI dose exceeds ~60 nanomoles.

4.4 Discussion

The above infrared results suggest that PDI on a gold film initially adsorbs with the PDI
plane parallel to the surface with symmetrically equivalent isocyanide vibrational modes,
consistent with the formation of —(Au-PDI)- oligomer chains, but then changes orientation at
higher exposures to exhibit a free isocyanide frequency, consistent with a decoordinated species.
The gas-phase vibrational spectrum of 1,4-PDI (D2n symmetry) has been assigned [25] and the
most intense infrared vibrations are at 850 (Big Symmetry, aryl ring mode), 1505 (B aryl ring
mode), 2127 (Ag, symmetric N=C stretch) and 2132 cm™ (B1u, asymmetric N=C stretch). This is
consistent with the 2166 cm™ mode being due to an isocyanide vibration and the presence of a
single mode is consistent with a —(Au—PDI)- oligomer chain. However, the vibrational frequency
found on the gold thin films is slightly higher than for PDI on Au(111) where peaks appear between
~2154 and 2139 cm™. This shift on Au(111) was ascribed to changes in chain length and may

imply that the chains on the gold film are relatively short.
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Figure 4.2: Plot of the conductivity of gold nanoparticles deposited onto a mica substrate, with an initial
conductivity of 0.5 nS (nanoSiemens) after exposure to 50 ul of serially diluted solutions of PDI in

benzene as a function of the solution dose in nmole/cm?.

The vibrational frequencies after a larger doses of PDI solution (at 2158 and 2120 cm™)
are in excellent agreement with the results of previous studies where the PDI was proposed to have
a vertical geometry [10, 11, 26], although there is some variability in the frequency of the bound

isocyanide mode (from 2172 to 2195 cm™). The bound isocyanide mode for PDI on Au(111) is at
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~2136 cm! [4], suggesting that the nature of the substrate (oxidic versus Au(111)) can influence

the frequency of the Au—C=N mode.

Measurements of conductivity as a function of PDI dose from solution are shown in Figure
4.2. Analogous experiments in which the gold nanoparticles were exposed to PDI in vacuo showed
that the conductivity increased from ~0.5 nS for the nanoparticle array prior to dosing, to a
maximum value of ~23 nS when the sample was saturated with PDI [20]. This effect was ascribed
to the linking of the nanoparticles by conductive Au—PDI oligomers. A similar initial increase in
conductivity is found experimentally for solution dose up to 45 + 5 nanomoles/cm? (Figure 4.2)
leading to a maximum conductivity of ~18 nS, in reasonable agreement with the results by gas-
phase dosing (~23 nS). Thus the initial increase in conductivity is ascribed to the formation of
conductive Au—PDI oligomers, depicted in Figure 4.2, that self-assemble to interconnect gold
nanoparticles on mica. However, at higher PDI doses, the conductivity decreases substantially
indicating that the conductive pathway is being disrupted, although there is some residual
conductivity in the neighborhood of ~8 nS. This result is clearly consistent with the idea that the
initial Au—PDI oligomer chains change structure to form a vertical Au—PDI species at higher PDI
concentrations, where the structure is depicted in Figure 4.2, as suggested by the infrared data
(Figure 4.1). In particular, the dose at which the conductivity starts to decrease (Figure 4.2),
coincides with the appearance of the free isocyanide mode (at ~2120 cm™ with a PDI dose of ~50
nmoles/cm?) in the infrared spectra (Figure 4.2). A similar decrease in conductivity was found for
a gold-covered mica surface dosed with PDI and then exposed to CO, in that case, the decrease in
conductivity was ascribed to the disruption of the conductive pathways between the gold
nanoparticles by the formation of similar vertical Au—PDI species that were assigned using infrared

spectroscopy and imaged by scanning tunneling microscopy (STM) [16]. The decoordination
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caused by CO co-adsorption was rationalized by a kinetic process in which small fluctuations in
the isocyanide coordination in the one-dimensional chains allowed CO to rapidly diffuse into the
interchain region to prevent the oligomer chains from reforming. We refer to such a process as a

“foot-in the door” mechanism.

While the dosing times and solvents were different for earlier infrared experiments for PDI
on gold films and nanoparticles from the ones used in this work, it is instructive to compare the
conditions used to collect the data shown in Figures 4.1 and 4.2 with those used to obtain the
previous results. Work on PDI on gold films dosed with 15 mM solutions of PDI in DMSO were
exposed overnight [11], clearly corresponding to the region in which additional PDI adsorbs on
the surface (Figure 4.1). Other work on gold films [10] used a 1 mM PDI solution in methylene
chloride or THF for an exposure time of 12 hours likely also to result in additional PDI adsorption.
Interestingly, experiments on powdered gold [12] that used PDI concentrations up to 1 mM in
methanol in which the suspension was shaken for a relatively short time of ~30 s, also showed

clear evidence for a free isocyanide group (at 2121 cm™).

4.5 Conclusions

The infrared spectrum of 1,4-phenylene diisocyanide adsorbed on gold films displays a
single isocyanide stretching mode at low solution exposures, consistent with the presence of —(Au—
PDI)- oligomer chains identified previously on Au(111) surface where the PDI was dosed in
ultrahigh vacuum. Higher PDI doses causes the isocyanide mode to split into two features, one of
which is due to a free isocyanide, consistent with a vertically bonded species bound to the surface
by one isocyanide group. This behavior rationalized the apparent disparity between the results
obtained in ultrahigh vacuum and those obtained previously when dosing from solution. The

conversion of the flat-lying PDI in the oligomer chains to the vertical species is analogous to the
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PDI decoordination induced by CO adsorption, which was proposed to occur by a kinetic “foot-in
the-door” mechanism in which small fluctuations in the isocyanide coordination in the one-
dimensional chains allows molecules to rapidly diffuse into the interchain region to prevent the
oligomer chains from reforming. Since linking gold nanoparticles on a mica substrate by —(Au—
PDI)- oligomer chains provides a conductive pathway between the chains, disrupting the linkages
at higher PDI doses should cause a conductivity decrease. This is found to occur, thereby providing

corroborative evidence of PDI reorientation at higher coverages.
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Chapter 5

Surface Chemistry and Electrical Properties of 1,4-Benzendithiol
and 1,3-Benzendithiol Oligomers Bridging Between Gold

Nanoparticles On Mica

5.1 Introduction

Organic compounds have the ability to serve as molecular components for electronic
devices, the most widely studied and well-characterized systems include alkanethiols, dialkyl
sulfides, and dialkyl disulfides on gold and silver [1-5]. Aromatic dithiols are known to adsorb on
gold as dithiolates by forming two Au-S bonds [6], so that, it is important to understand electrical
conduction through small arrays of conjugated organic dithiol molecules that might serve as
molecular wires sandwiched between two metal electrodes.

The adsorption and self-assembly of 1,4-benzenedithiol (1,4-BDT) and 1,3-benzenedithiol
(1,3-BDT) was studied on a Au (111) surface using scanning tunneling microscopy (STM) [7,8].
Based on previous observations that analogous 1,4-PDI forms oligomers in which each isocyanide
binds to a gold adatom [9], 1,4-BDT also adsorbs to gold by extracting adatoms from the substrate
and form zigzag structures because two thiolate groups bound to the gold adatom can adopt either
cis or trans configurations (Figure 5.1), in contrast to the linear chains formed from 1,4-PDI on
Au (111) [6]. Unlike 1,4-PDI and 1,4-BDT, 1,3-BDT on Au (111) did not show any evidence for

the creation of oligomers, or even dimers on the surface (Figure 5.2) [8].
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Figure 5.1: Large-area STM scan of a saturated layer of 1,4-BDT adsorbed on gold at 300 K (It = 163

pA, Vt = 0.25 V) showing the formation of trans-induced zigzag oligomeric chains [7,8]

Figure 5.2: Saturation dose of 1,3-BDT on Au(111). The crystal was dosed and imaged at room

temperature. No sign of ordered structures were observed under these conditions [8]
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Because of the ability of —(Au—PDI)— oligomer chains to bridge between gold nanoparticles
supported on an insulating mica substrate to provide a conductive pathway between them
(Chapters 3 and 4), similar experiments were carried out herein to explore whether 1,4-BDT and
1,3-BDT molecules can form analogous conductive bridges. The surface structures of both
molecules were characterized using attenuated total internal reflection infrared spectroscopy
(ATR-IR).

5.2 Experimental

The conductivity of 1,4-BDT on a nanoparticle array was measured as described in Chapter
4. Briefly, gold nanoparticles of ~8 nm in diameter were deposited by evaporation onto a cleaved
mica substrate (highest grade, Ted Pella). Gold electrodes were fabricated by masking the central
portion of the mica substrate and depositing gold electrode pads ~200 nm thick. The sample was
dosed with 1,4-BDT or 1,3- BDT from solution after the gold-nanoparticle covered sample had
been allowed to age until there was no further change in the sheet resistance, a process that was
complete after ~2 h, depending on the initial gold coverage. A droplet of 1,4-BDT solution (0.1
mM in benzene) was placed on the surface of the nanoparticle-covered sample for 10 s, and the
excess washed away using benzene.

Electrical measurements were made in a stainless-steel vacuum chamber that was pumped
by means of an ion pump to a base pressure of ~2x10® Torr without baking to avoid altering the
sample during bakeout. The sample temperature was measured by means of a chromel—-alumel
thermocouple, and the current versus voltage (1/V) characteristics were measured by applying a
voltage via a D/A converter and the resulting current measured by means of a Keithly picoammeter
that was monitored by an A/D converter to yield I/V curves directly. 1,4-benzenedithiol (1,4-BDT)

and 1,3-benzenedithiol (1,3-BDT) were obtained commercially (Aldrich Chemicals, 99% purity)
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and further purified by several freeze—pump—thaw cycles by heating using a water bath and
cooling to allow it to recrystallize.

Infrared spectra of 1,4-BDT and 1,3-BDT adsorbed on gold films were also collected by
evaporating gold onto a zinc selenide (ZnSe) ATR plate with an ~8 cm? area, and the infrared
spectra collected using a Bruker Vertex infrared spectrometer operating at a resolution of 4 cm™,
typically for 2000 scans using a DTGS detector. The gold film thickness was selected to allow
reasonable infrared transmission through the sample to be obtained and spectra were collected
after dosing with 200 pl aliquots ofa 0.1 mM 1,4-BDT and 0.1 mM 1,3-BDT solutions in benzene.
The samples were allowed to dry in air for ~ 5 minutes and then rinsed with benzene to remove

any residual.

5.3 Results
5.3.1 Electrical studies

It has been shown previously that —(Au—PDI),— oligomer chains are capable of bridging
between gold nanoparticles deposited onto a mica surface (Chapters 3 and 4 [9]). In this case, it
was proposed that the PDI molecules are able to extract gold atoms from low-coordination sites
on the gold nanoclusters and thereby propagate to form one-dimensional oligomeric chains to form
molecular electronic linkages between the nanoparticles. The observation of similar effects when
dosing a gold-nanoparticle-covered mica surface with 1,4-BDT would provide corroborative
evidence for the formation of similar one-dimensional chains as found for PDI [7].

The variation in conductivity of a gold-nanoparticle-covered mica sample with an initial
conductivity of 0.5 nS (corresponding to In (Ro/Q2) = 21.4), where R is the initial sheet resistance,

was measured following exposure of the nanoparticle-covered mica sample to solutions of various
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concentrations of 1,4-BDT for 10 s, and then washing away the excess solution with benzene, and
the results are plotted in Figure 5.3a as a function of 1,4-BDT dose (in mmoles/cm?). This shows
a rapid increase in conductivity up to ~13 nS after dosing ~0.1 mmoles/cm? of 1,4-BDT. The
conductivity do not vary at higher solution doses, becoming constant at ~16 nS for doses larger
than ~0.3 mmoles/cm?. Figure 5.3b, shows the variation in conductivity of a gold-nanoparticle-
covered mica sample with the same initial resistance following exposure of the nanoparticle-
covered mica sample to solutions of various doses of 1,3-BDT for 10 s and then washing away the
excess solution with benzene. There was a rapid increase in conductivity to ~6 nS, for doses 0.03-

0.3 mmoles/cm? of 1,3-BDT, after which the measured conductivity was stable even after dosing

0.5 mmoles/cm?.
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Figure 5.3: Variation in conductivity as a function of (a) 1,4-BDT and (b) 1,3-BDT dose in
(mmoles/cm?) measured when dosing a gold-nanoparticle-covered mica surface with an initial sheet

resistance R, of In(Ro/Q2) = 21.4, from solution.
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Typical temperature variations in resistance of gold-nanoparticle-covered mica, saturated
with 1,4-BDT or 1,3-BDT as a function of initial gold loading, indicating by changes in In(Ro), are
shown in Figure 5.4a and 5.4b , respectively. In this case, the temperature variations in the sheet
resistances R are plotted as In(R) versus 1/NT rather than an Arrhenius form (where they would
vary as 1/T) since this yielded linear plots, while the Arrhenius plots were curved. Similar behavior
has been found for PDI-linked gold nanoparticles (Chapter 3) and provides corroborative evidence
that 1,4-BDT [8] and 1,3-BDT form similar linkages. It has been shown previously that this
behavior can be adequately reproduced for 1,4-PDI on a gold nanoparticle array by a model due
to Abeles for thermally assisted tunneling through an array of nanoparticles [10].

