CHARGE TRANSPORT THROUGH ORGANIZED ORGANIC ASSEMBLIES

IN CONFINED GEOMETRIES

A Dissertation
by

AMANDA EILEEN SCHUCKMAN

Submitted to the Office of Graduate Studies of
Texas A&M University
in partial fulfillment of the requirements for the degree of

DOCTOR OF PHILOSOPHY

May 2011

Major Subject: Chemistry



CHARGE TRANSPORT THROUGH ORGANIZED ORGANIC ASSEMBLIES

IN CONFINED GEOMETRIES

A Dissertation

by

AMANDA EILEEN SCHUCKMAN

Submitted to the Office of Graduate Studies of
Texas A&M University
in partial fulfillment of the requirements for the degree of

DOCTOR OF PHILOSOPHY
Approved by:
Chair of Committee, James D. Batteas
Committee Members, David H. Russell

D. Wayne Goodman
Joseph H. Ross
Head of Department, David H. Russell

May 2011

Major Subject: Chemistry



il

ABSTRACT

Charge Transport through Organized Organic Assemblies in Confined Geometries.
(May 2011)
Amanda Eileen Schuckman, B.S., Texas Lutheran University

Chair of Advisory Committee: Dr. James D. Batteas

Organic molecules such as porphyrins and alkanethiols are currently being
investigated for applications such as sensors, light-emitting diodes and single electron
transistors. Porphyrins are stable, highly conjugated compounds and the choice of metal
ion and substituents bound to the macrocycle as well as other effects such as chemical
surrounding and cluster size modulate the electronic and photonic properties of the
molecule. Porphyrins and their derivatives are relatively non-toxic and their very rich
photo- and electro-chemistry, and small HOMO-LUMO gaps make them outstanding
candidates for use in molecularly-enhanced electronic applications.

For these studies, self-assembled tri-pyridyl porphyrin thiol derivatives have
been fully characterized on Au(111) surfaces. A variety of surface characterization
techniques such as Atomic Force Microscopy (AFM), Scanning Tunneling Microscopy
(STM), FT-IR spectroscopy and X-ray photoelectron spectroscopy (XPS) have been
implemented in order to obtain information regarding the attachment orientation based
on the angle and physical height of the molecule, conductivity which is determined

based on the apparent height and current-voltage (I-V) measurements of the molecule,
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conductance switching behavior due to conformational or other effects as well as the
stability of the molecular ensembles. Specifically, the transport properties of free base
and zinc coordinated tri-pyridyl porphyrin thiol molecular islands inserted into a
dodecanethiol matrix on Au(111) were investigated using STM and cross-wire inelastic
electron tunneling spectroscopy (IETS). The zinc porphyrin thiol islands observed by
STM exhibited reversible bias induced switching at high surface coverage due to the
formation of Coulomb islands of ca. 10 nm diameter driven by porphyrin aggregation.
Low temperature measurements (~ 4 K) from crossed-wire junctions verified the
appearance of a Coulomb staircase and blockade which was not observed for single
molecules of this compound or for the analogous free base. Scanning probe lithography
via nanografting has been implemented to directly assemble nanoscale patterns of zinc
porphyrin thiols and 16-mercapotohexadecanoic acid on Au surfaces. Matrix effects
during nanopatterning including solvent and background SAMs have been investigated
and ultimately ~ 10 nm islands of zinc porphyrins have been fabricated which is the

optimal size for the observed switching effect.
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CHAPTER I

INTRODUCTION*

1.1 Overview

In light of reaching the limit of Moore’s Law (which states the number of
transistors on a chip will double approximately every two years), new and different
strategies must be developed to modify conventional semiconductor technology (a.k.a.
complementary metal oxide semiconductor, CMOS) which relies on top-down
fabrication techniques. Top-down fabrication techniques such as photolithography
which uses masks to create features are essential to the current chip manufacturing
process. However, top-down types of fabrication are facing new and challenging
limitations as the technology, or feature-size, is reaching into the nanoscale size regime.
In the past fifty years, the idea has been to use “more Moore” strategies which involve
the continuation of Moore’s Law. Industries have relied on CMOS technology for the
progression of smaller and faster devices being able to replicate the invaluable

techniques to scale down the feature size with little or no modification to their methods.

This dissertation follows the style of the Journal of the American Chemical Society.

*Reproduced with permission from Coordination Chemistry Reviews; Matthew Jurow,
Amanda E. Schuckman, James D. Batteas and Charles Michael Drain, “Porphyrins as
Molecular Electronic Components of Functional Devices” Coord. Chem. Rev.; 2010;
254(19-20); 2297-2310. Copyright 2010 Elsevier.



However, these methods can no longer be simply scaled much further beyond the current
32 nm technology, and new materials and manufacturing techniques are being explored
to circumvent the issues at hand. Nowadays, the trend is moving toward “more than
Moore” applications where a simple continuation of the technology no longer works.
Instead, these “more than Moore” ideas focus on the diversification of new strategies to
enhance the current technology.

One method to investigate enhancing the current technology involves a bottom-
up approach where molecules self-assemble onto surfaces. Molecules innately assemble
on metal and other surfaces by molecular interaction and the tether can be tailored to
target a specific surface with a compatible functional group. The self assembly of the
molecules requires no additional modification of their arrangement once adsorbed onto
the surface. The only modification that could be foreseen would be altering the
molecule for desired properties, type of adsorption, i.e. chemi- or physi-sorption to the
surface, or desired patterning of molecules in a confined arrangement. Molecules have
been targeted for research in this area due to their size and properties which make them
excellent candidates for use in “more than Moore” applications. If the “nano” scale is
the target goal for the future of electronic components on chips, molecules are ideal for
designing these types of structures because they are inherently in this size regime. The
innate properties of molecules can be tuned and manipulated to provide the desired
properties of the type of device component, whether it is a switch or transistor or its

application to function as a memory or sensor component as well.



After the molecules have been investigated for their potential, the next step is to
spatially confine them. Spatially confining molecules is important to make smaller
electronic devices which may rely on the behavior of only a few to thousands of
molecules in a confined structure. Confining molecules allows for the local ensemble
structure and electronic properties to be controlled and selectively modified. In recent
years, thiol derivatized molecules have been significantly studied due to the fact that
they are relatively stable and form nicely ordered two-dimensional structures on gold
surfaces. Taking advantage of these molecules, the idea of using self-assembled
monolayers is increasingly growing due to the ease of formation and preparation of a
wide variety of organic molecules. Organic molecules specifically with pi conjugation
have been of interest for use in molecularly-enhanced electronic applications since the pi
electron delocalization inside such molecules typically results in more efficient
conduction and the possibility for charge transport modulation in electronic devices.

1.2 Background

Many current electronic technologies are rapidly approaching the limit of
performance and miniaturization in a growing number of applications across science and
technology because traditional inorganic materials and component architectures are
optimized to the edges of the theoretical limits of performance. Most currently employed
techniques for mass production of silicon based electronic devices involve multiple
chemically and energetically wasteful procedures such as purification and crystallization
of the wafer, high energy radiation to make patterns, toxic etchants, and vapor deposition

of nanolayers. As a consequence of manufacturing large arrays of chips, each with



millions of devices, fabrication facilities are stunningly expensive to build and operate.
Additionally, most of the energy used to power these devices is lost as heat rather than
used to perform intended functions, so there are additional production and energy costs
needed to dissipate this heat. A great motivation towards the development of molecular
electronics is part of efforts to increase performance while at the same time diminishing
component size, reduce production costs, and minimizing the environmental impacts of
production and operation.” Reimers Flexible display and electronics technologies, and
ink-jet printing of circuitry will also benefit from molecule based electronics.

Molecules or collections of molecules functioning as electronic components have
ample precedent in nature. Voltage, ligand, antibiotic, and other ion conducting channels
are digital electronics self-assembled into biological membranes in that they have only
‘on’ or ‘off’ positions with unit conductance that are unique to a given channel.’
Photosynthetic reaction centers transport electrons over about eight nanometers with
remarkable efficiency. Ion pumps can also be gated. The photo-driven purple membrane
pumps containing bacteriorhodopsin have been studied for many decades in terms of
their potential as molecular electronic and photonic materials because they are very
robust, can cycle many thousands of times, and the distinctive color changes impart a
second functionality to these materials.*> However, the rate of conducting ions in
channels and bacteriorhodopsin proteins, and the stability of the former, limit the
usefulness of these constructs as components of complex electronic devices. The various
photosynthetic systems can provide much inspiration, but are too fragile for real-world

applications.