The slopes of the plots of In(R) versus T2 were obtained for films spanning a wide range
of initial (undosed) conductivities, R,. The slopes of these plots (a) was found to vary linearly
with In(R,) (Figure 5.5) for 1,4-BDT on a gold nanopatrticle array. The slope of this plot was found
to be 4.2 £0.1.

As mentioned above, electrical measurements for 1,3-BDT-linked gold nanoparticles
showed an increase in conductivity of a gold-nanoparticle-covered mica sample with
In(Ro/Q)=2.14 (Figure 3b) following exposure to solutions of various doses of 1,3-BDT, to a
maximum of ~6 nS, for doses 0.03-0.3 mmoles/cm? of 1,3-BDT. This is less than half the value
obtained after dosing mica samples with same initial coverage with 1,4-BDT (Figure 3a). The
slopes of the plots of In(R) versus T2 were obtained for films spanning a wide range of initial
(undosed) conductivities, R,. The slopes of these plots («) was found to vary linearly with In (R,)

only for samples with high initial coverages (> 5.00 nS), In(Ro/Q2) < 19.2 (Figure 5.6).
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Figure 5.4: Typical plots of In(R/Q) versus T2, for a) 1,4-BDT-linked gold nanoparticles, b) 1,3-BDT-
linked gold nanoparticles, where the temperature is measured in degrees in Kelvin for various films with a
range of initial films resistances. The value of the initials resistance values of the films, R, are indicated

on each of the plots.
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Figure 5.5: Plot of a values versus In (R,,) for the 13 different films obtained for 1,4-BDT linked gold
nanoparticles, with a slope of 4.2 +0.1. The linear fit is in agreement with the theory of activated

tunneling in granular materials put forth by Abeles and Sheng [10]

As shown in Figure 5.6, a plot of a versus In(Ro/Q) was obtained for samples over a wide
range of initial conductivities, where the orange squares represent a values for samples with initial
conductivities between 1.00 and 5.00 nS, whereas the linear plot (black squares) represents

samples with initial conductivities between 6.00 and 15.00 nS.
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Figure 5.6: Plot of a values versus In (R,) for the 15 different films obtained for 1,3-BDT linked gold
nanoparticles. Black dots represent alpha values for samples with initial conductivities vary between 6.00
and 15.00 nS, orange dots represent alpha values for samples with initial conductivities vary between 1.00

and 5.00 nS

Figure 5.7 displays a plot of In (Cs/Co) as a function of the In(Ro/Q2), where Cs is the
maximum sample conductivity after dosing 1,3-BDT, C, is initial sample conductivity before
dosing 1,3-BDT, and R, is the clean sample resistance (before dosing 1,3-BDT). This plot shows
that samples with low initial gold coverage (orange squares) produce low conductivity even after
dosing 1,3-BDT, whereas samples with high initial coverage (black squares) produce high
conductivity after dosing 1,3-BDT. Samples with gold nanoparticle arrays with low initial

conductivity produce only very small (~1.6) increases in the sample conductivity.
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Figure 5.7: Plot of In (Cs/C,) as a function of the In(R./Q2), where R, is the clean sample resistance,
shows that samples with low initial gold coverage (orange squares) produce low conductivity even after
dosing 1,3-BDT, whereas samples with high initial coverage (black squares) produce high conductivity

after dosing 1,3-BDT

As shown in Figure 5.8, an approximately straight line was obtained after plotting o as a
function of In(Ro), where R, is the clean sample resistance, for samples with initial conductivities

for the gold nanoparticle arrays greater than 5.00 nS, with a slope equal to 4.8 +0.3.
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Figure 5.8: Plot of o values for 1,3-BDT linked gold nanoparticles for samples with high initial

conductivity (> 5.00 nS), the slope is equal to 4.6 +0.3

5.3.2 Attenuated total internal reflection infrared spectroscopy (ATR-IR) characteristics
Figures 5.9 and 5.10 show ATR-IR spectra for 1,4-BDT and 1,3-BDT respectively as a
function of BDT dosed in nmoles per cm? of the crystal. The infrared spectra were collected after
dosing a gold film-covered ZnSe crystal with 0.1 mM aliquots of BDT, then allowing the sample
to dry in air for ~ 5 minutes and then rinsing with benzene to remove any residual, weakly bonded

molecules.
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Figure 5.9: A series of ATR infrared spectra of 1,4-BDT adsorbed on a thin gold film using aliquots of
200 pl of solution of 0.1 mM 1,4-BDT. The resulting BDT doses, in nmole/cm?, are indicated adjacent to

the corresponding spectrum. The inset is a spectrum of 0.1 mM solution of pure 1,4-BDT in benzene.
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Figure 5.10: A series of ATR infrared spectra of 1,3-BDT adsorbed on a thin gold film using aliquots of
200 pl of solution of 0.1 mM 1,3-BDT. The resulting BDT doses, in mole/cm?, are indicated adjacent to

the corresponding spectrum. The inset is spectrum of 0.1 mM solution of pure 1,3-BDT in benzene.

It is common to use D2n symmetry for 1,4-BDT [7] and the resulting symmetry assignments
based on this point group are also shown in Table 5.1. The majority of the observed modes are due
to aryl ring vibrations, as shown in the insets of Figures 5.9 and 5.10 for pure 1,4- and 1,3-BDT.
S-H rocking vibrations are evident at ~917 cm™* and stretching modes appear as a broad band
centered at ~2557 cm™2. The ring modes are still evident for BDT-linked gold nanoparticle arrays.

However, the most drastic changes are noted for the S—H bending and stretching modes, where
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the absence of the ~917 cm™ S—H rocking and S—H stretching modes at ~2557 cm™* indicates the
formation of a dithiolate species. An intense mode is found at ~804 cm tand ~819 cm™ suggests
that 1,4-BDT forms one-dimensional oligomer chains with the aryl ring parallel to the surface
since this mode is assigned to an out-of-plane C—H bending mode [11]. However, the appearance
of a ring vibration at ~1101 cm™! indicates that some of the aryl rings are tilted with respect to the

surface.

Frequency (cm™) of 1,4-BDT | Frequency (cm™) of 1,4-BDT Assignment
in solution adsorbed on Au nanoparticle
array

808 804 Bsu
917 - SH rock
1020 1006 Biu
1133 1101 Bau
1390 1380 Bau
1477 1477 Biu
1550 1535 Biu
2557 - SH stretch

Table 5.1: Vibrational frequencies and assignments of pure 1,4-BDT in solution, and adsorbed on a gold

nanoparticle array

The vibrational spectrum for 1,3-BDT on a gold film is very similar to that for 1,4-BDT
and the frequencies are summarized in Table 5.2. In particular, the absence of S-H rocking and
stretching modes following adsorption on the gold film indicate the formation of a dithiolate

species on the surface.
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Frequency (cm™) of 1,4-BDT | Frequency (cm?) of 1,4-BDT Assignment
in solution adsorbed on Au nanoparticle
array
813 819
910 - SH rock
1004 1004
1118 1093
1359 1365
1484 1480
1535 1529
2557 - SH stretch

Table 5.2: Vibrational frequencies and assignments of pure 1,3-BDT in solution, and adsorbed on a gold

nanoparticle array

5.4 Discussion

ATR-IR spectra for pure 1,4-BDT and 1,3-BDT are similar to that reported for 1,4-BDT
on Au(111) [7]. For pure BDT solutions, vibrational modes at ~804 cm™*, ~1006 cm™, ~1100
cm 1, 1380 cm 1, ~1480 cm 1, and ~1560 cm ™! can be assigned to benzene ring modes (Tables 5.1
and 5.2). Vibrational modes at ~2550 cm™ and ~907 cm™ are assigned to S-H stretching and
rocking modes respectively. After adsorbing BDT onto a gold film, ring modes are still evident
but drastic changes are noted for the S—H bending and stretching modes, where the absence of the
~917 cm™t S—H rocking and S—H stretching mode at ~2557 cm ™! indicates the formation of
dithiolate species.

It was found previously that the diisocyanide oligomers could bridge between gold
nanoparticles on a mica substrate to form a conductive pathway between them (Chapters 4 and 5).

Similar behavior appears to occur for BDT, where the resistance decreases substantially as shown
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in Figure 5.3. The conductivity increased when increasing the BDT dose, where the same
concentration of 1,4-BDT and 1,3-BDT were used for these experiments. However, according to
data shown in Figure 5.3, 1,4-BDT adsorption was able to increase the conductivity of a
nanoparticle array by three times more than 1,3-BDT, although same initial gold coverage was
used for both samples with identical BDT concentrations (0.1 mM). According to scanning
tunneling microscopy (STM) studies, 1,4-BDT adsorbs on Au(111) surfaces with the two thiolate
groups bound to a gold adatom to generate an extended zig-zag chains (Figure 5.1)[7]. On the
other hand, 1,3-BDT molecules do not form extended oligomeric structures, in contrast to the other
molecules used in this work. STM studies showed that 1,3-BDT molecules were exclusively
observed as monomeric species (Figure 5.2) [8]. This effect was investigated using density
functional theory (DFT) where the resulting most stable structures of adsorbed 1,4-BDT, both
directly bonded to Au(111) and to a gold adatom, are displayed in Figure 5.11. Adsorption energies
were calculated from the difference between the sum of the energy of the clean surface plus the
gas-phase molecule energy, and the energy of the molecule adsorbed on the surface. The n!-
thiolate is more stable on the Au(111) surface on the bridge (Eadss = ~172 kJ/mol) and 3-fold sites
(Eads = ~174 kJ/mol) than the atop site (Eads = ~102 kJ/ mol). However, binding to a gold adatom
substantially stabilizes the adsorbed thiolate (Eags = ~226 kJ/mol). The thiolate group binds to one
side of the gold adatom with the S—H group remote from the surface, thereby preventing it from
directly accessing the surface and suggesting that it should oligomerize in a similar fashion as

found for PDI [9] as found experimentally in this chapter.
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Figure 5.11: Most stable structures obtained by DFT calculations for n1- thiolates from 1,4-BDT
adsorbed on Au(111) surfaces: (a) a hollow site (Eass = 174 kd/mol) (b) a bridge site (Eass = 172 kJ/mol),

and (c) on a gold adatom (Eags = 226 kJ/mol).

Similar DFT calculations were also carried out for various 1,3-BDT species on Au(111).
As shown in Figure 5.12, the structure of an upright molecule was calculated with one thiolate
coordinated to a gold adatom with an absorption energy of -180 kJ/mol. A more stable structure

was obtained when both thiolates were bonded to the gold surface and a gold adatom (E_, =-321

kJ/mol), while the most stable structure was obtained when both thiolate groups were bonded to

gold adatoms (E_, = -381 kJ/mol), and explains the lower mobility for surfaces exposed to 1,3-

BDT as well as their lower conductivity.
The temperature dependences are also similar to that found for diisocyanide-linked gold

nanoparticles (Chapter 3) and yield linear plots of a versus In (initial film resistance) (Figures 5.5
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and 5.8). The slope of this plot is proportional to / (Xz/X-€r) Where the subscript C refers to the

undosed nanoparticle array, F to an array of linked nanoparticles, X = /2m¢ /h?, where ¢ is the

height of the tunneling barrier, and &r is the dielectric constant.

Figure 5.12: Structures obtained by DFT calculations for 1,3-BDT adsorbed on Au(111) surfaces: (a) top
view of n! adatom complex of 1,3-BDT (Eags= -180 kJ/mol) (b) One thiol is bonded to a gold adatom and

the other to the hollow site of Au(111) surface (E_, =-321 kd/mol), and (c) both thiolates are bonded to

gold adatoms (Eags = 381 kJ/mol).

The Abeles model predicts that the value of o in the above equation should depend on In

(initial film resistance) and such a plot is displayed in Figure 5.5, for gold nanoparticles linked
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with 1,4-BDT molecules, which yields a good straight line with a slope of 4.2 £ 0.1, which is
slightly higher than for the corresponding plot for PDI-linked nanoparticles (slope =3.7 £ 0.2). By
using the 4.2 £ 0.2 slope value, and assuming that the dielectric constant () = 3.5, similar to
that for PDI and using the work function of gold = 4.08 eV, the calculated value of the tunneling
barrier of gold nanoparticles linked with 1,4-BDT molecules is 0.17 £ 0.3 eV.