The field of molecular electronics focuses on the molecule, but melds concepts
from diverse fields such as: physics, chemistry, biophysics, and electrical engineering.
Molecular electronics is a field that was first brought about in 1974 with Aviram and
Ratner and their theoretical vision of a single organic molecule acting as a rectifier.’
Since then, molecules have shown their potential for applications such as information
storage, charge separation, single electron transistors, current routers and gates and
continue to be designed for use in solar cells, organic light-emitting diodes, sensors,
photocatalysts and more. Single molecules, clusters of molecules, monolayers and
multilayers of molecules have all been explored for use as the active, electronic
components for devices. In order for molecules to be used in any type of device
structure, the charge transport characteristics of a molecule or ensemble of molecules
must first be investigated since the electronic properties will govern the use of a specific
molecule in its application. A variety of methods have been developed and utilized for
charge transport measurements of molecular configurations on metal and semiconductor
surfaces using Scanning Tunneling Microscopy (STM) or Conducting Probe Atomic
Force Microscopy (CP-AFM) as well as in junctions such as nanogap electrodes, break
junctions and cross-wire measurements. Ideally, STM and CP-AFM offer the advantage
of being able to offer high resolution information of the molecular structure whilst
obtaining electronic information of the tunneling probability and conductance of the
molecule. Both STM and CP-AFM can deduce the configuration of the molecules in
those types of electrical junctions without additional instrumentation, whereas the

junction-type measurements of molecules inside electrodes in the nanogap or break



junction measurements do not allow for any high resolution characterization. However,
the junction-type measurements can easily be configured to attain additional information
by characterization using Raman spectroscopy or inelastic electron tunneling
spectroscopy (IETS) in combination with the transport measurements which also aid in
the evaluation of the configuration of the molecules inside the metal-molecule-metal
arrangement. For example, IETS has shown to be compatible with cross-wire
measurements’ and tip-enhanced Raman (TERS) can be performed with a conducting
AFM tip on patterned islands of molecules as well as monolayers to deduce information
of the orientation of the molecules based on the modes of the molecules which are
excited by the tunneling electron using these techniques.

Highly m-conjugated molecules are of particular interest since the m-electron
delocalization inside such molecules typically results in lower injection barriers and

more efficient tunneling or electron transfer.®

However, in the beginning, considerable
work focused on alkanethiol and dithiol molecules which are considered insulators.”"”
Since then, m-conjugated molecules such as oligo(phenylene ethynylene)s (OPEs),
oligo(phenylene vinylene)s (OPVs), oligothiopenes, oligoarylenes, DNA bases, as well
as porphyrins and phthalocyanines have attracted considerable attention more recently.'*
' There have been several recent reviews that focus on different aspects of molecular
electronics ranging from surface chemistry to molecular design, to theory, including a
beautiful discussion of mechanical bonds with molecular electronics applications by

Stoddart.”>** Electronics fabricated from organic materials are potentially much less

toxic, easier to recycle, and scalable. In addition, molecular electronics have the



potential to contribute to the continuation of Moore’s law in the miniaturization of
electronic components; pending the further development of bottom up nanofabrication
techniques suitable for mass production.

In general, classic Coulombic charging, the relative spacing of the highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO),
the spin, and the vibrational modes will determine single electron currents through
molecules connected to electrodes with tunneling barriers.”> Thus, the reversibility of
accessible redox states of a molecules are important, e.g. in single molecule transistors.”’
In the case of conducting polymers, the conductance is dependent on the structure and
conjugation of the molecular system and the length, but a recent study shows that the
mechanical characteristics and topology of a polyfluorene are also important. Pulling
this polymer from a gold surface with an STM tip allows about a 20 nm change in length
whereupon the conductance curves show a exponential decay with increasing length and
oscillations that correspond to a each monomer unit detaching from the surface.”® The
molecular electronic properties are also dependent on the matrix surrounding the
molecule and the domain size (number of copies of a molecule in a discrete domain).
Many of the same physical properties of ceramic semiconductor devices have analogies
in hybrid molecular electronics. For example, image charges generated in the source and
the drain can result in the localization of charges in molecules such as conjugated
phenyls,” or in ensembled domains, until a critical charge density is reached whereupon

the transistor switches (see below).



There are several reviews of the potential applications of porphyrins and

2731 and as sensitizers for solar cells.’? This

phthalocyanines in molecular electronics,
background will focus specifically on applications of porphyrin and porphyrinoid
molecules as components of working molecular electronic devices on electronically
active substrates from ca. the past decade. Particular emphasis will be placed on how the
detailed molecular architecture dictates the electronic properties and how the
performance of these molecules is affected by surface chemistry, attachment, orientation,
and matrix around the electroactive species. Though there is excellent work on materials
composed of porphyrin and phthalocyanine films and aggregates, for example as
components of solar energy harvesting, electroluminescent and electronic devices,*
these are not included in this background per se, except as a comparison to single
molecule measurements or in terms of attachment chemistry.
1.2.1 Porphyrinoids

Porphyrins are stable, highly conjugated compounds, and as a ligand have been
shown to bind nearly every metal in the periodic table. The choice of metal ion and
substituents bound to the porphyrin macrocycle as well as other effects such as chemical
surrounding and cluster size modulate the electronic and photonic properties of the
molecule. Porphyrins and their derivatives are relatively non-toxic and due to their very
rich photo- and electro-chemistry, and the fact that they have small gaps between the
highest occupied molecular orbital and the lowest occupied molecular orbital (HOMO-

LUMO) make them outstanding candidates for use in a number of molecularly-enhanced

devices, including sensors, organic light emitting diodes, photovoltaics, memory cells



and light harvesting structures. From a synthetic standpoint, the porphyrin is a suitable
candidate due to its tunability such as incorporating different metal centers into the
macrocycle as well as attaching ligands to the macrocycle at the meso and/or beta
positions. Drain and co-workers have optimized the conditions®® for creating and
modifying the compounds investigated in this work, and the generic form of the

porphyrin thiol used in these experiments is shown in Figure 1.1.

SH

Figure 1.1. Porphyrin thiol derivatives. M- 2H" or Zn*"; R- H or F.

In general, porphyrins have been exploited for the use of functional components
for device applications for the past two decades. Porphyrins have been chosen as the

molecule of interest due to their highly conjugated systems, their stability and their small
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HOMO-LUMO gaps which make them excellent candidates for applications in
molecular electronics. Porphyrins have been studied on a variety of substrates because
of their diverse photoelectrochemical, catalytic, electronic, and biochemical properties
that enable their use as active components of devices for applications including chemical
sensors, information storage, and for electrocatalytic or photocatalytic oxidations or
reductions. The porphyrins investigated in this work have thiol tether for specific
attachment to gold surfaces. The relatively small HOMO-LUMO gap (< 2 eV), the
proximity of the HOMO states to the Fermi level of surfaces such as Au, and the ability
to readily tune these energy levels via simple chemical modification makes porphyrins
useful in many of these applications. In addition to single molecules, hierarchical
assemblies of porphyrins self-organized by various strategies have also been explored as
a means of creating light harvesting structures for energy conversion. For example,
porphyrin-Cgp assemblies on surfaces have been investigated to explore how these
donor-acceptor pairs may be used to control injection barriers in organic light emitting

devices and for solar energy conversion applications.’

Lindsey, Bocian and co-
workers have explored a range of device level applications of porphyrins appended to
various surfaces, including Si and Au, and have shown based on electrochemical studies

of extended monolayers, that their redox states could be used as active elements for

memory cells.”’
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Figure 1.2. (A) Structure of the porphyrin macrocycles with a cadre of common meso
(5,10,15,20) aryl derivatives. Note the meso alkane compounds are also readily
accessible synthetically. (B) Much of the supramolecular chemistry of porphyrins uses
less symmetric compounds, e.g. those used in the formation of SAMs on surfaces, rely
on a mixed aldehyde synthesis wherein two aryl aldehydes are mixed with the pyrrole to
form a ‘combinatorial’ library of six compounds. The chromatographic separation of the
compounds and isomers yields compounds that can be used to study molecular
topologies, surface binding geometries, and self-assembly into discrete arrays, or self-
organization into films. Many of these compounds can also be made by more direct
routes.

Single, small conjugated molecules have shown Kondo resonance.” Large,

stable aromatic systems are particularly attractive as molecular electronics because the
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HOMO-LUMO energy gaps are in a realistic operational range, they tend to be stable,
and the oxidation and or reduction chemistry is reversible under appropriate conditions.

Porphyrins and the related macrocycles such as phthalocyanines are large aromatic dyes
that are about 1 and 1.5 nm across, respectively. The porphyrin cores have 11 pi bonds
(Figure 1.2) and the phthalocyanines have an additional eight in the fused isoindole
structure (Figure 1.3). This class of dyes has rich electrochemical and photophysical
properties amenable to molecular electronics applications. These divalent ligands can
bind almost every metal in the periodic table, which further modulates the electronic and
photonic properties. There is an extensive literature on the chemistry, properties, and

39-41

applications of porphyrin and phthalocyanines. There are two notable early

examples of supramolecular devices based on porphyrins. The self-assembly of photo

generated porphyrin cations and lipophilic ions into ion chains inside membranes results

42-45

in the formation of photo-gated ion conductors, and the metal ion mediated self-

assembly of porphyrin tetramers insides membranes results in photo-gated transistors.*°
Another early example of a porphyrin-based electronic device is the work of Bard, Fox

47,48

and coworkers on mesogenic porphyrins on ITO electrodes wherein thin films of

porphyrins served as read-write devices that could be cycled about 1.5 billion times, and



13

phthalocyanine

Ris Ry

M= 2H* or metal ion

Figure 1.3. The phthalocyanine macrocycle with its numbering scheme. The isoindole
positions near the ring are often referred to as o (i.e. 1,4,8,11,15,18,22,25) and those
away from the ring . Substitution at the [ positions is more typical. For substituted
phthalocyanines with an odd number of substituents on the isoindoles there are usually
positional isomers, and these isomers are usually not specifically enumerated. PcF g
where all positions bear a fluorine and the Cu(Il) complex, are commonly used in
photovoltaic applications.

have an equivalent storage density of 8x10' bits/cm”>. Some simple, symmetric
porphyrins with potential for microelectronics are commercially viable,” and some
phthalocyanines are used already in many applications ranging from compact disks to
display technologies.*® Currently, substantial strides have been made in the design and

32,50-53

fabrication of porphyrinoid dye-based photovoltaics, and relevant to this work:

- . 59 . . .
48 transistors,” logic gates, junctions, memory storage, and other

molecular wires,
molecule-base systems.”®

Porphyrins, metalloporphyrins, and their derivatives are relatively non-toxic and
prime candidates for a host of molecular electronics applications. As a class of molecule,

they possess distinctive, reversible oxidation and reduction chemistry that potentiates use

as wires, switches, transistors, junctions, and photodiodes. The electronic and
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photophysical properties are governed by the bound metal ion, which can be nearly
every element in the periodic table, exocyclic moieties on the pyrrole and/or on the meso
positions, and the matrix surrounding the chromophore. Synthetic porphyrin chemistry is
well developed and the Gouterman® and Michl®' molecular orbital models accurately
predict the electronic consequences of appending organic substituents and binding metal
ions.