Measurements of the conductivity change as a function of temperature for samples of 1,3-
BDT-linked gold nanoparticles, yielded two regimes (Figure 5.6), where dosing samples with low
initial conductivities with 1,3-BDT did not lead to a plot of a versus In(Ro/Q2) that correspond to
the straight line shown in Figure 5.8. The samples with high initial gold coverages yielded a value
of o to 4.8 £ 0.25 (Figure 5.8). According to Abeles model discussed before, the calculated
tunneling barrier between the gold electrode Fermi level for 1,3-BDT is ~0.29 eV. As shown by
STM imaging (Figure 5.2), 1,3-BDT does not form chains on Au (111). This implies that at low
gold nanoparticle coverages, the spacing between adjacent gold nanoparticles is large sufficiently
to prevent 1,3-BDT molecules for forming conductive bridges between them. At higher gold
nanoparticle coverages, the spacing between adjacent gold nanoparticles reduces so that 1,3-BDT
molecules can now form conductive bridges between closely spaced adjacent gold nanoparticles.

Since the plot of a versus In(Ro/Q2) for 1,3-BDT on a gold nanoparticle array deviates from
linearity at a value of In(Ro/Q) ~19, this implies that only larger gold nanoparticle coverages (with
lower sheet resistances) can be bridged without forming oligomer chains. If it is assumed that a
1,3-BDT molecule can attach from each gold nanoparticle, and taking a gold atom spacing for 1,3-
BDT on gold to be ~0.5 nm (Figure 5.12), suggests that the interparticle spacing is ~1 nm. Thus,
for values of In(Ro/Q) less than ~19, there exists a percolation pathway between adjacent

nanoparticles that bridge between electrodes that is ~1 nm. This further implies that gold
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nanoparticle arrays with higher initial resistance have larger interparticle separations and strongly
suggests that they are bridged by several molecules by forming oligomer chains.

In addition, the observation that the plots of a versus In(Ro/Q) are linear for In(Ro/Q2) values
greater than ~19 (for example 1,4-BDT, Figure 5), implies that the conductive properties of the
oligomer chains are primarily dictated by the individual repeat units, rather than the whole

oligomer.

5.5 Conclusion

In this chapter, the surface structure and electrical properties of 1,4-benzenedithiol and 1,3-
benzenedithiol oligomers on gold films was investigated. ATR-IR results show that the vibrational
modes at ~2550 cm™ and ~907 cm™ that are assigned to S-H stretching and rocking modes
respectively disappear after adsorbing BDT molecules on gold, which confirms the formation of
S-Au bonds. Conductivity measurements reveal that 1,4-BDT is a better conductor than 1,3-BDT
due to the ability of 1,4-BDT to ologomerize on gold and this result was confirmed using both
STM and DFT.

STM images show that 1,4-BDT form zig-zag chains on Au(111) [7], whereas 1,3-BDT
does not form ordered structures under the same conditions [8]. DFT calculations show that 1,4-
BDT has an upright orientation on the Au(111) surface, which provides high mobility for these
molecules and the ability to move on the surface to form chains. 1,3-BDT has a different structure
that causes both thiols to bond to gold adatoms, which rationalizes why this molecule has little
mobility on the surface and form chains. However, at higher gold coverages (>4 nS), the presence
of more closely spaced gold nanoparticles allows 1,3-BDT molecules to bond to adjacent gold

nanoparticles and form conductive bridges between them.
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Chapter 6

Surface Chemistry and Electron Transport of 4,4’-
Biphenyldiisocyanide and 4,4~ Terphenyldiisocyanide on Gold Films

from Solution

6.1 Introduction

It was demonstrated in Chapter 3 that 1,4-phenylene diisocyanide (1,4-PDI) self assembles
with gold to form oligomers that are sufficiently mobile to bridge between gold nanoparticles; the
conductivity of gold nanoparticles on mica increases substantially when exposed to PDI. The
barrier height of the bridging oligomer is 0.10 +£0.02 eV [1]. In Chapter 4, infrared spectra were
analyzed for 1,4-PDI on gold films dosed from solution as a function of solution dose using
attenuated total internal reflection infrared spectroscopy (ATR-IR) to determine the structure and
orientation of adsorbed PDI, which displayed a single isocyanide stretching mode at low solution
exposures, consistent with the presence of —-(Au—PDI)— oligomer chains. Higher PDI doses causes
the isocyanide mode to split into two features, one of which is due to a free isocyanide [2],
indicative of a change from parallel to perpendicular adsorption geometry (Chapter 5).

Many previous studies explored the adsorption of organic cyanides on metal surfaces [3-
8]. SAMs prepared from the diisocyanides that have a flexible alkyl chain between the two
isocyanide end groups were found to form monolayer films in which both isocyanide groups are
bound to the surface [3]. SAMs prepared from the diisocyanides that have rigid aryl or

phenylethynyl structures between the two isocyanide end groups, were found to bind to gold
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through only one C=N group [3]. Analyses of the RAIR spectra of these SAMs are consistent with
surface selection rules for adsorbates that are oriented with their long molecular axes normal to the
surface. Measurements of advancing water droplet contact angles and ellipsometric film
thicknesses of aromatic diisocyanide SAMs further support a surface structure in which the
diisocyanide molecules are oriented vertically with one C=N group bound to the surface and the
other remote from the surface [4-6].

Analogous systems are 4,4"-biphenyldiisocyanide (BPDI) and 4,4 terphenyldiisocyanide
(TPDI) self-assembled monolayers with vertical orientation on different metal surfaces [4,6],
where a small contact barrier can be formed as the delocalized m orbitals allow electron density to
shift between the metal and the molecule [3]. BPDI and TPDI SAMs were characterized by
polarization-modulated infrared reflection-absorption spectroscopy (PM-IRRAS), and grazing-
angle attenuated total reflectance infrared spectroscopy (GATR). Based on the position of the
metal-coordinated isocyanide stretching band, IR data show that the BPDI and TPDI molecules
have a high degree of alignment perpendicular to the interface. The IR data suggest that the
isocyanide SAMs bind on gold with terminal n* geometry, since two N=C stretching frequencies
where observed, one for the coordinated end of the isocyanide (~2190 cm™) and the other for the
free end (~2122 cm™) [3-7]. However, it was found in Chapter 4 that PDI could undergo a
transition from forming chains parallel to the surface, to forming perpendicular species as the PDI
coverage increases. This raises the possibility that similar behavior might occur for longer-chain
diisocyanides and this is explored in this chapter.

Here, electrical measurements have been made for gold nanoparticles linked with BPDI

and TPDI SAMs dosed from solution. The conductivity of gold-nanoparticle arrays grown on mica
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substrate were measured after exposure to BPDI and TPDI from solution. A decrease in resistance

was found when gold nanoparticle arrays on mica were dosed with BPDI and TPDI.

Adsorbed overlayers of BPDI and TPDI on gold films were also characterized using ATR-
IR as a function of solution dose. The results show that, at lower doses, a single isocyanide peak
appears at a similar frequency to that found for 1,4-PDI molecules on gold. At higher exposures,
the free isocyanide mode appears in accord with BPDI and TPDI decoordinating to form n!

species, similar to the behavior found for 1,4-PDI.

6.2 Experimental

The conductivity of BPDI and TPDI on nanoparticle-covered mica was measured as
described in detail in previous chapters. Briefly, after gold electrodes were fabricated, gold
nanoparticle arrays were deposited between gold electrodes to some initial resistance. The film
was then left to age until there was no further change in the sheet resistance (Figure 3.1, Chapter
3). A series of samples with different initial resistance values were prepared and dosed with various
volumes of 4 mM BPDI and 4 mM TPDI solutions. Electrical measurements were made in a HV
chamber where the temperature was monitored by means of a chromel-alumel thermocouple
attached to the sample, and the 1/V characteristics were measured by applying a voltage via a D/A
converter and the resulting current measured by means of a picoammeter that was monitored by

an A/D converter to yield I/V curves directly.

The concentration dependence of conductivity was measured by preparing a sample with
an initial conductivity of ~0.4 nS, and the sample was dosed with 30 pL aliquots of 0.005 mM
BPDI and 0.005 mM TPDI solutions in benzene using an Eppendorf pipette on the surface of the
nanoparticle-covered sample until all of the solvent had evaporated. The sample was then rinsed

with benzene to remove any remaining weakly bound diisocyanides and allowed to dry in air. The
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conductivity was measured under vacuum at a base pressure of ~2x107® Torr. The sample was then
taken out of the chamber, dosed again with 30 pL aliquots of 0.05 mM solutions, the dosed samples
were rinsed with pure benzene to remove excess diisocyanide, and the conductivity was again
measured under vacuum. This process was repeated several times until the sample was saturated
and there was no further change in conductivity.

Infrared spectra of BPDI and TPDI adsorbed on gold films were also collected by
evaporating gold onto a zinc selenide ATR plate with an ~8 cm? area, and the infrared spectra
collected using a Bruker Vertex infrared spectrometer operating at a resolution of 4 cm’!, typically
for 2000 scans using a DTGS detector. The gold film thickness was selected to allow reasonable
infrared transmission through the sample to be obtained and spectra were collected after dosing
with 200 pl aliquots of a 0.05 mM diisocyanide solutions in benzene. The sample was allowed to

dry in air and then rinsed with benzene to remove any residual, weakly bound molecules.

6.3 Results
6.3.1 Electrical Studies

The conductive properties of gold nanoparticles deposited onto a mica substrate exposed
to aliquots of 0.05 mM BPDI solutions in benzene are summarized in Figure 6.1a. In this case, the
BPDI dose was normalized to the total area of the nanoparticle array between the gold electrodes.
The initial conductivity of the sample before dosing BPDI was ~0.4 nS. The conductivity of the
sample increased substantially as the BPDI concentration was increasing to reach a maximum
value of ~22 nS, after a BPDI dose of ~90 nanomoles/cm?. At higher doses, the conductivity
decreased slightly, to a value of ~17.6 nS. Figure 6.1b displays the conductive properties of a gold

nanoparticle array exposed to aliquots of 0.05 mM TPDI solutions in benzene. Before dosing with
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TPDI, the initial conductivity was ~0.2 nS, and a considerable increase in conductivity to a
maximum value of ~25 nS was observed after dosing with ~ 180 nanomoles/cm? of TPDI, then a

slight decrease in conductivity was observed at higher doses.
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Figure 6.1: Plot of the conductivity of gold nanoparticles deposited onto a mica substrate, with an initial

conductivity of 0.4 nS (In(Ro/Q) = 21.9) after exposure to aliquots of (a) 0.05 mM BPDI in benzene as a

function of the solution dose in nmole/cm?, and (b) 0.05 mM TPDI in benzene as a function of the

solution dose in nmole/cm?

It has been shown previously that —(Au—PDI),— oligomer chains are capable of bridging
between gold nanoparticles deposited onto a mica surface and enhance the conductivity between
gold electrodes (Chapter 3). A similar effect observed here when dosing a gold-nanoparticle
covered mica surface with BPDI and TPDI provides evidence for the formation of similar one-
dimensional chains as found for 1,4-PDI. The resistance varied as a function of the sample
temperature and, in Figure 6.2, a typical resistance variation with temperature is plotted as In(R)

versus T2, This variation is consistent with the Abeles model for thermally assisted tunneling
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through an array of nanoparticles [9]. This linear behavior provides evidence that —-(Au—BPDI)n—
oligomer chains are formed between gold nanoparticles. Additional evidence for the formation of
oligomeric bridges between particles is that the value of a (the slope of In(R) versus T-*2 plots)
varies linearly with In (Ro) as shown in Figure 6.3, where R, is the initial resistance of the gold

nanoparticle array before dosing.
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Figure 6.2: The linear In(R) versus T2 dependence for a sample with initial conductivity of 3.00 nS
dosed with 0.15 pmole/cm? of BPDI, is predicted by the model of Abeles and Sheng. R, is the sheet

resistance of the film prior to dosing

The slopes of the plots of In(R) versus T2 were obtained for BPDI-linked gold
nanoparticles films spanning a wide range of initial (undosed) conductivities, R,. The slopes of
these plots («) was found to vary linearly with In (R,) (Figure 6.3), with a slope that was found to

be equal to 9.0 + 0.3.
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Figure 6.3: Indicative of the formation of Au-BPDI oligomers between nanoparticles, the values of a

scale linearly with In(R,). The slope of the plot for BPDI is 9.0 £0.3

In Figure 6.4, the resistance variation with temperature for films of TPDI-linked gold
nanoparticles also shows a linear variation of InR with T-2 and this variation is also consistent
with the Abeles model, which indicates the formation of —-(Au—TPDI)n— oligomer chains between
gold nanoparticles. The slopes of the plots of In(R) versus T2 were obtained for TPDI-linked
gold nanoparticles films with a wide range of initial conductivities, and the slope of this plot is

equal to 10.8 = 0.4 (Figure 6.5).
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Figure 6.5: Indicative of the formation of Au-TPDI oligomers between nanoparticles, the values of o

scale linearly with In(R,). The slope of the plot for TPDI is 10.8 0.4
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6.3.2 Attenuated total internal reflection infrared spectroscopy (ATR-IR) characteristics
Figure 6.6 shows a series of ATR-IR spectra of a gold film dosed sequentially with
solutions of BPDI in benzene as a function of BPDI solution dose in nmoles/cm?, where the BPDI
doses are indicated adjacent to the corresponding spectrum. Initial BPDI exposure gives rise to a
single feature centered at ~2161 cm™ in the C=N stretching region. After dosing with 130
nanomoles/cm? of BPDI solution, a sharper peak appeared at ~2121 cm™ which increase in
intensity with the addition of BPDI. These C=N vibration frequencies are in reasonable agreement
with the results from previous work on 1,4-PDI on gold films (Chapter 4, [2]) that suggested that
the molecules adsorb perpendicularly to the surface with the free isocyanide group exhibiting a
vibrational frequency of 2120 cm™. After dosing more than 100 nanomoles/cm? of BPDI, the
spectrum is thus indicative of the formation of a vertical BPDI species since it clearly exhibits a

free isocyanide mode at ~2121cm™,
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Figure 6.6: A series of ATR infrared spectra of BPDI adsorbed on a thin gold film using aliquots
of 0.005 mM BPDI. The resulting BPDI doses, in nmole/cm?, are indicated adjacent to the corresponding

spectrum.
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Figure 6.7 plots the variation in intensities of the 2161 and 2121 cm™ vibrational
frequencies as a function of BPDI dose (in nmoles/cm?). The intensity of the 2161 cm™ mode
increases with dose up to ~130 nmoles/cm? and then saturates. The 2121 cm™ feature starts to grow
at doses of ~100 nmoles/cm? indicating the formation of species in which the BPDI coordinates
via a single C=N, in good agreement with the dose at which the conductivity reaches its maxima
value and starts to decrease (Figure 6.1a). Similar behavior was seen for 1,4-PDI (Chapter 4),

indicating to a transition from flat-laying to perpendicular geometry.