Appending exocyclic moieties designed for specific intermolecular interactions,
e.g. ligands and H-bonds, is now routinely used to construct supramolecular materials.
As materials, there continues to be a substantial amount of work on the design of new

porphyrin derivatives that self-assemble into discrete nanoarchitectures or self-organize

62-66 67,68 55,69-71 72-74

into a diverse menu of nanostructures such as films, crystals, tubes,

76,77 78,79 A

rods, wires,” nanoparticle spheres, and complex fractal-like or chiral patterns.
variety of nanofibers have also been reported.**™ Coordination chemistry is most often
used because the metal ion binding geometry can be exploited as a design element and

73 and hydrogen bond’"*’ interactions

coordination bonds are robust,84 but electrostatic
are also used in formation of porphyrinic materials. Reversible coordination of metal
ions can alter the conformation of porphyrins linked by a bipyridyl bridge thereby
altering the electronic communication between the chromophores.*®  Geometric
complementaries between pyridyl substituted porphyrins and metal ion binding
facilitates formation of many structures ranging from linear tapes to square boxes."’

Coordination chemistry can also be used to stitch together different chromophores into 3

x 3 and other arrays,*** and complementary coordination chemistry between covalently
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linked porphyrins yields photonic and/or conducting wires.””***” In most cases, self-
assembly and self-organization are accomplished under mild conditions. There is also a
large amount of ongoing work on photo initiated electron transfer reactions in molecules
and assemblies containing porphyrins.”*'® In materials, the photonic properties of a
given porphyrin are also highly dependent on the surrounding matrix of porphyrins,
wherein the number, connectivity, relative orientation, and dynamics of both the
molecules and the intermolecular interactions dictate the function of the chromophore
and the material. Because of their adjustable photonic properties, robustness to
decomposition, and ease of synthesis, porphyrins and porphyrinoid materials continue to
be thoroughly investigated as components of organic light emitting devices, sensors,
solar cells, and photocatalysts.
1.2.2 Chelated Metal Ions

In addition to serving as a design element in the formation of supramolecular
materials via endocyclic and exocyclic metal ion coordination, it should be noted that
metal ions bound by these macrocycles further potentiate molecular electronics
applications. The degree of electron delocalization between the chelated metal ion and
the porphyrins depends on the relative energies and mixing of the orbitals, and has been
extensively studied by Electron Paramagnetic Resonance (EPR) and other spectroscopies
for both paramagnetic metal centers and ligand centered radical ions. For example,
diamagnetic closed shell Zn(II) complexes, diamagnetic open shell Ni(Il), and
paramagnetic Mn(IIl), Fe(Il), Co (II) complexes have significantly different

photophysical properties and redox chemistry. The availability and energies of the metal
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orbitals can also be varied, e.g. closed shell Ti(IV), Zr(IV), and Hf(IV) complexes. The
relative orbital energies, thus the electronic populations of the central metal ion, are also
dictated by the coordination chemistry via ligand field effects. The forced square planar
geometry of the macrocycles and the degree of axial ligation can have profound effects
on the relative energies and population of the d orbitals of complexed open shell
metalloporphyrins, such as for the Ni(I) porphyrins described below.'”"'* In non-

luminescent Ni(Il) porphyrins, the deactivation of the excited state proceeds through a

metal centered d,d (d.2.,2, d,2) excited state. Coordination of pyridine at both axial
positions raises the d,, orbital energy, thereby altering the photophysical properties, such
that the population of the excited d,d state transiently forces the delegation of the
pyridines.'” It should also be noted that ground state'® and excited state'®' molecular
dynamics can have profound impacts on the function of these molecules in devices. The
role of counter ions in complexes with trivalent and tetravalent metal ions can be equally
important to the photonic properties, and thus their ability to serve as components of
devices.'” Similar orbital and metal ion binding considerations apply to
phthalocyanines.106 The role of metal ions in the conductance of porphyrin wires has
been studied theoretically.”®

1.2.3 Synthesis

Meso tetraarylporphyrin synthesis is generally accomplished by Rothemund-

107,108 109-111

Adler-type reactions and MacDonald-Lindsey-type reactions. The former

synthesis mixes an aldehyde with pyrrole and when two or more aldehydes are used a

112

mixture is produced (Figure 1.2), '~ while the latter multistep strategy can yield specific
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target macrocycles. A recent report on the synthesis of meso-tetraarylporphyrins under
aerobic oxidation conditions produced tetraphenylporphyrin in over 60% yields.'"” The
meso aryl substituents are orthogonal to the macrocycle because of steric interactions
with the pyrrole BH, so the porphyrin faces are somewhat blocked. When the meso
positions are unsubstituted and there are eight alkyl substituents on the pyrroles, most
commonly octaethylporphyrin, the macrocycle can lay flat onto a substrate. There are
likewise many routes to phthalocyanines. The most common methods are to heat
phthalonitriles or phthalimides in high boiling solvents, sometimes in the presence of
metal ion template. Non-symmetrically substituted starting materials result in
isomers.**'*
1.3 Measurements of Charge Transport in Molecular Assemblies

Designing molecules for use in devices is one important aspect as well as
studying the electronic properties. There are several ways to measure the transport
characteristics of the molecule, but before the transport properties of the molecule can be
investigated, first fundamental studies of the molecules adsorbed on surfaces must be
done in order to develop higher order systems that can be incorporated into electronic
components. Fundamental studies will be a significant portion of the research presented
herein, due to the fact that the specific electronic properties of porphyrins govern their
use as active electronic components and must therefore be fully characterized before the
molecule can be implemented into a device. In order to characterize the electrical

properties of molecules, a range of techniques have been developed. The electronic

properties of single molecules or small ensembles of molecules have been measured
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through a number of different electrical test beds. These include electrical and

115-119

mechanical break junctions, cross-wire junctions,'?’ nanopores,'?' mercury drop

123,124

contacts,'** cyclic voltammetry (CV), conducting-probe atomic force microscopy

(CP-AFM),'*'* and scanning tunneling microscopy (STM).'"*-127:128

Among these,
STM and CP-AFM can provide complementary surface analyses, as they enable
investigation of individual molecules on surfaces on the atomic scale. In addition to
structural details, the STM images themselves can further elucidate information
regarding local tunneling probabilities as well as the local electronic density of
molecular orbitals (e.g. HOMO and LUMO) participating in the tunneling process.
Highly m-conjugated molecules, such as porphyrins are of particular interest since the n-
electron delocalization inside such molecules typically results in lower injection barriers
and more efficient tunneling or electron transfer. Specific electronic properties of
porphyrins such as tunneling efficiency and the transport pathway are of significant
interest in designing molecules for use as electrical components. These measurement
techniques have been recently reviewed.'*'*
1.4 Porphyrinoids on Surfaces

Porphyrinoids can be organized onto surfaces in two general ways: (1) self-
assembled monolayers (SAMs) wherein the active molecules are covalently attached to
the surface via well-established surface chemistries (Figure 1.4) and (2) self-organization
into 2-dimensional arrays and/or layers by adsorption onto surfaces (Figure 1.5)."'"!*

In both cases the surface chemistry, energetics, and structure play key roles in the final

structure and organization of the photonic materials.'"**!** For SAMs, there are four
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essential parts of the molecule: the electronically active dye, the linker, the tether, and
the surface-reactive functional group. Each part plays a role in the molecular electronic

properties.

metal ion or 2H*

electronic modulating moiety
and/or for intermolecular interactions

electroactive molecule

|:| linker

tether

surface attachment

Figure 1.4. Parts of a porphyrin molecule for surface attachment include the reactive
surface moiety, a tether, and the linking group to the porphyrin. Metal ions and exocyclic
moieties modulate electronic properties.
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Figure 1.5. Large planar macrocycles such as porphyrins and phthalocyanines tend to
adsorb cofacially on surfaces such as highly ordered pyrolytic graphite (HOPG), Au(Ill),
NaCl, and other atomically smooth substrates. Here Ni(TPP) and PcF ¢ are deposited on
HOPG as well as a 2:1 mixture. Reproduced from ref. ['*’] with permission of the
copyright holders.

1.4.1 Adsorption
The self-organization of porphyrins on surfaces has been extensively studied by
Hipps and co-workers, who have characterized the electronic properties of porphyrins

and related compounds such as phthalocyanines adsorbed as monolayers on
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surfaces.133’135’136’138’141’142

These studies conclude that the orbital energies of the
macrocycles including the metal ions, molecular states, and the surface states determine
the coupling, thus tunneling probability (Figure 1.6). They have also conducted a
variety of studies on the nanomanipulation and self-organization of porphyrins on HOPG
as well as metal substrates such as Au. Studies which combine a range of surface
analytical tools, such as X-ray photoelectron spectroscopy, inelastic tunneling
spectroscopy, reflection absorption IR spectroscopy, ultra-violet photoelectron
spectroscopy as well as orbital-mediated tunneling spectroscopy, along with STM have
provided a significant amount of information regarding the physical and electronic
properties of porphyrins on surfaces. This arena of research has shown that porphyrins
can be valuable components of electronic devices since they possess desired properties
such as the ability to be deposited on surfaces without a change in composition or

oxidation state and their frontier orbital energies lie close to the Fermi level of the Au

substrates.



22

10

0 5 - 10 nim 0 5 1Il'.l nm
NiPc on Au(111) FePc on Au(111)

Figure 1.6. Assemblies of Ni(II) and Fe(II) phthalocyanine on Au(111). While both
systems contain a central metal atom with the same valance, the Fe d° system has greater
orbital density near the Fermi level leading to an observed increased tunneling
probability than that of the Ni d® containing species. Reproduced from ref. ["**] with
permission of the copyright holders. These authors also examined d’ and d’

phthalocyanines ["'].
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404

Figure 1.7. Formation of supramolecular arrays of halogenated aryl porphyrins allows
covalent bond assembly of 1- and 2- dimensional structures on a gold surface upon
heating. In this case the formation of the 1-dimensional tapes is shown. The arrow
indicates overlapping of two linear chains rather than a covalent bond. Reproduced from

ref. ['**] with permission of the copyright holders.
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Various strategies toward multiporphyrin arrays have been reported.'*'4¢
Recently, Hecht and coworkers reported the formation of 2-dimensional arrays of
porphyrins on gold surfaces can be accomplished by evaporative deposition or casting of
tetra(4-bromophenyl)porphyrin onto gold surfaces, which results in a reasonably well
ordered supramolecular array of up to ca. 100 nm. These arrays are pre-positioned to
form covalent 2-dimensional networks upon heating, or if deposited above a critical
temperature.'®  Similar to the coordination arrays, the substitution pattern on the
porphyrin can dictate the nanoarchitecture of the resulting covalent array, for example
the 5,15-derivative leads to chains (Figure 1.7), but the formation of high fidelity 2-
dimensional structures over large areas is yet to be achieved.'” More than just
thickness, research groups are able to control the orientation of the molecules comprising
the SAM, and there are many reports on the effect of reaction conditions on the ordering
of molecules in a monolayer. For example, Ha et al. demonstrated the effect of annealing
the first adsorbed layer on the orientation of the second layer.'*’ Hydrogen bonding
interactions and halogen-halogen interactions alter the thermodynamic properties and
therefore binding modes of the adsorbed molecules on surfaces.'**!*
1.4.2 Surface Attachment
1.4.2.1 Thiols on Gold

The use of porphyrins in molecular electronics largely came about from the
formation of liquid crystalline films and attachment of the molecules to surfaces in the
form of the now ubiquitous self-assembled monolayer (SAM)."*"!**1°° It was noted

early on that alkanethiols create well ordered structures on gold substrates, and similarly
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a variety of porphyrins have been bound to gold as SAMs.**!*!1°¢ SAMs are very
common systems for the study of molecules on surfaces due to their ease of

formation'”!®

and preparation by simply immersing a clean substrate into solutions for
a period of time, typically ~ 24 hours. SAMs can be composed of pure monolayers of
only one type of molecule, or can be mixed, where a host of matrix molecules are first
formed on the surface followed by insertion of the molecule of interest.  Self assembly
has been studied in depth using alkanethiols on gold surfaces, specifically Au(111)."°°1¢!
The general process for molecular self-assembly involves submersing a gold substrate,
either gold on silicon or gold on mica, into a solution of the alkanethiol. Au(111) is
typically used, which is a specific face of bulk Au, and the atoms are in a hexagonally
close-packed arrangement. For the studies presented herein, a Au(111) substrate is
immersed in a 1 mM solution of dodecanethiol in ethanol for 24 hours in which the
molecules form a densely packed single layer of molecules on the surface, known as a
monolayer. When alkanethiols assemble on gold, the molecules initially lie flat on the
surface, and as the adsorption process progresses, gold vacancies, commonly known as
etch pits, are formed along with gold adatoms. After proceeding to assemble through the
lying down or striped phase, the molecules then stand up creating a densely packed
monolayer with a tilt angle of ~ 30° from the normal of the surface. The sulfur atom of
the dodecanethiol is adsorbed in a three-fold hollow site on the gold forming a (\3 x
V3)R30 structure with respect to the underlying gold surface. The sulfur head groups are

spaced ~ 5 A apart in a hexagonal lattice shown in Figure 1.8. The dodecanethiol can

also arrange in a more compact arrangement known as a c(4x2) superlattice.'®® After



26

formation of the dodecanethiol monolayer, the newly formed SAM is submersed into a
solution of the porphyrin molecule to form a mixed monolayer. Alkanethiols are known
to be insulating molecules and in this case act as a background matrix to prop up the
porphyrins into an upright configuration to be analyzed for their electronic properties.
Since alkanethiols are well-studied, their electronic properties are known and are used as
a control for these experiments. Overall, much work has been done for designing
molecular or molecularly-enhanced electronics with thiol-derivatized molecules on gold

163-166

substrates. Investigating SAMs of organic molecules are of interest to many for

(v3 x \3)R30°

Figure 1.8. Schematic of DDT sulfur headgroup (gray) lattice on Au(111) surface
(yellow).
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applications involving molecularly-enhanced electronics. The robustness, stability and
electronic properties as well as the cost-effective nature of organic molecules are of
particular interest since inorganic materials have dominated the electronics industry up
to now. Organic molecules are beginning to look more promising for use in device
components such as switches, rectifiers, and transistors due to lower cost and proficiency
and the inherent limitations of the inorganic counterparts. Looking towards molecules
for use in sensors and devices, much work has been done in the area of charge

167

transport'®’ and measuring conductance of single-molecules,**'® SAMs,'®'™* and

single molecules inserted into SAMs'”'7

with the overarching goal to study the charge
transport characteristics of the molecule itself without significant contributions from
intermolecular or junction effects.

Numerous patterns and arrangements of single molecules and supramolecular
assemblies have been reported.'*® Many of the early SAMs were created as Langmuir
Blodgett films, and later were fabricated by dipping the substrate into a solution
containing the thiol for extended periods of time. Extensive techniques have been
developed to fabricate and characterize these assemblies, especially ultrahigh vacuum
techniques that allows layers to be patterned with precision approaching nanometer
control."®™ Assembly approaches can be further extended by the use of nanopatterning,
via techniques such as scanning probe lithography.'**'**!*% n this work, we have shown
that porphyrin assemblies may be patterned on Au surfaces using nanografting. In

nanografting, an AFM tip is used to displace surface bound matrix molecules (typically

an alkanethiol) in a background solution of the molecule of interest. During this process,
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the molecule of interest, a porphyrin appended with a thiol, then bonds within the open
surface region created by the removal of the matrix molecules.'®' Using scanning probe
lithography, thiol tethered porphyrin assemblies with features down to ca. 10 nm in
dimension (Figure 1.9) can be fabricated to create well defined nanostructures on

surfaces.

Figure 1.9. A 3 x 3 array of nanografted islands of a zinc porphyrin thiol patterned in a
background matrix of dodecanethiol. The feature size illustrated here is ca. 20 nm
(FWHM) as determined from the topographic image (left). The porphyrins are found to
be protruding above the dodecanethiol matrix by ca. 0.6 nm. The friction image (right)
more clearly shows the patterned array. (Batteas and coworkers, unpublished results).
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Figure 1.10. Perrine et al. demonstrated cofacial deposition of porphyrins on Au
surfaces with thiols directly attached to the porphyrin. Reproduced from ref. ['**] with
permission of the copyright holders.
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Figure 1.11. Top: Electrical properties of directly linked porphyrin wires across Au
nanoelectrodes with spacing of less than 5 nm were prepared using an electromigration-
induced break-junction technique Reproduced from ref. ['*] with permission of the
copyright holders. Bottom: an acetylene-linked porphyrin construct has been studied to
look at distance dependence on the conductivity. Reproduced from ref. [**] with

permission of the copyright holders.

There are several modes of porphyrin attachments to gold surfaces depending on
the location and size of the linker moieties and attachment groups. For example, Perrine

et al., attached thiols directly to the porphyrin macrocycle on either opposing pyrrole 3
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positions or on opposing meso positions, therefore attached to different macrocycle
molecular orbitals.'® This geometry allows the cofacial deposition of the porphyrin with
the m-system remarkably close to the Au surface with reasonable reliability (Figure
1.10). Porphyrin oligomers terminated on either end with thiols allow them to bridge
between gold electrodes, and I-V plots show that the fused systems have markedly
different electric properties than similar oligomers directly connected via meso positions
(Figure 1.11)."* Cycling of these electrodes however, indicated that the porphyrins may
be aggregating due to mobility or lability of the Au-S bonds. Similar constructs with
multimers of acetylene-bridged zinc porphyrins using phenylacetylene tethers on each
end bridged between gold electrodes showed that the conductance is not linearly
dependent on the distance (Figure 1.11).® A theoretical approach indicated that a
porphyrin bearing eight thiols, two on each pyrrole, may bridge between four gold
electrodes to serve as a photo gated current router, but construction of this type of device
will be problematic.'® The free base and the Co(Il) tetra phenylporphyrins with thiols
on the 4-positions on opposing meso positions (5,15 in Figure 1.2) can be attached to
gold nanowires. In this case the metalloporphyrin served as a memory bit wherein the
charge was located as the Co(II/IIl) couple, which then alters the conductance of the
nanowire. The free base exhibited no memory effects.”® In all of the constructs with
thiols the facile formation of the disulfides, in the presence of oxygen or from electrode
generated redox processes, can complicate the formation of the material and
interpretation of the data. Also, the mobility and lability of the S-Au bond must be

considered.