‘_'E 40 4 - 2121cm_
< m 2161 cm’
N = = "
= & 30
5%
o = u
S 8 20+
QD —
£ g []
— O
> ® 104
.a >
5
= 04 ® s o ®
T T T T T

— T T T T T T T " T "~ T T T T T " T T
0 20 40 60 80 100 120 140 160 180 200

BPDI dose (nm Dlesfcmz)

Figure 6.7: The variation in intensities of the 2161 and 2121 cm vibrational frequencies as a function of

BPDI dose (in nmoles/cm?).

This conclusion is confirmed by spectral changes in the region between 700 and 1700 cm”
! (Figure 6.6). At low exposures (40 and 70 nmoles/cm?), where only a single isocyanide mode is

evident, the spectrum consists of peaks at 1623, 1465 and 819 cm™*, with a multiplet feature with
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discernible peak at 975, 1010 and 1030 cm™. The frequencies of these peaks are summarized in

Table 6.1.

The peak intensities increase and additional peaks appear as the BPDI dose increases
corresponding to the appearance of the 2121 cm isocyanide mode, consistent with the change in
BPDI geometry. Peaks grow at 1573 cm™ where the ~1610 cm™ is evident as a shoulder.
Additional peaks appear at ~1510, 1350 and 1151 cm™ and the multiplet peak at ~1000 cm™ at
low doses collapses into the 1004cm™ peak. Frequencies of these features are also summarized in

Table 6.1.

The symmetry of biphenyl species depends on the angle 8 between aryl rings, having a D2,
point group when they are parallel, Dog when 8 = 6° and D, when 6< 8°<90°. Note that biphenyl
has Don symmetry in the solid and a constrained BPDI bonding parallel to the surface is expected
to have D2n symmetry. In this case, only normal modes of B1y, B2y and Bsy symmetry are allowed.
Removing a mirror plane by adsorbing BPDI parallel to the surface, the postulated structure at low
doses, reduces the symmetry to Coy, so that only modes of Bay symmetry in the free, planar

biphenyl group will be detected in ATR-IR.

The frequencies of solid biphenyl groups, their intensities and reducible representations are
also displayed in Table 6.1, where the modes of B3, symmetry are indicated by an asterisk. They
are the features that appear at lower doses, consistent with the biphenyl ring laying parallel to the
surface. The exception is the 819 cm™* mode. However, in para-disubstituted benzene, the wagging
mode of two adjacent hydrogens appears at a characteristic frequency of 817 +13 cm™, consistent

with this frequency.
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70 nmoles/cm? 190 nmoles/cm? Biphenyl frequencies Assignment
819 819 - -
975 - 985(w) Bau

1010 1004 1006s) Bau~
1030 - 1041 Bau”
- 1151 1169 Bau
- 1350 1344y Bau
1465 1465 1480(s) Bau"
- 1510 - -
- 1573 1568 Bau
1610 - 1597 Bau"

Table 6.1: Vibrational frequencies and assignments of BPDI on gold

At higher doses, the orientation of the BPDI is proposed to change, in principle, allowing
B1u and B2y modes to become infrared allowed. Reference to Table 6.1 indicates that the additional
frequencies that appear at higher doses are due to modes with B2y symmetry consistent with this

interpretation.

Analogous spectra are shown in Figure 6.8 for TPDI on gold as a function of dose in
(nmoles/cm?). Low coverages of TPDI (~90 nanomoles/cm?) on gold show one isocyanide band
at 2167 cm consistent with a bound C=N group. Similarly to 1,4-PDI and BPDI molecules, the
unbound C=N band appeared at ~ 2122 cm™ after dosing ~120 nanomoles of TPDI, where the
coverage is high enough so the C=N group is bound in an n' coordination mode to gold. All

infrared frequencies obtained for TPDI are summarized in Table 6.2.

Similarly to BPDI, Figure 6.8 show a variation in intensities of the 2167 and 2122 cm*
vibrational frequencies as a function of TPDI dose (in nmoles/cm?). The intensity of the 2167 cm"
! mode increases with dose up to ~120 nmoles/cm? and then saturates. At larger doses, the 2122

cm feature grows indicating that the flat-laying species coordinate to two C=N groups saturates
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at this dose, in good agreement with the dose at which the conductivity reaches its maxima value

(Figure 6.1b).

2167
1477

1573
1137
1006

I~
[}

nmoles/cm®

(el

Absorbance

— 1 1 T 1 T T ! J
2200 2150 2100 2050 1200

-1

Frequency/cm

Figure 6.8: A series of ATR infrared spectra of TPDI adsorbed on a thin gold film using aliquots of

0.005 mM TPDI. The resulting TPDI doses, in nmole/cm?, are indicated adjacent to the corresponding

spectrum.
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Figure 6.9: The variation in intensities of the 2167 and 2122 cm'* vibrational frequencies as a function of

TPDI dose (in nmoles/cm?).

As shown in Figure 6.8, at low exposures (30 and 60 nmoles/cm?), where only a single
isocyanide mode is evident, the features appearing from 700-1700 cm™ are summarized in Table
2. TPDI also has a D2n symmetry where modes of By, B2y and Bay are infrared allowed. At low
doses, only Bay symmetry modes in the terphenyl group will be detected, while at higher doses,
the orientation of TPDI changes and becomes perpendicular to the surface allowing By, Bay to

appear.
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30 nmoles/cm? 180 nmoles/cm? Assignment
827 827 -
1006 1006 Bau'
) 1137 Bau"
- 1379 Boy
1477 1477 Bau"
- 1573 Boy

Table 6.2. Vibrational frequencies and assignments of TPDI on gold

6.4 Discussion

Similarly to 1,4-PDI chemistry, the infrared results suggest that BPDI and TPDI on a gold
film initially adsorbs with the diisocyanide plane parallel to the surface with symmetrically
equivalent isocyanide vibrational modes, consistent with the formation of —-(Au-BPDI)— and —
(Au-TPDI)- oligomer chains, but then changes orientation at higher exposures to exhibit a free
isocyanide frequency, consistent with a decoordinated species. The ligand spectrum on gold is in
good agreement with RAIR spectra for BPDI and TPDI on gold that showed two frequencies for
two different C=N stretching frequencies, one for the coordinated end for the isocyanide, and one
for the free end [2-8]. The coordinated C=N end appears at higher frequency due to the strong
polarization of lone pair electron density into the metal, since the lone pair density is antibonding
with respect to the C=N bond [7]. The presence of a single mode at 2161 cm™ for BPDI, and 2166
cm! for TPDI is consistent with the formation of oligomer chains, but then changes orientation at

higher exposures to exhibit a free isocyanide frequency, consistent with a decoordinated species.

Conductivity measurements as a function of BPDI dose from solution are shown in Figure
6.1a. The initial conductivity of the nanoparticle array before dosing BPDI was ~0.4 nS. After

dosing 0.005 mM BPDI aliquots the conductivity increased gradually and reached ~22 nS as a

89



maximum measured value after dosing ~90 nmoles of BPDI solution. At higher doses the
conductivity started to decrease slightly. Similarly, dosing TPDI aliquots increased the
conductivity to the maximum value of ~22 nS, before it started to decrease slightly at higher

coverages.

These results are in a good agreement with the ATR infrared spectra of BPDI adsorbed on
a thin gold film using aliquots of 0.005 mM BPDI; a single mode at 2161 cm™* appeared in the first
two doses of BPDI solution on the ZnSe crystal covered with a thin gold film, where this mode
corresponds to coordinated C=N, while after dosing 100 nmoles, a new peak appears at 2121 cm”
1 which is due to a free isocyanide mode, and this corresponds to the highest conductivity value
measured after dosing ~90 nmoles BPDI solution. After this point, BPDI molecules start to self-
assemble perpendicularly to the surface, and the conductivity decreases slightly. TPDI showed the
same behavior, where the bound C=N group appeared at 2166 cm™, which is slightly higher
frequency than the C=N band of BPDI on gold. After dosing ~150 nanomoles of TPDI, the
unbound C=N group appeared at 2122 cm™’. However, the decrease in conductivity as the vertical
species form is less than found for PDI, where a considerable decrease in conductivity was found
(Chapter 4). This may be due to a greater extent of tunneling between adjacent aryl rings in BPDI

and TPDI than in PDI.

Electrical measurements were performed for 20 different samples with a range of different
initial gold nanoparticle coverages. The samples were prepared in the vacuum evaporator as
described in Chapter 2. 4.0 mM BPDI/benzene and a 4.0 mM TPDI/benzene solutions were used
to dose the samples. The samples were cooled using liquid nitrogen, and I-V curves obtained at
different temperatures. The plot of a versus In(Ro/Q2) was obtained and the height of the electron

tunneling barrier was calculated using the Abeles model for thermally assisted tunneling through
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granular materials [9]. From the measured o values, it was possible to calculate the tunneling
barriers for both molecules, where they are found to exhibit increasing barrier heights as the
number of benzene rings increases; the data indicate that the slope of a plot of a versus In(Ro/Q),
which increases with the height of tunneling barrier after dosing with BPDI molecules is 9.0 £ 0.3.
The slope of the plot for TPDI-linked gold nanoparticles is slightly higher (10.8 = 0.4), which
indicates that the tunneling barrier is also higher. The calculated tunneling barrier showed a
smallest value of 0.10 + 0.02 eV after dosing with 1,4-PDI (Chapter 3). The isocyanide groups
have m orbitals that interact significantly with the r system of the phenyl rings. As the number of
phenyl rings increases and the highest occupied m orbitals associated with the phenyl rings
increases, the m orbitals of isocyanide groups are also influenced and increased in energy [10].
This effect is observed by comparing the IR spectra of PDI, BPDI, and TPDI molecules on gold
surface. For BPDI molecules, v(C=N) bands for the isocyanide attached to the gold surface are
observed at 2162 cm™, which is a higher frequency than v(C=N) bands observed for PDI molecules
(2158 cm™). TPDI molecules showed the highest value for v(C=N) bands for the isocyanide
attached to the gold surface (2166 cm™). The overall increase in v(C=N) frequencies for
isocyanides attached to gold is generally interpreted as an evidence of increased donation of
electronic change from the isocyanide to the gold [11]. Increasing the number of phenyl rings
increases the electron donation to the gold, and this causes an increase in v(C=N) frequencies. The
increased electron donation to the gold film leaves a partial positive charge on the isocyanide
molecule. This partial positive charge leads to lowering the molecular orbital energies, which

moves the HOMO orbital away from the Fermi level [11].
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An alternative explanation for higher tunneling barrier may be a loss of planarity of the
biphenyl and terphenyl linkers that increase the m-overlap between adjacent rings, causing the

barrier to increase.

6.5 Conclusion

The conductive behavior of BPDI and TPDI are very similar to what found for PDI. Similar
to 1,4-PDI-dosed nanoparticle array, the conductive path was interrupted after higher exposures of
BPDI and TPDI solution, where the conductivity slightly decreased due to the de-coordination of

BPDI and TPDI molecules, see Figure 1.

The sheet resistance R varies with temperature as In(R) versus 1/+/T (Figure 2), similar
to the behavior found previously for 1,4-PDI. As an indication of the formation of Au-BPDI and
Au-TPDI oligomers between nanoparticles, the values of a scales linearly with In(Ro) as shown in
Figure 3, and the data showed that BPDI-linked gold nanoparticle have a lower barrier than TPDI-

linked gold nanoparticles, based on o values.