Table 1.1 Surface Attachment Chemistry
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Structure/surface

Comments, and surface bond
.21
energies

Recent examples

Por-tether-S-/gold

Migration and lability of S-Au bond
can be used to form islands of
electroactive molecules and can
present issues for preparing useful

devices. Surface bond energy
~1.9eV

34,151-156

Por-tether-CH=CH-/Si(100)

Por-tether-CH,-/Si(100)

This bond is less labile, surface bond
energy ~3.7 eV.

184

Por-tether-O-/Si(100)

Surface bond energy ~3.7 eV

185

Adsorption

Surface bond energy <0.5 eV

133,134,136,137,141,144

1.4.2.2 Other Attachment Chemistry

The use of a single alkylthiol tether can also be used to implant these molecules

into a background matrix, allowing for the investigation of single molecules as well as

assemblies of these molecules to be investigated by techniques such as scanning

tunneling microscopy (e.g. Figure 1.1). Beyond metal surfaces, attachment to semi-

conducting and oxide surface can be accomplished via a range of addition reactions.

These have different surface bond energies (Table 1.1). In each of these cases the first

key issue surrounding this approach to device fabrication includes understanding the

attachment chemistry required to organize the molecular components on surfaces and the
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role of these bonds in electronic coupling. The implementation of strategies which link
molecular components directly to semiconductors such as Si have a significant
advantage in light of the extensive technologies and fabrication methods already built up
around Si in the existing semiconductor industry. To this end, several groups are
investigating the interactions of small organics with Si surfaces, and are remolding our
views of traditional organic chemistry by establishing reaction mechanisms of small
organics on semiconductor surfaces.'*'® Recent work has also shown that porphyrin

> and that these molecular

films can be attached to Si surfaces via Si-O linkages,'
monolayers are very robust under elevated temperatures, maintaining their
electroactivity, thus making them reasonable candidates for device fabrication.'** Other
linking chemistries, including use of chlorosilanes'® and phosphates'® can be used for
the formation of self-assembled monolayers (SAMs) on oxide surfaces. Additionally,
direct attachment to H-terminated Si can be accomplished through the use of alkyne and
hydroxyl groups to form Si-C and Si-O bonds."”'®* Absent from this body of work;
however, are the details of how the film quality (i.e. defect density and local aggregate
dimension) impact performance, as well as how the specifics of the electronic structure,
packing geometry and coupling group exert influences on the charge transport behavior
of the system.
1.4.3 Monolayers on Other Surfaces: Information Storage

Matching the appended attachment group to the surface chemistry allows

formation of monolayers on a variety of surfaces. Alkynes add to Si(100) surfaces in

hydrosilylation reactions. For example, an alkyne-terminated tether attached to silicon
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can subsequently react with a porphyrin bearing an azido moiety on a pyrrole in a click-
type 1,3-Huisgen cycloaddition.'™ Similarly, vinyl groups can be added to Si(100)
surfaces.'”' Porphyrin and phthalocyanine based molecular memory devices are
among the most promising in the arena of molecular electronics because these
macrocycles are generally robust enough to withstand the elevated temperatures and
reaction conditions needed to fabricate monolayers on silicon. Adsorbed or bound to a
conducting or semiconducting surface, domains of porphyrins are excellent candidates
for memory storage due to their distinct yet easily manipulated and often photoactive
electronic states. By exploiting the reversible redox states of a porphyrin an “on off
switch” is created to function as the unit by which information is stored. The porphyrin
layer also stores charge in this manner thereby serving as a molecular capacitor and
mimicking the inorganic transistor / capacitor system currently used for memory storage.
Because applications for molecular memory demand a high charge density and a small
footprint to minimize feature size, molecules with multiple reversible redox states may
potentiate a new generation of devices.

Lindsey, Bocian and coworkers presented some of the best and most thorough
approaches to designing and creating functional and potentially economically viable
molecular memory devices that are stable to ~ 400 °C and can undergo ~10'"
cycles.”**'® These devices, and others like them, are well characterized by numerous
electrochemical and microscopic techniques.'”* Molecules with as many as four discrete

redox states maintain a small footprint because of their unique binding mode to the



35

surface (Figure 1.12)."%"7 Carcel et al. created a series of molecules to investigate: (a)

electron transfer kinetics between the surface and the adsorbed molecule by varying the

1a (R = H)
1b (R = tert-butyl)

Figure 1.12. (A) The dynamics of a surface attached trimer is one of the factors that
determine the surface density, where SAG is the surface attachment group. (B) The
heteroleptic Por-Eu-Pc-Eu-Pc serves as a multi-bit information storage molecule.
Reproduced from ref. ['*] with permission of the copyright holders.
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moiety used for attachment, (b) a series of porphyrins designed to investigate the effects
of charge density, and (c) a set to investigate methods of chip patterning. Here it was
found that electron transfer rates increase as packing density in the SAM decrease.'”®
Work by Lindsey and Bocian in the past decade has shown that the reversible
redox activity of porphyrin complexes can be exploited for molecular information
storage applications where the oxidation of the porphyrin is the write cycle and the

reduction is the read cycle.'”**"

Several porphyrin complexes that can serve as
molecular charge storage elements were designed to form robust monolayers and to be
compatible with conventional semiconductor lithography. Careful investigations of the
attachment chemistry and topology, tether, and linker moieties have yielded insights to
the functional role of each part of the molecule. The electronic functional properties of
monolayers of a diverse set of porphyrinoids were investigated to decipher the molecular
architecture in terms of all four parts of the molecule (Figure 1.4). These studies
included: monopodal, bipodal, and tripodal attachment geometries together with
variations in the binding chemistry to silicon using oxygen, sulfur, and
selenium.>>"**1%1%% These molecules and their derivatives have also found potential
uses in the field of molecular memory devices. In terms of the electronically active
porphyrinoid portion of the molecule, a single first row transition metal porphyrin
complex usually has 1-2 reversible redox processes. Lanthanides and other metal ions
with large ionic radii form sandwich complexes with porphyrins and phthalocyanines

because they protrude significantly out of the mean plane of the macrocycle. Higher

order, and mixed porphyrin-phthalocyanine sandwich complexes can also be formed in
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reasonable yields, and these tend to have more reversible redox states than the
monomers (Figure 1.12). Attachment of a tether to these large multiporphyrinoid
systems allows construction of a monolayer wherein each molecule has a minimal
footprint to maximize the surface density of the electronically active units, and the
distinct oxidation states of each unit allows them to be used as multi-bit devices.'*
1.4.4 Nano Islands

Particular interest has been in designing components for electronics using a
porphyrin core system as shown in Figure 1.1. Specifically, a free-base porphyrin
macrocycle bearing three 4-pyridyl moieties and one pentafluorophenyl substituent in
the meso positions has been designed as a core platform for the rapid, high yield
attachment of tethers that can be tailored to both the surface chemistry and other design
criteria. In this case the pentafluorophenyl moiety serves as a “universal” linker to

which a variety of nucleophiles can be appended via replacement of the 4-fluoro group.
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Figure 1.13. I-V spectra (averaged from 50 curves each) for the (A) dodecanethiol
matrix, (B) small (~2 nm) porphyrin domains and (C, D) large (>6 nm) porphyrin
domains. Reproduced from ref. [**] with permission of the copyright holders.

The pyridyl motifs allow design of intermolecular interactions to yield hierarchically
organized monolayers or can provide a convenient attachment point for additional
molecules via metal-ligand coordination chemistry. Initial studies used a terminal
dithioalkane to yield a derivative for immobilization onto a gold surface via strong
sulfur-gold chemisorption. Moreover, by controlling the extent of fluorination of this
linker group, this phenyl ring, can be used as an internal barrier to control the tunneling
between the macrocycle and the thiol tether. This barrier can be modulated by
systematic variation of the number and position of the fluoro groups on the ring, thus
affording some control of the relative orbital energies of this phenyl group and the

degree of steric interactions between the 2,6-positions on this phenyl group with the



39

pyrrole B-hydrogens. Thus, control of these interactions provides a means to dictate the
electronic coupling between the macrocycle and the tether.