The infrared spectra of BPDI and TPDI adsorbed on gold films display a single isocyanide
stretching mode at low solution exposures, consistent with the presence of —(Au-BPDI)— and —
(Au-TPDI)- oligomer chains. Higher BPDI and TPDI doses cause the isocyanide mode to split
into two features, one of which is due to a free isocyanide, consistent with a vertically bonded
species bound to the surface by one isocyanide group. The spectra of the ring modes are consistent
with this conclusion. This behavior was observed after adsorbing 1,4-PDI on gold nanoparticle

array [2].
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Chapter 7

Surface Chemistry and Electron Transport of 4,4"-Biphenyldithiol

and 4,4~ Terphenyldithiol on Gold Films From Solution

7.1 Introduction

Different characteristics can be used to investigate the rate of charge tunneling through
organic molecules self-assembled between metal electrodes; different studies have investigated
the structure of SAMs containing n-alkyl groups and the rate of charge tunneling in junctions [1-
3], it was found that the length of the insulating —(CH2)n— group, which presents a high tunneling
barrier, largely controls the rate of charge transport [4]. On the other hand, the relationship between
the structure of polyaromatics (molecules that result in a reduction in the height of the tunneling
barrier relative to that characterizing aliphatics) and the rate of charge transport was examined [5],
and the influence of the chemical structure of the anchoring group that is bonded to the phenyl ring
has been explored [6].

As demonstrated in previous chapters, after performing electrical measurements for PDI,
BPDI and TPDI molecules, it was found that the tunneling barrier for diisocyanide molecules
increased with increasing number of phenyl rings. The isocyanide groups have m orbitals that
interact significantly with the 7 system of the phenyl rings. One possible explanation of this effect
that, as the number of phenyl rings increases and the highest occupied m orbitals associated with
the phenyl rings increases, the m orbitals of isocyanide groups are also influenced and increased in
energy. An alternative possibility is that the twist of aryl rings with respect to each other increases

the tunneling barrier.
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Because of important early measurements, p-benzene dithiol (BDT) has become a
prototypical case for examining transport in such junctions. Thiolated molecules on gold surfaces
comprise the majority of studied devices [6-8]. These junctions are relatively stable for reasonable
measurement times and are more likely to be formed reproducibly because of the strong Au-S
bond [7]. This chapter reports the influence of number of phenyl rings in aromatic dithiols on
modulating the height of the tunneling barrier between the gold Fermi level and the energy levels
of the organic thiol-terminated linker. In the same way as for the aromatic diisocyanide (Chapter
3) and 1,4-BDT (Chapter 5) molecules investigated previously, electrical measurements through
biphenyl dithiols, 4,4’-biphenyldithiol (BPDT) and terphenyl dithiols, 4,4 terphenyldithiol
(TPDT) dosed onto gold nanoparticle array were made. It was shown in Chapter 6 that biphenyl
and terphenyl isocyanides could bridge between gold nanoparticles and this chapter explores
whether linkages can also form with analogous dithiols.

To measure the structure of BPDT and TPDT, attenuated total internal reflection infrared
spectroscopy (ATR-IR) was used to characterize the molecules on a gold film. The infrared results
showed that the S-H rocking and stretching modes disappear after adsorbing on a gold film, thereby

confirming the formation of Au-S bonds, consistent with the presence of oligomer chains.

7.2 Experimental

The conductivity of BPDT and TPDT on gold nanoparticle-covered mica was measured as
described in details in previous chapters. Briefly, after gold electrodes were fabricated, gold
nanoparticle arrays were deposited to some initial resistance and the film was left to age until there
was no further change in the sheet resistance (Figure 3.1, Chapter 3). A series of samples with

different initial resistance values were prepared and dosed with 0.1 mM BPDT and 0.1 mM TPDT
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solutions. Electrical measurements were made in a HV chamber, where the temperature was
monitored by means of a chromel-alumel thermocouple attached to the sample, and the I/V
characteristics were measured by applying a voltage via a D/A converter and the resulting current
measured by means of a picoammeter that was monitored by an A/D converter to yield 1/V curves

directly.

The concentration dependence experiments were performed by preparing a sample with an
initial conductivity of ~0.5 nS, and the sample was dosed with 30 pL aliquots of 0.01 mM BPDT
and 0.01 mM TPDT solutions in benzene using an Eppendorf pipette on the surface of the
nanoparticle-covered sample until all of the solvent had evaporated. The sample was then rinsed
with benzene to remove any remaining weakly bound dithiols and allowed to dry in air. The
conductivity was measured under vacuum at a base pressure of ~2x107® Torr, then the sample was
taken out the chamber, dosed again with 30 pL aliquots of 0.01 mM solutions, and again the un-
bonded particles were washed away with pure benzene, and a new conductivity was measured
under vacuum. The same process was repeated several times until the sample was saturated and
there was no further change in conductivity.

Infrared spectra of BPDT and TPDT on gold films were also collected by evaporating gold
onto a zinc selenide ATR plate with an ~8 cm? area, and the infrared spectra collected using a
Bruker Vertex infrared spectrometer operating at a resolution of 4 cm™!, typically for 2000 scans
using a DTGS detector. The gold film thickness was selected to allow reasonable infrared
transmission through the sample to be obtained and spectra were collected after dosing with 200
ul aliquots of a 0.1 mM dithiol solutions in benzene. The sample was allowed to dry in air and

then rinsed with benzene to remove any residual, weakly bound molecules.
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7.3 Results
7.3.1 Electrical Measurements

The conductive properties of gold nanoparticles deposited onto a mica substrate exposed
to aliquots of 0.05 mM BPDT solutions in benzene are summarized in Figure 7.1a. The initial
resistance value of the sample before dosing BPDT was ~200 MQ. The resistance of the sample
decreased substantially as the BPDT concentration was increasing to reach a minimum value of
~1.8 MQ (~550 nS). Figure 7.1b represents the conductive properties of a gold nanoparticle array
exposed to aliquots of 0.05 mM TPDT solutions in benzene. Before dosing with TPDI molecules,
the initial resistance was ~600 MC, while a considerable decrease in resistance to ~2 MQ (480 nS)
as a minimum value was observed after dosing with ~ 80 nanomoles of TPDT, and no change in
resistance was observed at higher doses. In both cases, an induction period was observed in the
conductivity plots as a function of dose.

It has been shown previously that the —(Au—BDT)s- oligomer chains are capable of
bridging between gold nanoparticles deposited onto a mica surface and enhance the conductivity
between gold electrodes, and a similar effect was observed when dosing a gold-nanoparticle
covered mica surface with BPDT and TPDT molecules, which provides evidence for the formation
of similar one-dimensional chains as found for 1,4-BDT. The resistance varied as a function of the
temperature, and in Figure 7.2, typical temperature variations are plotted as In(R) versus T2,
according to Abeles model for thermally assisted tunneling through an array of nanoparticles [9].
This linear behavior provides evidence that -(Au—BPDT),— and —(Au—TPDT)n— oligomer
chains are formed. Additional evidence for the formation of oligomeric bridges between particles
is that the value of o (derived from the slope of In(R) versus T2 plots) varies linearly with In (Ro)

as shown in Figures 7.3 and 7.4.
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Figure 7.1: Plot of the conductivity of gold nanoparticles deposited onto a mica substrate (a) change in
conductivity as a function of the BPDT solution dose in nmole/cm? for mica sample with initial resistance
of ~200 MQ dosed with 0.05 mM BPDT in benzene. (b) Change in conductivity as a function of the

TPDT solution dose in nmole/cm? for mica sample with initial resistance of ~600 MQ dosed with 0.05
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The slopes of the plots of In(R) versus T2 for BPDT- and TPDT-linked gold nanoparticles
were obtained for films spanning a wide range of initial (undosed) conductivities, R,. The slopes
of these plots («) was found to vary linearly with In(R,)) (Figures 7.3 and 7.4). The slope for BPDT-
linked gold nanoparticles was found to be 8.3 +0.4 and for TPDT-linked gold nanoparticles 11.4

+0.4.
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Figure 7.3. Indicative of the formation of Au-BPDT oligomers between nanoparticles, the values of o

scale linearly with In(R,). The slope of the plot for BPDT is 8.3 £+0.4
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7.3.2 Attenuated total internal reflection infrared spectroscopy (ATR-IR) measurements
Figures 7.5 and 7.6 show ATR-IR spectra for BPDT and TPDT respectively on gold film
as a function of dithiol dose in moles/cm? of the crystal. The infrared spectra were collected after
dosing a gold film-covered ZnSe crystal with 0.1 mM aliquots of BPDT (Figure 7.5) and TPDT
(Figure 7.6), then allowing to dry in air for ~ 5 minutes and rinsing with benzene to remove any

residual, weakly bonded molecules.
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Figure 7.5: A series of ATR infrared spectra of BPDT adsorbed on a thin gold film using aliquots of 200
ul of solution of 0.1 mM BPDT. The resulting BPDT doses, in nmole/cm?, are indicated adjacent to the

corresponding spectrum. The inset is a spectrum of 0.1 mM solution of pure BPDT in benzene.
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Figure 7.6: A series of ATR infrared spectra of TPDT adsorbed on a thin gold film using aliquots of 200
ul of solution of 0.1 mM TPDT. The resulting TPDT doses, in mole/cm?, are indicated adjacent to the

corresponding spectrum. The inset is a spectrum of 0.1 mM solution of pure TPDT in benzene.

As demonstrated in Chapter 6, the symmetry of biphenyl and terphenyl species with the
aryl ring lying parallel to the surface is Cay, where the majority of the observed modes are due to
aryl ring vibrations. As shown in the inset of Figure 7.5, for pure BPDT, S-H rocking vibrations
are evident at ~919 cm ™ and a stretching mode appears as a broad band centered at ~2557 cm ™.
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The ring modes are still evident for dithiol-linked gold nanoparticle arrays. However, the most
drastic changes are noted for the S—H bending and stretching modes, the absence of the ~919 cm™
S—H rocking and S—H stretching mode at ~2557 cm™ indicates the formation of a dithiolate
species.

The ring modes are assigned in a similar manner as for BPDI (Chapter 6, Table 6.1), where
only modes with Bsy, symmetry (highlighted by asterisks) are expected to be infrared allowed for
a biphenyl linker with the aryl rings lying parallel to the surface. The assignments are summarized
for BPDT on gold in Table 7.1. In the case of BPDI, only modes of Bz, symmetry were detected
at low coverages, consistent with the symmetry assignments above. However, a mode at 1517 cm’
Lis clearly evident that grows with increasing BPDT exposure (Figure 7.5). This implies that the
biphenyl chain in BPDT no longer is parallel to the surface. Similar tilting of the phenyl group was
found for 1,4-BDT on gold (Chapter 5), and ascribed to a ring tilt induced by the non-linear C-S-
Au bond. A similar effect may occur here. In addition, this may indicate a lack of planarity of the

biphenyl rings and indicate that they are twisted with respect to each other.

40 nmoles/cm? 150 nmoles/cm? Biphenyl frequencies Assignment

806 806 808 -
988 988 919 Bau
1000 1000 1007 Bau
1114 1114 1116 Bau
1184 1184 1188 Bau

- 1367 1362 Bau
1471 1471 1477 Bau
1517 1517 1525 Bau

Table 7.1: Vibrational frequencies and assignments for BPDT on gold

Analogous spectra are shown in Figure 7.6, for TPDT on gold as a function of dose in

(nmoles/cm?). Similarly to BPDT, S-H rocking vibrations are evident at ~913 cm™* and stretching
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modes appear as a broad band centered at ~2557 cm ™! for the solution spectra. The ring modes are
still evident for dithiol-linked gold nanoparticle arrays as shown in Table 7.2. However, drastic
changes are noted for the S—H bending and stretching modes for TPDT on gold film, where the
absence of the ~913 cm™* S—H rocking and S—H stretching mode at ~2557 cm™ indicates the
formation of a dithiolate species.

Again, the ring modes can be assigned by comparison with the spectra of TPDI on gold
(Chapter 6, Table 6.2) and are given in Table 7.2. Again, for flat-lying TPDT with the aryl ring
parallel to the surface, only Bz, modes (highlighted by asterisks) should be infrared allowed, and
are detected. However, modes with Bay symmetry are also observed and this effect is also ascribed
to a distortion of the terphenyl backbone due to the non-linear C-S-Au bonds, possibly resulting

in twisting of the aryl rings with respect to each other.

50 nmoles/cm? 180 nmoles/cm? Terphenyl frequencies Assignment
801 801 803 -
1001 1001 1005 Bau’
1112 1112 1118 Bau"
1335 1335 1368 Bau
1470 1470 1472 Bau”
1513 1513 1529 Bau

Table 7.2: Vibrational frequencies and assignments for TPDT on gold

7.4 Discussion

An increase in conductivity was found when gold nanoparticle arrays on mica were dosed
with BPDT and TPDT (Figure 7.1). When a gold film with an initial resistance of In(Ro/Q2) =21.4
was dosed 0.05 mM aliquots of BPDT, a slight increase in conductivity was observed after dosing

~20 nmoles/cm? of BPDT solution. The conductivity increased dramatically to ~520 nS then
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stabilized (Figure 7.1a). The same behavior was seen after dosing a gold film where In(Ro/Q2) =
20.2 with 0.05 mM TPDT aliquots, the conductivity increased slightly until after dosing ~55
nmoles/cm? TPDT solution, then the conductivity increased dramatically and stabilized at ~420
nS after dosing ~130 nmoles/cm?.

In previous measurements of conductivity change with solution dose, the conductivity was
observed to initially increase as the nanoparticle arrays were dosed. However, in the case of BPDT
and TPDT, an initial dose of ~20 nmoles/cm?of BPDT and ~60 nmoles/cm? of TPDT were needed
to induce an increase in conductivity. The origin of this induction period is not known, but appears
not to be due to the longer backbone, since it was not observed for isocyanide terminated molecules
(Figure 6.1, Chapter 6).

As shown in Figure 7.2 the sheet resistance R varies with temperature as

In(R) versus 1/v/T, similar to the behavior found previously for 1,4-BDT. As an indication of
the formation of Au-BPDT and Au-TPDT oligomers between nanoparticles, the slope of these
plots (o)) scales linearly with In(Ro) and results were obtained for ~20 samples (Figures 7.2 and
7.3). The data shows that the slope of the plot increases when increasing the number of phenyl
groups. The slope is equal to 8.3 +0.4 for BPDT-linked gold nanoparticle arrays. For TPDT-linked
gold nanoparticles, the slope was found to be 11.4 £0.4. These value of a increases with the
tunneling barrier height, which implies that the height of tunneling barrier for BPDT-linked gold
nanoparticles is lower than TPDT-linked gold nanoparticles.

According to the length of dithiol molecules (BDT, BPDT and TPDT), it is expected that
longer molecules would conduct better than shorter ones, since more extensively conjugated
molecules are generally expected to have a narrower HOMO-LUMO gap. As a result, the HOMO

band should be closer to the Fermi energy of the metal electrode, thus, the conduction should be
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higher for more conjugated dithiols (molecules with more benzene rings). However, slope values
derived from plots for BDT, BPDT, and TPDT show that the height of the tunneling barrier
increases with increasing the number of benzene rings, which means that increased extent of
conjugation does not necessarily lead to higher current.

It is generally agreed that BDT is a hole type conductor and that the occupied orbitals
responsible for the conduction have high amplitude on the sulfur atoms [5]. The extended aromatic
dithiol compounds are 7 type conductors, whose thiol end groups contact gold electrodes similarly
to BDT. However, in contrast to the planar BDT, in which the m electrons are delocalized over the
entire molecule, the biphenyl and terphenyl molecules have a twisted ring configuration which
appear to be observed for BPDT and TPDT as discussed above. This distortion decreases the
conjugation by reducing the orbital overlap between the aromatic rings. Therefore, the poly-phenyl

dithiol molecules are not expected to be as conductive as benzene dithiol.

7.5 Conclusion

Similar to 1,4-BDT-dosed nanoparticle array, the conductive path was not interrupted after
higher exposures of BPDT and TPDT solutions and differs from the behavior of diisocyanides,
where isocyanide decoordination at higher coverages caused a reduction in conductivity. These
thiols adsorb by S-H bond scission, such decoordination is not possible with dithiols, resulting in

a saturation in conductivity at higher solution doses. The sheet resistance R varies with temperature

as In(R) versus 1/N/T (Figure 7.2), similar to the behavior found previously for 1,4-BDT. As an
indication of the formation of Au-BPDT and Au-TPDT oligomers between nanoparticles, the

values of a scale linearly with In(Ro) are shown in Figure 7.3, and the data showed that BPDT-
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linked gold nanoparticle have a lower tunneling barrier than TPDT-linked gold nanoparticles,

based on a slope values.

The infrared spectra of BPDT and TPDT adsorbed on gold films show that vibrational
modes at ~2550 cm™ and ~907 cm™ are assigned to S-H stretching and rocking modes respectively
disappear after adsorbing BPDT and TPDT molecules on gold, which confirms forming S-Au

bond.
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Chapter 8

Asymmetric Electron Linker Molecule and Conductivity
Mesurements of 4,4’-Disulfanediyldibenzoisonitrile on Gold Films

from Solution

8.1 Introduction

In previous chapters, structures and electrical measurements were investigated for
symmetric aromatic molecules that consist of one, two, and three benzene rings, terminated either
with diisocyanide or dithiol groups. The results showed that these molecules generally form
oligomer bridges when dosed on gold-nanoparticle arrays, and that the conductivity can be affected
by the number of phenyl rings for each molecule. This raises the issue whether similar bridging
can occur when the molecular linker contains different linking groups. Being able to achieve this
will raise the possibility of making linkers that also have asymmetric electrical properties, such as
molecular rectifiers. The obvious candidate for testing this idea is to use an asymmetric structure
of BDT and PDI, HS.CsH4.NC. However, it is a synthetic challenge is to specifically functionalize
such molecules and instead we use 4,4'-disulfanediyldibenzoisonitrile (NC-CsH4-S-S-CsHa-NC)
(DBN) (Figure 8.1). In this case, the molecule is expected to adsorb onto gold by cleavage of the
weak S-S bond to form thiolate species on the surface, analogous to the chemistry found for
dithiols (Chapters 5 and 7). The formation of DBN SAMs on a gold-nanoparticle array has been
investigated by electrical measurements and ATR-IR spectroscopy. Thereby it was found that
DBN has ability to form oligomers between gold nanoparticles and contributes to tuning the gold

Fermi level and decrease the height of the electron tunneling barrier.
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ATR-IR spectra provide information that is complementary to the electrical measurements,

and allow the surface structure of DBN molecules on the gold-nanoparticle array to be determined.

cw—@— s—S—Q NC

Figure 8.1: Structure of 4,4'-Disulfanediyldibenzoisonitrile (DBN)

8.2 Experimental

The conductivity of DBN on a nanoparticle array was measured as described in Chapter 4.
Briefly, gold nanoparticles of ~8 nm in diameter were deposited by evaporation onto a cleaved
mica substrate. Gold electrodes were fabricated by masking the central portion of the mica
substrate and depositing gold electrode pads ~200 nm thick. The sample was dosed with DBN
from solution after the gold-nanoparticle covered sample had been allowed to age until there was
no further change in the sheet resistance, a process that was complete after ~2 h, depending on the
initial gold coverage. A droplet of DBN solution (0.1 mM in benzene) was placed on the surface
of the nanoparticle-covered sample for 10 s, and the excess washed away using benzene.

Electrical measurements were made in a stainless-steel HV chamber that was pumped to a
base pressure of ~2x10°® Torr without baking to avoid altering the sample during bakeout. The
sample temperature was measured by means of a chromel—alumel thermocouple, and the current
versus voltage (1/V) characteristics were measured by applying a voltage via a D/A converter and
the resulting current measured by means of a Keithly picoammeter that was monitored by an A/D

converter to yield I/V curves directly.
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Infrared spectra of isocyanothiol-linked gold films were also collected by evaporating gold
onto a zinc selenide (ZnSe) ATR plate with an ~8 cm? area, and the infrared spectra collected for
2000 scans using a DTGS detector. The gold film thickness was selected to allow reasonable
infrared transmission through the sample to be obtained and spectra were collected after dosing
with 200 pl aliquots of a 0.1 mM DBN solutions in benzene. The samples were allowed to dry in

air for ~ 5 minutes and then rinsed with benzene to remove any residual.

8.3 Results
8.3.1 Electrical studies

The conductive properties of gold nanoparticles deposited onto a mica substrate exposed
to aliquots of 0.03 mM DBN solutions in benzene are summarized in Figure 8.2. In this case, the
DBN dose was normalized to the total area of the nanoparticle array between the gold electrodes.
The initial conductivity of the sample before dosing DBN was ~1.5 nS. The conductivity of the
sample increased substantially as the DBN concentration was increasing to reach a maximum value
of ~155 nS, after a DBN dose of ~180 nanomoles/cm?. At higher doses, the conductivity does not
increase anymore, which means that the surface became saturated.

It has been shown previously that diisocyanide and dithiol oligomer chains are capable of
bridging between gold nanoparticles deposited onto a mica surface and enhance the conductivity
between gold electrodes. A similar effect was observed when dosing a gold-nanoparticle covered
mica surface with DBN, which provides evidence for the formation of similar one-dimensional
chains. The resistance varied as a function of the sample temperature and, in Figure 8.3, a typical
resistance variation with temperature is plotted as In(R) versus T2, This variation is consistent

with the Abeles model for thermally assisted tunneling through an array of nanoparticles [1]. This
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linear behavior provides further evidence that DBN oligomer chains are formed between gold
nanoparticles. The other evidence for the formation of oligomeric bridges between particles is that
the value of o (the slope of In(R) versus T-Y2 plots) varies linearly with In (Ro) as shown in Figure

4, where Ry is the initial resistance of the gold nanoparticle array before dosing.

160 1
mn ¥ EE
140 1 -
]
o 1204 n "
o
=, 100 |
=
2 80+ n
©
= 4
3 60
O 404
O
20
04 |
T T T T T T
0 50 100 150 200 250

DBN dose (nmoles/cm?)

Figure 8.2: Variation in conductivity as a function of DBN dose in nmoles/cm? measured when dosing a

gold-nanoparticle-covered mica surface with an initial sheet resistance R, of In (Ro/Q) = 19.47, from

solution
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Figure 8.3: The linear In(R) versus T-V2 dependence for a sample with initial conductivity of 15.3 nS

dosed with 0.1 pmole/cm? BPDI, is predicted by the model of Abeles and Sheng. R, is the sheet resistance

of the film prior to dosing

111



The slope of the plots of In(R) versus T2 were obtained for DBN-linked gold
nanoparticles films spanning a wide range of initial (undosed) conductivities, R,. The slopes of
these plots («) were found to vary linearly with In (R,) (Figure 8.4), with a slope that was found

to be equal to 7.4 +0.3.
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Figure 8.4: Plot of a values versus In (R,) for the 8 different films obtained for DBN-linked gold
nanoparticles, with a slope of 7.4 +£0.3. The linear fit is in agreement with the theory of activated

tunneling in granular materials put forth by Abeles and Sheng

8.3.2 Attenuated total internal reflection infrared spectroscopy (ATR-IR) characteristics
Figure 8.5 shows ATR-IR spectra for DBN as a function of DBN dose onto a gold film in

moles per cm? of the crystal, The infrared spectra were collected after dosing a gold film-covered
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ZnSe crystal with 0.1 mM aliquots of DBN, then allowing to dry in air for ~ 5 minutes and rinsing

it with benzene to remove any residual, weakly bonded molecules.
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Figure 8.5 A series of ATR infrared spectra of DBN adsorbed on a thin gold film using aliquots of 200 ul
of solution of 0.1 mM DBN .The resulting isocyanothiol doses, in mole/cm?, are indicated adjacent to the

corresponding spectrum. The inset is a spectrum of 0.1 mM solution of pure DBN in benzene

An intense mode in pure DBN is found at ~2123 cm™ due to the presence of a free C=N
mode, which disappears after adsorbing DBN on a gold film, while a peak at ~2156 cm™ appears

that corresponds the formation of coordinated C=N mode. Vibrational frequencies and
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assignments of pure DBN in solution, and adsorbed on a gold nanoparticle array are summarized

in Table 8.1, and compared with the spectrum of 1,4-BDT (Chapter 5).

Frequency (cm™) of 1,4-BDT Frequency (cm™) of DBN adsorbed Assignment
adsorbed on gold film on gold film
804 819 Bau
1006 1006 B
1101 1118 Bau
1477 1480 Bsu
1535 1580 Bau

Table 8.1: Comparison of vibrations of 1,4-BDT and DBN on gold film

8.4 Discussion

ATR-IR spectra for pure DBN appear to be a combination of what was reported for
aromatic dithiols [2] and diisocyanides [3] were a vibrational mode at ~2123 cm™ is assigned to a
free C=N group. After forming DBN-linked gold nanoparticles, ring modes are still evident and
drastic changes are noted for the C=N modes, where the absence of the ~2123 cm™ peak after
adsorbing on gold and the appearance of a ~2156 cm™* feature indicate that the adsorbed species
contain gold-isocyanide modes. In addition, the agreement between the ring modes found for 1,4-
BDT and DBN confirms that the ring is present on the surface, and the presence of predominantly
Bsy vibrations suggest that it lies close to parallel to the surface. However, the presence of small
peaks at 1006 and 1118 cm™* implies that the molecular plane is slightly tilted. It is proposed that
after adsorbing on a gold-nanoparticle film, the S-S bond breaks and a flat laying structure forms

as shown in Figure 8.6.
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Figure 8.6: DBN after adsorbing on a gold nanoparticle array

Conductivity measurements as a function of BPDI dose from solution are shown in Figure
8.1. The initial conductivity of the nanoparticle array before dosing DBN was ~0.4 nS. After
dosing 0.03 mM DBN aliquots the conductivity increased gradually and reached ~155 nS as a
maximum measured value after dosing ~180 nmoles/cm? of BPDI solution. At higher doses the

conductivity did not change.