To optimize the ability to investigate these molecules either individually or as
small monolayer aggregates (about 6 — 10 nm in dimension), we have characterized
SAMs of the free base and zinc porphyrin based molecules with thiol linkers mixed into
a pre-assembled dodecanethiol matrix.** These insertion based experiments afford the
means of orienting molecules at the surface by covering the surface with a protective
capping group first (in this case a simple alkanethiol). Assemblies of such molecules on
clean open metal surfaces show that they will frequently lay down on the surface as
described above, driven by the strong interaction between the  system and the metal Au
terraces. In characterizing both the free-base and zinc porphyrin derivatives, it was found
that the molecule inserts on edges of the substrate and into defects in the pre-assembled
dodecanethiol SAM. The free-base analogue tends to insert as single molecules and
small monolayer domains dispersed within the background SAM. The small islands of
the free-base porphyrin molecules undergo stochastic switching as observed during STM
measurements in the mixed monolayer and this is likely associated with conformational
changes within the monolayer. The I-V spectra are shown in Figure 1.13. The zinc
metalated derivative has a much higher proclivity for aggregation mediated by both
coordination chemistry and m-m interactions, thereby creating larger domains that are
approximately 10 nm in width on average. These large domains of the metalloporphyrin
afford interesting electronic properties, such as coulomb blockade, that is not seen in the

small clusters or with the free-base analog (see below).
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1.4.5 Other Devices

In many molecular electronic devices, efficient charge separation and charge
stability is essential. Photo initiated charge transfer reactions of porphyrins have been
extensively studied and many form long lived charge separate states; when combined
with excellent charge carrier mobilities these systems are prime candidates for molecular

electronic applications.?’'%

Photo initiated charge injection from porphyrins into
semiconducting surfaces has been studied in the context of solar energy devices and the
interfacial electron transfer rates are generally less than a picosecond.”® Much work is
being done in the design of new molecules capable of forming long lived charge
separated states based on the distinct electronic states of porphyrinoids that enable
functions such as current routers, gates and field effect transistors.>*!>>!820420% 1 inear
gates and T gates have been fabricated and can be controlled by porphyrin redox
chemistry as well as photochemistry.””!® Recent studies have also demonstrated that
porphyrins on surfaces display stochastic switching.”* Recently we have found that by
forming nanoscale assemblies of zinc metalloporphyrins as those in Figure 1.9, stable
Coulomb islands can be formed as evidenced by the appearance of a Coulomb staircase
in the [-V measurements.

Derivatives of the generic molecule shown in Figure 1.4 have shown promise to
serve as molecular capacitors and single electron tunneling devices in which small
islands are assembled within electrode gaps and their charge state tuned using a gate

voltage. In one example, we investigated the transport properties of zinc

metalloporphyrin islands inserted into a dodecanethiol matrix on Au(111). Using
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scanning tunneling microscopy (STM), it was shown that the zinc porphyrin islands
exhibited bias dependent switching at high surface coverage, where the conductance of
the molecules increased when sweeping above the threshold voltage and the islands
returned to a lower conductance state when the tip was swept to the negative bias. This
switching behavior at high coverage was found to result from the formation of Coulomb
islands driven both by enhanced n-m aggregation of the macrocycles and by increased
oxidation potential of the zinc metalloporphyrins. Low temperature measurements (~ 4
K) from crossed-wire junctions verified the appearance of a Coulomb staircase and
blockade for only aggregates of the zinc porphyrins. In other examples, free base
porphyrins in nanogap electrodes (formed as break junctions) have been reported to act
as Coulomb islands.”''*"* Wakayama et al. observed Coulomb blockade staircases in
the I-V measurements of these systems and also showed that the threshold voltages were
sensitive to changes in the intermolecular interactions.”'**'® Overall, it has been shown
that intermolecular interactions such as aggregation play a significant role in the
electronic properties of porphyrin molecules. These aggregates readily show the ability

to stabilize charge and this affords a means of creating bias switchable devices.
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1.5 Space Charge
Materials composed of small molecular aggregates have been shown to exhibit
the ability to store charge. In analogy to the semiconductor counterparts, the

development of charge in the molecules of a SAM bound to a surface saturates before
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Figure 1.14. The conductance of tetraphenylboride (TPhB") through a lipid bilayer
saturates with increasing concentration because of space charge limits (®). An implicit
equation describes the space charge limited current, solid line: prpys. = 0.602Chexp(-
gVrens) where 0.602 converts units of concentration mol liter”, to ions per nm?, C is the
concentration of the lipophilic ion, f is the partition coefficient, ¢ is the molecular
charge, and V' is the potential of the ion inside the membrane based on electrostatic
calculations. Cancelation of the space charge of the lipophilic anion by photo-formation
of a porphyrin cation and self-assembly into an ion chain can increase the conductance
by >20-fold (o), were the dashed line is the calculated non-space charge limited
conductance. This photogated device is an early example of an all-organic molecular
electronic. Reproduced from ref. [**] with permission of the copyright holders.
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every molecule becomes ionized because of space charge limitations, and densely
packed monolayers of porphyrinoids are an excellent example.'”?!'"!® Space charge
limited conductance of supramolecular porphyrin wires in lipid bilayers was previously
noted (Figure 1.14).**° Thus the optimum surface or device density of active molecules
represents a balance between efficient use of molecules because of space charge limits
and the need for redundancy to assure performance. Space charge scales with q/4mepe;
where q is the charge, & is the vacuum permittivity (8.85 x 10 J" C’m™), and ¢, is the
dielectric constant of the medium. Perhaps secondary SAM molecules in the matrix that
can diminish the space charge effects by raising the dielectric constant (~3 for an alkane
and 20-30 for a polyethyleneglycol) or serve as built-in counter ions which may allow
greater surface densities of the active molecules.

Collectively, the conclusion is that organic molecules, especially porphyrins,
show promise for future implementation into device architectures. The design of these
molecules will continue to progress to the complete formation of functional devices. As
a contribution to the allotment of current investigations, this thesis will provide evidence
for the functionality of porphyrin and carboxylic acid terminated alkanethiols as
components for working devices including fabrication strategies, measurement of
properties, and theoretical modeling. STM has proven to be a powerful tool thus far for
examining molecules for use in molecularly-enhanced devices, and as such, has been
used to examine the properties of dodecanethiol/porphyrin mixed SAMs and patterned
islands particularly for probing the electronic properties of the ensembles of porphyrin

and 16-mercaptohexadecanoic acid molecules. The focus of the present research has
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been on ensembles of molecules in confined spaces and to understand how the charge
transport characteristics are altered in these confined settings.
1.6 Confined Geometries

Fundamental studies of the molecules, in this case, porphyrins, adsorbed on
surfaces is the first step in developing higher order systems that can be incorporated into
electronic components. The majority of studies mentioned previously focused on either
single molecules or monolayers/thin films on surfaces. In almost any conceivable device
to be made in the near future however, junctions containing ensembles of molecules on
the order to tens to thousands are likely to be used. Moreover, even in self-assembled
systems, domains and aggregates often predominate and their properties may depend
significantly on domain size. As such, understanding how molecules assemble in
confined geometries and how their local environment influences their conduction
properties due to nearest neighbor interactions, via mechanisms such as pi stacking or
vibronic coupling is required. To fully take advantage of the rich photochemistry of
porphyrins and how they may be integrated with existing technologies such as CMOS,
the details for controlling molecular assembly and charge transport in molecules on
surfaces must be fully explored at the single molecule level as well as for small
ensembles. As stated earlier, the electronic properties of single molecules or groups of
molecules have been studied by others exploiting a range of different electrical testbeds,

117,219-222

including mechanical and electrical break junctions, cross-wire junctions,’?

5

nanopores,”>* and mercury drop contacts.””> Other techniques such as conducting-probe

125,126

atomic force microscopy (CP-AFM) and scanning tunneling microscopy
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(STM)''*127128  enable the observation of individual molecules on surfaces and can
afford concomitant information on their local structural and electrical properties which
will be used in the studies herein. It is critical to obtain direct topographic information,
as well as transport properties such as the local tunneling probability as well as the
electronic density of states including which molecular orbitals participate in the electron
transport process.

Specific chemical or physical changes to molecules during charge transport
however are difficult to assess in situ. A recent NSF report' specified that key to
advancing our understanding of molecular conduction was the ability to probe chemical
and/or structural changes simultaneously during charge transport in confined junctions.
Several approaches to achieve this have been reported in the literature in recent years

226,227

including inelastic electron tunneling spectroscopy (IETS) and tip or surface

enhanced Raman spectroscopy (T/SERS)'?*2%24

of electrical junctions. These
approaches provide a powerful combination with electrical measurements and open the
door to evaluating chemical changes that may be occurring in the buried interfaces
formed by the molecules “sandwiched” between electrodes. IETS measurements
provide a means to actually follow the conduction pathways in molecules by examining
which modes become vibronically coupled to the conducting electrons®’ and how the
local environment may perturb or alter these processes. It is important to examine the
electronic pathway of the porphyrin thiol molecules to confirm that the transport is

occurring through the molecule itself and that the electron is not just hopping from one

junction to the next without current flowing through the molecule.
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Lastly, understanding and controlling molecular assembly in the confined
dimensions of electrical junctions is paramount to the development and implementation
of molecule based nanoelectronics, whose function is dictated or enhanced (i.e. “more
than Moore” applications) by the use of molecular assemblies to modulate charge
transport. However little work has been done in examining how spatial confinement
influences self-assembly in confined geometries. Various approaches using AFM, such
as nanoshaving and nanografting, have been used to spatially organize molecules in
confined assemblies. STM conducted in solution also provides a means to position new
molecules in desired locations on surfaces.””®** From these studies it was found that the
kinetics of the assembly process as well as the structures formed (i.e. differences in
packing densities) can be distinctly different from molecular assembly on open surfaces.

175230 51 molecular

While for single molecules, the influence of surrounding molecules
conduction has been investigated, the way in which altering the chemistry in spatially
confined structures impacts self-assembly and molecular conduction in confined
molecular assemblies has not been thoroughly investigated. Porphyrin molecules
assembled in confined matrices of dodecanethiol have been examined to ascertain the

influence of the surrounding matrix on how the assembly and conduction of the

molecule.
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1.7 Past, Present, and Future

Previously in the pre-scanning probe era, there was excellent work on the
conductivity of crystalline and polycrystalline materials that were in many ways the
forerunners of today’s efforts in molecular electronics. The pioneering works of Marks
and coworkers on crystalline and polycrystalline halogen-doped [M(Pc)O]l, materials in
the late 1970s (Figure 1.15)*'? is noteworthy. Electrical conductivities of the best
performing wires, where M = Si, Ge, and Sn with x = 1 — 2, were ~0.1 Q em™. In view
of the new analytical tools and new approaches to forming nanowires, it would be
interesting to revisit these systems to assess the transport mechanism(s) and their

photonic properties on the nano scale.