As shown in Figure 8.3 the sheet resistance R varies with temperature as

In(R) versus 1/JT. As an indication of the formation of Au-DBN oligomers between
nanoparticles, the values of a scale linearly with In(Ro) and were obtained for ~8 samples (Figure
8.4). The data showed that the slope of the alpha plot is equal to 7.4 +0.3. This slope value is

nearly equal to the slopes obtained for 1,4-BDT (4.2 +0.1) [4] and 1,4-PDI (0.10 £0.02 eV) [5].

8.5 Conclusion

It was found that DBN molecule are capable of increasing the conductivity when dosing a
gold-nanoparticle covered mica surface with DBN, which provides an evidence for the formation
of similar one-dimensional chains as found for PDI and 1,3-BDT. The resistance varied as a
function of the sample temperature, and the slope of alpha plot is equal to 7.4 £0.3. ATR-IR results
showed the absence of the ~2123 cm™ free isocyanide mode after adsorbing on gold and the
appearance of bound ~2156 cm™ isocyanide vibration modes indicating that the molecule
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structure is parallel to the surface. It is proposed that DBN adsorbs on a gold-nanoparticle film by
cleaving the S-S bond to form an asymmetric structure bound by sulfur and isocyanide groups to
the gold nanoparticles. This offer the possibility of synthesizing asymmetric molecular electronic

component.
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Chapter 9

Back-Gate Modulation of Conductivity of Molecular Conductors

9.1 Introduction

This chapter details the results of investigations to modulate electronic transport through
molecular wires in a field-effect transistor (FET), which is the basic building block for solid-state
electronics. This device was first suggested in 1928 by Lilienfeld [1]. The first prototype of a
working field-effect transistor was achieved in 1947 by John Bardeen, William Shockley and
Walter Brittain [2]. In 1960, several transistors were combined in a single integrated circuit (Figure

9.1) [3].

The Ulerfeld Dansntor Patent of 1930

Figure 9.1: a) The Lilienfeld transistor patent in 1930. B) The first prototype of a working field-effect

transistor demonstrated by Bell labs. ¢) The first Integrated Circuit of Jack Kilby and Robert Noyce.

A field-effect transistor is a three-terminal electrical device that consists of a source, a drain
and a gate. The source and the drain are in direct contact with a semiconductor, and the region
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between these two contacts represents the channel. The semiconductor layer is separated from a

gate electrode by a layer of an electronically insulating material [4].

The source electrode is grounded and can be used as a reference for the voltage applied to

the gate and drain electrodes. The potential difference between the gate and the source is called

the gate-source voltage (Vgs). Similarly, the potential difference between the drain and the source

is called drain-source voltage (Vps). By applying a potential to the gate electrode, charges can be

generated at the insulator-semiconductor interface. A positive gate voltage induces negative
charges (electrons) in the semiconductor, while a negative gate voltage induces positive charges
(holes). These charges can increase the conductivity of the semiconductor, so that a conducting
channel is formed between the source and the drain electrodes. A positively charged channel is
doped with an acceptor impurity and a p-type material will be formed and the channel current will
consist of holes. A negatively charged channel is doped with a donor impurity and an n-type

material is formed and the channel current will consist of electrons [5,6].

N-channel devices generally have greater conductivity than p-channel types, because
electrons have higher mobility than holes do; thus n-channel FETs are approximately twice as

efficient conductors compared to their p-channel counterparts (Figure 9.2) [7].

The applied gate voltage has to exceed the minimum gate-to-source voltage differential
that is needed to create a conducting path between the source and drain terminals, the so called

threshold voltage (V71), before the channel becomes conductive.

Field-effect transistors have generally been used as unipolar devices, and this has limited the

design of integrated circuits to unipolar complementary logic [8].
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Figure 9.2 A typical layout of field-effect transistor, consisting of a source and drain electrodes, a gate, a

gate dielectric and a semiconductor

The first organic complementary logic circuits were created by combining p-channel and
n-channel transistors. Two different semiconductors were used, one for the p-channel and one for
the n-channel. Because of the difficulty of depositing and patterning both materials locally and
sequentially, it was important to develop an ambipolar transistors based on a single

semiconducting film and a single type of electrode [9].

Considerable efforts have been made to develop a single-electron transistor (SET), which
can control the transport of only one electron. A SET is made of a metallic island that is connected
to the source and drain electrodes through two tunneling junctions, and through a capacitor to the
gate electrode. The current through the SET can be modulated by the gate electrode potential due
to Coulomb blockade [10]. When there is no bias applied on the source or drain electrode, electrons
in the system do not have enough energy to tunnel through the junction. On the other hand,

increasing the gate bias will remove the Coulomb barrier and allow the electrons to tunnel through

119



junctions between the source and the drain; this is basically how the on/off switching system works

in modern electronics (Figure 9.3) [11], and is discussed in greater details below.

The source and drain electrodes in the SET can be connected by a several-nanometers long single

molecule where the electronic spectrum is quantized with the energy scale of ~ eV [12].

(va)
v
(%
—  Source " Metallic island & Drain |

Figure 9.3: Schematic drawing of a single electron transistor with a metallic island that is isolated from

the source, drain, and gate electrodes using a tunneling junction

Because of the lithography resolution, successful SET operation is possible at temperatures
below 1 K [13]. Higher operating-temperature-range technologies are based on granular metallic
nanoparticle arrays placed in the source-drain gap [14]. In this approach, the parameters of the
SET critically depend on the metallic island size and position, and the way to avoid these problems
is to use a structure with a large number of metallic nanoparticles (granules) that are statistically

distributed in the gap between the source and the drain. In this case, the performance of the whole
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system is independent of the individual metallic particle size or position, but is averaged over the
space between the two electrodes. In this system, the current can still be controlled by an external

electric field, and the electrons tunnel through the inter-granular tunnel junctions [15].

Two important parameters influence the electrical propertied of such systems: the
temperature, and the metal concentration. As the temperature increases, more charges exist in the
film, and the conductivity increase by the means of single electron hopping [16]. At the same time,
as the proportion of metal increases, the metallic islands grow and merge, so that the activation

energy falls and the conductivity increases.

Molecular electronics is the study of charge transport through single molecules or through
a monolayer of molecules, where the main goal of molecular electronics is to combine different
types of functional molecules by self-assembly to form integrated circuits. Molecular electronics
based on self-assembled alkane-thiols, for example, show that the resistance of gold/SAM/gold
junctions depends on the molecular length and is independent of temperature, which means that
the suggested charge transport mechanism is tunneling. In contrast, aromatic thiol molecular
junctions are temperature dependent, which is consistent with the hopping mechanism of electron

transport [17, 18].

In this study, an external field has been applied by a back-gated device in order to modulate
the energy levels of molecular wires that bridge gold nanoparticles in a granular thin film. The
external field should modulate the energy of the molecular orbitals of the molecular wire to
influence their alignment with respect to the Fermi level of gold nanoparticles, thereby modulating

the current through the molecular layer.
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9.2 Theoretical aspects

In previous chapters, experiments have been performed to study the characteristics of
electrical conduction in the granular regime, where all films studied showed a decrease of
resistance with increasing temperature. The linear In(R) versus T2 dependence is predicted by
Abeles theory of thermally assisted tunneling through a granular material [19], where the

conductivity depends on the size and the separation of gold nanoparticles.

On the other hand, electrical conduction in granular metals in the regime of activated
conductivity is generally discussed in terms of the model of Neugebauer and Webb [20]. In this
chapter, electrical characteristics are presented for granular gold films in which the conductivity
was modified by a back-gate field effect. During measurements grains are charged capacitatively
from the back-gate, where the charge in the grain is induced by contacting the gold electrodes.

Figure 4 shoes the sample configuration for the field effect measurements.

In Figure 9.4a, C1 represents the capacitance between the gate electrode and the grain, and
C. the capacitance between the grain and the rest of the film, C.>>C; and Vj is the gate voltage.
The grains are taken to be uniform in size and separation and therefor have identical capacitance.
The two capacitor plates connected to A represent a grain and the total charge on them must be an
integral number of elementary electronic charges. If A and B electrodes are connected together,
and Vg increases, C1 charges reversibly and the system energy remains constant. At an arbitrary Vg
the charge at A will not be an integral number of elementary charges, but will differ by ¢ from the
nearest integer, so that, by applying a voltage across AB, the system can be adjusted to form an

integral charge on A according to the following equation [21]

v, 1 1 1

+2=21 (1)

904 ¢ C, '

122



The work done in inducing the charge is

_ b8%e?

dw =<
2C

= §2E, (2)
where Ec is the charging energy, discussed in the Abeles model (Chapter 3).

As illustrated in Figure 9.4b, for a given charge state of the grain, the system energy increases
quadratically with the gate voltage, for example, the parabolic curve centered at 2 corresponds to

the energy of charge state n = +2 electrons for various Vg values [21].

a) b)

O

=

e

Figure 9.4: a) Simplified model for gain charging. b) Energy of different charge states as a function of

gate voltage

However, in the experimentally used gold nanoparticle arrays on mica, there will be a
distribution of particle distances, d and separation s. This means that there will be a distribution of
C> values so that the voltages at which a unit of change is transferred will be different for each of
them. Thus, it is anticipated that a regular Coulomb blockade, as shown in Figure 4.4b will not be
observed. Rather the effect of modulation will be expected to initially increase from zero bias but

then average out as different nanoparticle capacitor change at different rates.
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In addition, the electric field is also expected to polarize the linker molecule to change the

tunneling barrier.

These ideas are tested in the following for some of the molecular layers that bridge between

gold nanoparticles described in previous chapters.

9.3 Device fabrication and experimental setup
For this study, commercially made silicon dioxide films were used, where p- and n-doped
silicon wafers were thermally oxidized to generate a SiO> film (300 nm thick) functioning as a

gate dielectric.

A lcmxlcm SiO; substrate was used, and two copper wires were glued to the substrate
using conductive silver glue, and then the sample was left on a hot plate at ~ 40 °C for one hour to
allow the glue to dry. After the glue had dried, small pads of nickel-chrome where added as an

adhesion layer for the gold electrodes.

Nickel-chrome pads where deposited as an adhesion layer for the gold pads, by masking
the central portion of the silicon substrate (dielectric) and placing it inside the vacuum evaporator
and depositing a ~20 nm-thick nickel-chrome alloy film, exactly the same way as when depositing
gold pads. Gold source-drain electrodes were fabricated by evaporating ~200 nm-thick gold pads
on top of the nickel-chrome film using the thermal evaporator with 99.999% purity gold (Metal-
Basis, Alfa-Aesar) by passing a current of ~ 60 A through the tungsten filament. After the gold
pads were deposited, the sample was removed from the evaporator, the mask was removed, and
then the gold pads were attached to smooth alligator clips inside the evaporator in order to monitor
the resistance change while depositing gold nanoparticles on the mica substrate. After placing the

sample into the chamber and pumping the evaporator to ~10° Torr, the deposition was carried out
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by passing a ~20 A current through the tungsten filament, and a copper, back-gate (field) electrode,
to which a potential may be applied to induce the charge on the granular film, was attached to the

bottom of the substrate using an insulating clip (Figure 9.5).

These back-gated devices function in air; however, to minimize charge trapping by water
or oxygen and to allow the samples to be cooled, all measurements were performed in vacuum. In
this work, the semiconductor layer in the field-effect transistor is replaced by small organic

molecules.
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Figure 9.5 a) Sample configuration for field effect measurements. b) Experimental setup for the field-

effect device where the gold nanoparticles are linked with organic molecules.

In this work, the organic compounds used for back-gated device measurements were: 1,4-

BDT, 1,3- BDT, and 1,4-PDI.

It has been shown previously that these organic molecules are capable of forming

molecular electronic linkages between the deposited gold nanoparticles (Chapter 3) which results
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in an increase the initial conductivity on a mica surface and, as shown below, similar behavior was
observed on a SiO; surface. The samples were prepared by evaporating a gold nanoparticle array
in a vacuum evaporator and after aging, the films where dosed in two different ways; first, vacuum
(in-situ) dosing was carried out, where the silicon oxide substrate covered with gold nanoparticle
arrays was placed inside the HV chamber and the 1,4-PDI molecules were dosed directly from the
Knudsen source (see section 2.3). Second, they were obtained by dosing the organic compound
from solution after dissolving in benzene after the resistance value had stabilized. The film was
then washed with pure benzene to remove any excess molecules, and the sample was attached to

the sample manipulator and placed in the HV chamber.

Back-gating field-effect devices were fabricated based on 1,4-BDT, 1,3-BDT, and 1,4-PDl,
and they show an ambipolar behavior under gate bias. The gate bias is coupled capacitively to the
thin film under investigation. The current-voltage characteristics were measured by Keithley 4200

picoameter under vacuum at different temperatures.

9.4 Results

All samples studied showed an ambipolar field effect at about zero applied gate voltage.
For example, a sample was prepared by depositing gold nanoparticles with an initial conductivity
of 1.5 nS. Dosing 1,4-PDI from the gas phase was performed via a directional dosing source. The
substrate was mounted on the sample holder in way to be electrically connected through the
vacuum feedthrough, and the chamber was pumped to ~10° Torr, then the 1,4-PDI was dosed (in-
situ) until the resistivity of the last two consecutive points were within ~2% of each other (Figure

9.6).

The temperature variation of the gold-nanoparticle-covered SiO2 samples dosed with 1,4-

PDI are plotted as In(R) vs. T2 (Figure 9.7) which is predicted by Abeles theory [19] for thermally
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assisted tunneling through granular materials, which provides evidence for the formation of
oligomeric bridges between gold nanoparticles on silica as described previous for 1,4-PDI on mica

substrates (Chapter 3).

700

600 |- - "

500 |- [

400 | =

300

Conductivity / nS

200

100

N R TR EU R R R S R S R
500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000

PDI dosing time / seconds

n

| |
]
ol
1

0

Figure 9.6: Typical curve showing dramatic enhancement in conductivity across a granular film as a

function of 1,4-PDI dosing

The current was measured at source-drain voltages, Vsp of 0.751 and 1.404 V, as a function
of the gate voltages from -70 to +70 V, at a sample temperature of 110 K in high vacuum (Figure
9.8). The ratio Isp/Isp (0V) is plotted versus the applied gate voltage so that, the ratio is unity at
0V gate voltage. The curves show identical behavior at VSD = 0.751 and 1.404 V because of the

Ohmic behavior of the granular film.
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This reveals that the application of the gate voltage has a measurable effect on the
conductivity, which changes by a maximum of ~1.5 to 2.3% at the maximum values of applied

gate voltages.
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Figure 9.7: Temperature dependence of a granular gold film with 1,4-phenylene diisocyanide (1,4-PDI

linkers in a field-effect device
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Similar back-gated devices were also prepared on a silicon oxide substrate by bridging
gold nanoparticles with 1,4-BDT and 1,3-BDT molecules from solution which caused a profound
reduction in sheet resistance across the films, where this high conductivity enhancement is a

consequence of bridging gold nanoparticles with conductive molecular wires (Chapter 5).

Experiments were carried out using 1,4-BDT, which was dosed using a 5mM solution in
benzene, after which the sample was washed with benzene and allowed to dry. In this experiment,
it was more convenient to dose the sample from solution, because 1,4-BDT cannot sublime as
quickly as 1,4-PDI at room temperature in vacuum. Dosing 1,4-PDI until sample saturation
required less than three hours, while dosing 1,4-BDT required much longer time, and the HV
chamber can be contaminated by sulfur which requires the chamber to be baked in order to clean
it. As a consequence, 1,4-BDT molecules were dosed from solution until the sheet resistance
changed from an initial value of 813 MQ to 10.74 MQ after dosing the film with 1,4-BDT at room
temperature. The change in resistance relative to the resistance at OV gate bias, ratioed to the
resistance at OV gate bias ((Rgate-R0)/Ro) is plotted in Figure 9.9a. The sample temperature clearly
had a significant effect on the back-gating behavior. At a sample temperature of ~110K, the sheet
resistance changed by ~2.5% with a positive gate voltage and by 4.5% under a negative bias.
However, the effect is smaller and the influence of gate voltage is much closer to linear for a

sample held at room temperature.

This theory predicts a quadratic dependence of conductivity versus gate voltage as a direct
consequence of generating charge carriers by modulating Ec (Equation 2). This quadratic change
is shown schematically in Figure 9.9b. However, the experimental data also show an additional,
approximately linear behavior. It is suggested that the linear component corresponds to the

modulation of the energy levels (in this case oligomers) that are coupled to the gold nanoparticles.
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The gating properties of 1,3-benzene dithiol (1,3-BDT) were tested in the same way and
the results shown in Figure 9.10 for 1,3-BDT linkers between gold nanoparticles on SiO2 films.
The sample was again dosed using a 5 mM solution of 1,3-BDT in benzene. The results (as shown
in Figure 9.10), exhibit the same behavior as that found for 1,4-BDT (Figure 9.9). The response
as a function of gate voltage is approximately linear at room temperature with a parabolic + linear
behavior at ~95K. However, the overall response of 1,3-BDT-dosed nanoparticle arrays is less
than 1,4-BDT-dosed samples. The relative change in resistance s ~1% at positive gate voltage and

~1.4% at negative bias.

2, b)

(Rgate-R IR,

gale blash

Figure 9.9: 1,4-BDT dosed film (813 MQ — 10.74 MQ). a) Upper curve acquired at room temperature.
The lower curve acquired at ~110K. b) Proposed theoretical prediction of a quadratic dependence of
charge state energy as a function of gate voltage, and a linear component that corresponds to a change in

energy alignment compared to the gold Fermi levels.
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Figure 9.10: 1,3-BDT dosed film (235 MQ — 25.10 MQ). The upper curve was acquired at room

temperature. The lower curve acquired at ~95 K.

9.5 Discussion

In this study, efforts have been made to develop methods towards integrating the
Au/organic linker self-assembly chemistry with standard fabrication techniques based on silicon
oxide, and to explore their back-gating behavior. The field-effect conductivity data for three
samples showed that the resistance falls from a maximum value with increasing gate potential of
either sign. However, the change in conductivity is very small. For the 1,4-PDI linked gold
nanoparticles, the maximum values of applied gate voltage have a measurable effect on the
conductivity, with changes by a maximum of ~1.5 to 2.3%. Similar experiments were carried out
using 1,4-BDT, the sample temperature had a significant effect on the back-gating behavior. The
field effect was very small and close to linear at room temperature, so that, at a sample temperature

of ~110K, the sheet resistance changed by ~2.5% with a positive gate voltage and by 4.5% under
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a negative bias. Similarly, for the 1,3-BDT linkers between gold nanoparticles on SiO; films, the
overall response of 1,3-BDT-dosed nanoparticle arrays is less than 1,4-BDT-dosed samples. The
relative change in resistance s ~1% at positive gate voltage and ~1.4% at negative bias, and the

response of resistance as a function of gate voltage is approximately linear at room temperature.

The shapes of the curves of variation in resistance show a temperature-dependent parabolic
behavior and a linear response, as suggested in section 9.2. The parabolic response arises the
influence of the external field on the charges on the gold nanoparticles to form a Coulomb
blockade. The current due to this Coulomb charging energy is expected to depend on temperature

(Egn. 9). That gives rise to the temperature dependence in the Abeles model (Section 3.4.1)

Another possible explanation for the low potential effect can be the slow dielectric
relaxation process that allow some adjustment of each island to its equilibrium charge state, this
slightly lowers the energy of the ground state with respect to the excited states and reduce the

conductivity [21].

The linear, temperature-independent part of the variation in current with gate voltage is
proposed to occur because of the shift in energy of the orbitals closest to the Fermi level that results
in a modulation of the tunneling barrier, which is temperature independent. The observation that
the conductivity increases at a positive bias for PDI, 1,4-BDT and 1,3-BDT suggest that the

tunneling barrier is reduced in all cases for positive voltages.

9.6 Conclusion
Back-gating behavior has been explored for three different devices. The field effect
conductivity results showed a small increase in the conductivity with increasing the gate potential

of either sign. Electrical measurements were performed using 1,4-PDI-, 1,4-BDT- and 1,3-BDT-
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linked gold nanoparticles, maximum sheet resistance changes were ~1.5 to 2.3%. At a sample
temperature of ~110K, the sheet resistance changed by 4.5% under a negative bias, and the results
can be rationalized by a combination of Coulomb blockade effects and polarization of linker

molecules.
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Chapter 10

Conclusions

In the 1970s, when top-down integrated circuits still had fairly large dimensions, making
electronic circuits by bottom-up techniques using molecules as electronic components was first
seriously discussed. At that time, one of the major advantages of molecular electronics was said to
be that it would result in circuits much denser than those possible by “top-down” technology [1].
Although great advances have been made using top-down fabrication, some critical components,
like the gate oxides, are now only a few atoms thick. However, their lateral dimensions are larger.
As a consequence, the idea of a “bottom up” approach was proposed, where the position of every
atom in the device is known and the devices can be optimized on the atomic scale. This approach
provides the possibility of making transistors by chemical synthesis, which means more transistors
will be made in one day than will ever be made by photolithography. This could result in the cost
per transistor dropping by orders of magnitude, which is consistent with Gordon Moore’s
prediction [2].

The first and simplest molecular device was proposed in 1974 by Aviram and Ratner, who
introduced a model consisting of a donor n-system and an acceptor n-system, separated by a o-
bonded tunnelling bridge (see Figure 1.1). This system could then, theoretically, be attached at
both ends to metallic electrodes thereby completing an electric circuit. Aviram and Ratner
predicted that the properties of this ‘molecular rectifier’ must be equivalent to those of the bulk p-
n junction. In the donor-insulator-acceptor (D-c-A) structure, the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) are confined to two

different parts of the rectifier and the insulating ¢ bridge prevents the orbitals from overlapping.
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By placing such a molecule between two metallic electrodes and applying voltage in the positive
direction, the Fermi level of the electrode on A (cathode) aligns with the LUMO allowing electron
tunnelling from the Fermi level to the LUMO. Simultaneously, the D side aligns with the HOMO,
resulting in electron transfer from the HOMO to the Fermi level of the electrode on D (anode).

In this work, efforts have been made to study the electrical properties and surface structures
for organic linkers bridging between a gold nanoparticle arrays. The main goal is to link gold
nanoparticles between two gold electrodes with organic molecules, and align the gold Fermi level
with the organic molecules’ energy levels to control height of the electron tunneling barrier. Such
tuned, self-assembled molecular connections could provide the basis for fabricating molecular
electronic devices.

To apply this idea, different isocyanide- and sulfur- terminated aromatic molecules were
used to link gold nanoparticle arrays deposited between 300 nm-thick gold electrodes on a mica
substrate. It was found that diisocyanides and dithiols with one, two, and three benzene rings can
form oligomeric chains on gold nanoparticle arrays in order to decrease the tunneling barrier and
enhance the conductivity. The results showed that these molecules generally form oligomer
bridges when dosed on gold-nanoparticle arrays, and that the conductivity can be affected by the
number of phenyl rings for each molecule. However it was observed that the tunneling barrier
increased by increasing the molecular length (number of benzene rings). Slopes derived from plots
of the temperature dependence of the conductivity for benzene diothiol (BDT), biphenyl dithiol
(BPDT), and terphenyl dithiol (TPDT) show that the height of the tunneling barrier increases with
increasing number of benzene rings, which means that increased extent of conjugation does not
necessarily lead to higher current. The biphenyl and terphenyl molecules can adopt a twisted ring

configuration which appear to be observed for BPDT and TPDT. This distortion decreases the
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conjugation by reducing the orbital overlap between the aromatic rings. Therefore, the poly-phenyl
dithiol molecules are not expected to be as conductive as benzene dithiol (Chapter 6). Similar to
dithiols, the energy barrier of diisocyanides increased by increasing the number of phenyl rings
either because of the increasing m orbitals associated with increasing the number of phenyl rings
which increases the electron donation to the gold, that leaves a partial positive charge on the
isocyanide molecule which leads to lowering the molecular orbital energies and moves the HOMO
orbital away from the Fermi level, or alternatively by twisting of the rings as found for dithiols
(Chapter 7).

An asymmetric molecule with both isocyanide and sulfur terminated groups was
investigated by studying the surface structure and electrical properties after dosing gold films with
4.4'-disulfanediyldibenzoisonitrile (DBN) from solution. As a result, DBN has ability to form
oligomers between gold nanoparticles and results in the formation of an asymmetric linker
molecule. The ATR-IR spectra provide information that is complementary to electrical
measurements, and allow the surface structure of DBN molecules on the gold-nanoparticle array
to be determined.

In Chapter 9, back-gating behavior has been explored for three different devices. The field
effect conductivity results showed a small increase in the conductivity with increasing the gate
potential of either sign. Electrical measurements were performed using 1,4-PDI-, 1,4-BDT- and
1,3-BDT-linked gold nanoparticles, maximum sheet resistance changes were ~1.5 to 2.3%. At a

sample temperature of ~110K, the sheet resistance changed by 4.5% under a negative bias.

These results confirm that both isocyanide- and sulfur-terminated molecules can self-
assemble to form molecules linkages between gold nanoelectrodes either on mica or on silica

substrates. The tunneling barrier can be tunes by changing the number of rings in the linker
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backbones, and this approach can also be used to link nanoparticles with asymmetric molecules.
Finally, preliminary experiments show that the conductivity can also be modulated by applying a
back-gate voltage. These results suggest that such a self-assembly chemistry involving isocyanide-
and sulfur-terminated molecules could form the basis for fabricating nanoscale, molecular

electronic circuits.
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