Figure 1.15. Conductive polycrystalline wires of Marks and coworkers reported in the
early 1980s. Redrawn from refs. [*'**%].
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Currently, molecular electronics based on porphyrinoid systems show great
promise for the future. The molecular design and formation of functional devices has
been aided by new fabrication strategies, measurement tools, and theoretical models.
Several key results should be noted. All parts of the molecule play critical roles in the
molecular electronic properties: redox active moiety, linker, tether, and attachment
group. The matrix surrounding the probed molecule has a profound effect on the activity
of the molecule whether the matrix consists of passive alkanes, active molecules of the
same kind, or active molecules of other types. The detailed electronic properties of a
single molecule can be quite different than nanoscale domains or islands of these
molecules. Space charge and redox potentials can limit the charge density on a given
surface and number of charges on given molecules, respectively. The hierarchical
organization of molecules, wherein the supramolecular structure varies with scale, has
the potential to modulate function. For example, the intermolecular interactions between
free-base porphyrins are different than the corresponding zinc metalloporphyrin in
nanodomains of these molecules in SAMs. The precise architecture mediated by
supramolecular interactions ranging from =n-m to coordination bonds dictates the
electronic communication between these nanodomains, thus having profound effects on
the observed molecular electronic properties.

In the future, developing better theoretical and experimental probes of how both
the ensemble and matrix affects molecular electronic properties will facilitate design of
enabling technologies. For example, predictably designing specific switching properties

and thresholds are a keystone issues to be developed. The matrix surrounding the active



49

molecules is an essential design element that has heretofore not been specifically
studied. The role of molecular dynamics on multiple time scales (vibrational and
conformational) on the molecular electronic properties is beginning to be appreciated
both in terms of the initial charge transport efficiency and rate, and in terms of while the
molecule is in the ‘on’ or ‘off” redox state. Yet, there is a paucity of studies that
systematically vary temperature with observed transport properties of porphyrinoid
SAMs or those using matrix molecules with varying stiffness. The commercial viability
of the dyes was not specifically discussed, but if the molecule is to be deployed on a
large scale, easily scalable and economical synthetic strategies will be needed
eventually.

Much of the work described above is on large areas of SAMs of porphyrinoids
wherein little molecular level or nanoscale level measurements have been made. Though
the surface may appear to be uniformly covered with the active molecules by
electrochemical and spectroscopic methods, often it is yet to be determined how uniform
is the molecular electronic properties are on the nanoscale. Are cadres of
supramolecularly organized substructures present in the SAM? If so, do they have
different transport properties as observed in the case of the porphyrins in the SAM
matrix? Many of these systems are demonstrated to be remarkably robust, but can
defective molecules be replaced to restore the functional parameters the device? What is
the right balance between molecular economy and needed redundancy for a given

function?
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Indeed, as Feynman noted there has been a lot of public relations concerning the
potential of molecular electronics, but as we develop a better understanding of Nature
(e.g. the physics of molecular conduction), the long-held promise of molecular
electronics may be moving from bench to successful technology.

1.8 Introduction to Subsequent Chapters

Organic molecules, specifically porphyrins and 16-mercaptohexadecanoic acid
(16-MHA), were investigated for potential use as electronic components. Detailed 16-
MHA studies were performed to investigate environmental effects of the molecules
patterned in different solvents and different matrices. Environmental effects revealed
that the type of solvent and background matrix can provide a robust, stable environment
of nanoscale testbed arrays for investigation of organic molecules for future device
components as well as metal-molecule-metal junction platforms. Self assembly versus
directed assembly (or nanopatterning) of 16-MHA revealed interesting properties of the
kinetic affects of monolayer versus bilayer formation with the carboxylic acid head
group of the molecules as well as stochastic switching of the bilayer formation. 16-
MHA was also used to explore how pattern density affects molecular assemblies while
fabricating with SPL in confined geometries. The nature of the porphyrin studies was
much more rigorous with a systematic investigation of derivatives of a thiol tethered
porphyrin. Derivatives of the porphyrin were subject to modification of the coordination
chemistry of the porphyrin macrocycle, fluorine attachment to the phenyl ring to control
the barrier between the coupling of the pi conjugation with the tether, and surface

attachment via a mono- or bipodal methylene spacer with a thiol tether. The porphyrin
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thiol has been investigated as a pure monolayer, without any background surrounding
matrix or a mixed monolayer, which provided a supportive, reference surrounding
matrix on the Au surface before insertion of the porphyrin thiol. Whether pure or mixed
monolayer, first a complete characterization of the porphyrin adsorbed on the surface
was obtained which supplied information about the configuration of the molecules on
the Au surface. Next charge transport analysis led to further modification of the
structure of the porphyrin to obtain more desirable electronic properties, and this was
carried out by specifically adding a zinc metal center or by adding a second surface
linker to increase the stability and control the configuration of the molecular assemblies.
Charge transport through these porphyrin derivatives in spatially confined versus
unconfined geometries was the focus after physical and electronic characterization of
each of the molecules. Low temperature [-V measurements showed Coulomb blockade
and UHV-STM revealed the bias-induced switching behavior of zinc porphyrin islands
on Au surfaces. These unique electronic properties provide evidence that these
molecules could be used in single electron tunneling devices due to the capacitive
behavior of the nanoscopic islands.

In Chapter II of this dissertation, an explanation of the experimental methods
used throughout this research will be discussed. In Chapter III, the details of the
complete characterization of thiol tethered porphyrin derivatized self assembled pure and
mixed monolayers on Au surfaces will be provided. The characterization procedure
provides information including: attachment orientation based on the angle and physical

height of the molecule, conductivity which is determined based on the apparent height
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and current-voltage (I-V) behavior of the molecule, conductance switching behavior due
to conformational or other effects and stability of the molecules. A variety of
characterization and analysis methods were employed including: Reflection Adsorption
Infrared Spectroscopy (RAIRS), Atomic Force Microscopy (AFM), X-ray Photoelectron
Spectroscopy (XPS), Scanning Tunneling Microscopy and Spectroscopy (STM/S) and
low temperature STM, Density Functional Theory (DFT) calculations, and Inelastic
Electron Tunneling Spectroscopy (IETS) which aid in the surface characterization and
charge transport characteristics of each of the different assemblies. In Chapter IV, a
metalloporphyrin with interesting electronic characteristics is examined in detail, while
Chapter V provides insight into controlling molecular assemblies by using bipodal
surface-attached porphyrin thiol derivatives. Chapters VI and VII will focus on
nanopatterning techniques and optimization. Specifically in Chapter VI, scanning probe
lithography was used to create well-defined patterns of organic carboxylic acid
terminated molecules and investigating environmental effects when fabricating
nanoscale assemblies. Chapter VII covers the fabrication and charge transport behavior
of directly assembled zinc porphyrin thiol nano-islands for future investigation of
electrical junctions for implementation into nanoelectronics. In Chapter VIII, a
summary will be given along with future directions of this project. Overall, porphyrins
are known to have m-electron delocalization and small HOMO-LUMO gaps resulting in
lower charge injection barriers, more efficient charge transfer, and accessible states near
the Fermi level of the metal. These well-known properties as well as the investigated

electronic properties in this dissertation have provided us with the knowledge of
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molecules that show great potential as electronic components, and spatially organizing
organic molecules on surfaces using nanolithography methods moves us one step closer

for future implementation of molecules into devices.
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CHAPTER II

EXPERIMENTAL METHODS

2.1 Preparation of SAMs

Molecular electronics is an ever-growing field,'®***** but before molecules can
be implemented into electronics, the molecule or assembly of interest must undergo full
characterization and structure-function relationship analysis. All of the porphyrins
studied are first adsorbed onto a Au surface using a method known as self-assembly.
When the porphyrin self assembles through solution based methods onto a surface, in
this case, it forms a monolayer, or one layer of molecules on the Au. The molecules
attach to the Au surface through chemisorption where the thiol tether bonds to the Au
surface. Once the porphyrins form a self-assembled monolayer (SAM) on the Au, the
molecule can undergo rigorous characterization.
2.2 STM and STS

To better realize the potential of the molecules studied in this dissertation, many
tools are required including one of the most valuable tools for surface scientists, the
Scanning Tunneling Microscope (STM). Developed in 1981 by Binnig and Rohrer,”*
the STM has become a powerful tool in examining the electronic nature of atoms and
molecules on conducting surfaces. The STM provides high resolution images of a
surface using a quantum mechanical phenomenon known as tunneling. Tunneling is a
phenomenon when an electron passes through a classically forbidden region. In STM,

when the tip is very close to the sample, the wavefunction of the tip and sample overlap
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Figure 2.1. Schematic of Scanning Tunneling Microscopy (STM).

and the electron can tunnel from the tip to the sample or vice versa depending on the
direction of the applied bias. The STM is comprised of major components including the
electronics, the probe (typically a Pt/Ir tip), a positioner (piezoelectric components to
convert voltage into a physical motion), and a feedback loop as shown in Figure 2.1.
When an ultra-sharp Pt/Ir tip is near the sample surface the electrons will tunnel from the
tip to the surface due to the overlap of wavefunctions. A voltage bias is applied which
shifts the alignment of the energy levels of the tip and surface causing the electrons to

tunnel through a classically forbidden barrier. The potential difference is maintained and
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the distance of the tip from the surface is controlled using a feedback mechanism to
signal if the current is too high or too low and the tip distance will adjust in order to
maintain a constant current. The STM will produce a topographic image of the surface
based on the apparent height of the sample which is a convolution of the actual physical
height and electronic structure. Therefore, a molecule that is conductive will appear
brighter and higher in height in the STM image compared to an insulator. Scanning
tunneling spectroscopy (STS) uses an STM tip to obtain current-voltage (I-V) and
current-distance (I-z) measurements to gather information about the sample such as the
barrier height (¢), tunneling constant (), and conductance of a sample which are
necessary to determine the type of application of the molecules.
2.3 AFM

Another tool to examine the detail of surfaces is Atomic Force Microscopy
(AFM) which was invented by Binnig, Quate, and Gerber in 1986.>*” The AFM has a
major advantage since it has the ability to image all types of surfaces, whereas the STM
is limited to conducting and semi-conducting surfaces only. Similarly to an STM, the
AFM is comprised of a probe (typically Si or SizsNy tip on a cantilever), piezoelectric
elements, and a feedback loop which relies on molecular forces to modulate the tip-
sample interaction (see Figure 2.2). In contact-mode imaging, the AFM tip follows the
physical profile of the surface maintaining a constant lever deflection, 0x, translating
into a topographic image of the sample surface. The force, F, applied during imaging is

determined by knowing the deflection of the lever and the stiffness or spring constant, k,
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Figure 2.2. Schematic of Atomic Force Microscopy (AFM).

of the cantilever. Other than visualizing molecules on a surface, the AFM can also be
used to manipulate molecules using lithographic techniques such as nanoshaving and
nanografting”’ as well as Nanopen Reader and Writer (NPRW).>** More specifically,
nanoshaving uses the AFM tip to shave away a host of matrix molecules and leaves
behind a hole, or nanowell, of exposed underlying substrate. Nanografting is similar to
nanoshaving, however as the matrix molecules are shaved away, new molecules from
solution are bound to the surface where the shaving took place, forming a pattern on the

2
39 and

surface. NPRW combines nanografting with Dip Pen Nanolithography (DPN)
uses a precoated tip to displace background molecules which are replaced with the

molecules on the tip. Typical AFM measurements use a SizNy4 tip in order to resolve

surface details, but if the tip is coated with a metal such as gold or platinum, e.g. a
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conducting tip, it is known as Conducting Probe AFM (CP-AFM) which can be used to
evaluate the electronic properties of the surface. CP-AFM differs from STM in that the
force of the tip is maintained as the feedback loop unlike the current which is used for
STM.
2.4 IR Spectroscopy

Other techniques which are not necessarily surface sensitive techniques can also
be applied to explore molecules adsorbed on surfaces. Conventional Fourier Transform
Infrared spectroscopy (FT-IR) has been transformed to acquire the vibrational modes of
molecules on surfaces known as Reflection Adsorption Infrared Spectroscopy
(RAIRS).*****! RAIRS is similar to conventional IR spectroscopy, but in this case the
molecules are deposited on a surface which have characteristic vibrational modes that
can be detected as long as the dipole change is perpendicular to the metal surface.
RAIRS can also used to characterize the molecules on the surface, specifically it is used
to calculate the orientation of the molecule by studying the in-plane and out-of-plane
vibrational modes.***
2.5 XPS

X-ray Photoelectron Spectroscopy (XPS) is a technique developed in the 1960s
which is based on the photoelectric effect. XPS uses a photoelectron source illuminated
onto a sample surface and the beam from the source ejects electrons from the sample
which have characteristic binding energies. These characteristic binding energies are
described as the amount of attraction the electron has with the nucleus and are dependent

on the type of atom and environment they are in. Due to these binding energies, XPS is
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a tool used to distinguish which elements are present on the surface. XPS is considered
a surface sensitive technique even though the bulk material is still excited with the
source as the ejected photoelectrons have mean free paths of only ca. 1 nm. XPS aids in
the characterization process by determining which elements are present and the chemical
environment of the elements after the molecule is adsorbed onto the surface.
2.6 IETS

Inelastic Electron Tunneling Spectroscopy (IETS) is a method also developed in
the 1960s and is used to measure the tunneling pathway of a molecule in a metal-
molecule-metal sandwich array. The inelastic pathways of the molecule are observed in
which the electron loses some energy to another pathway such as a vibrational or
electronic mode. IETS is a powerful tool for studying molecular conduction in a

confined junction.***?%

IETS measurements provide a means to actually follow the
conduction pathways in molecules by examining which modes become vibronically
coupled to the conducting electrons, and how the local environment may perturb or alter
these processes.
2.7 Computational Methods

A theoretical approach will also be used in this dissertation which is pertinent to
model and verify the experimental results. Density Functional Theory (DFT) is used as
the main method to calculate the molecular structure as well as the analytic vibrational

modes, electronic structure, and rotational energy barriers. Time-dependent density

functional theory (TDDFT) and other computational methods such as ADF will also be
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used to investigate the charge transport, molecular stacking arrangement and other

surface characteristics of the porphyrins on Au.
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CHAPTER III
SYNTHESIS AND CHARACTERIZATION OF A THIOL-TETHERED TRIPYRIDYL

PORPHYRIN ON AU(111)*

3.1 Introduction
In recent years, thiol-derivatized molecules on gold substrates have been widely

implemented for elaborate designs of molecular electronics.'®'®  The use of self-

158

assembled monolayers (SAMs) " has been extensively employed for this development

because of the relatively stable, two-dimensional, and densely packed structures that can
be formed on metal or semiconductor surfaces through robust chemical bonds (e.g. Au-
S, Si-O and Si-C bonds) as compared to Langmuir-Blodgett (LB) films**® and lipid
bilayers.* The electronic properties of single molecules or small groups of molecules

have been studied by constructing different electrical testbeds, including electrical and

119,168,247-249

mechanical break junctions, cross-wire junctions,”” nanopores,”>* mercury

12,125

drop contacts,”” conducting-probe atomic force microscopy (CP-AFM), and

scanning tunneling microscopy (STM).'!*127:128

STM is a powerful surface analysis
technique, as it enables the observation of individual molecules with atomic resolution

on surfaces. In addition to topographic details, STM images can elucidate details of the

local tunneling probability as well as the electronic density of molecular orbitals (e.g.

*Reproduced with permission from Journal of Physical Chemistry C; Yang-Hsiang
Chan, Amanda E. Schuckman, Lisa M. Pérez, Mikki Vinodu, Charles M. Drain and
James D. Batteas, “Characterization of a Thiol-Tethered Tripyridyl Porphyrin on
Au(111),” J. Phys. Chem. C; 2008; 112(15); 6110-6118. Copyright 2008 American
Chemical Society.
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highest occupied molecular orbital, HOMO and lowest unoccupied molecular orbital,
LUMO) participating in the tunneling process and thus can influence the local transport

behavior.

h250—252 12,230,253

Although organic molecules wit and without n-electron conjugated

system have attracted considerable attention for the potential manufacturing of electronic
devices down to the molecular level, highly m-conjugated molecules are of particular
interest since the m-electron delocalization inside such molecules typically results in
lower injection barriers and more efficient tunneling or electron transfer. Recent work in

254-256

this aspect has been explored on polythiophenes, oligo(phenylene ethynylene)s

(OPEs),”"* oligo(phenylene vinylene)s (OPVs)*® as well as phthalocyanines,”®
porphyrins,**>?** Re/Ru-bipyridyl molecules,*** and metal string complexes.”*>*% There
have been a number of previous studies on porphyrins anchored to various
substrates'***°"*" because of their remarkably diverse photoelectrochemical, catalytic,
electronic, and biochemical properties® ' that enable their use as active components of

272,273

devices for applications including chemical sensors, information storage,'***"*

and

215276 The relatively small

electrocatalytic or photocatalytic oxidations or reductions.
HOMO-LUMO gap (ca. 2 eV) and the proximity of the HOMO states to the Fermi level
of Au can be an advantage in many of these applications. In addition to single
molecules, hierarchical assemblies of porphyrins self-organized by various strategies
have also been explored as a means of creating light harvesting structures for energy

conversion, ¢%7277:278
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Key in the implantation of hierarchical assembly of porphyrins for the
construction of molecular based devices is the ability to readily create assemblies that
can be reliably organized and attached to surfaces in high yields. In the work presented
here, a free-base porphyrin macrocycle bearing three 4-pyridyl moieties and one
pentafluorophenyl substituent in the meso positions was synthesized as a core platform
for the rapid, high yield attachment of tethers that can be tailored to both the surface
chemistry and other properties. In the present case a terminal dithiolalkane replaces the
4-fluoro group to yield a derivative for immobilization onto a gold surface via strong
sulfur-gold chemisorption (Figure 1.1). The work described herein is the first in a series
of molecular systems being investigated by our groups for the creation of light
harvesting and molecular/organic electronic devices. The pyridyl moieties provide a
convenient attachment point for additional molecules via metal-ligand coordination
chemistry, while the use of the fluorinated phenyl ring provides an easy surface
attachment group. Moreover, by controlling the extent of fluorination of this linker
group, this phenyl ring, can be used as an internal barrier to control the tunneling
between the pyrrole macrocycle and the thiol tether. This barrier can be modulated by
systematic variation of the number and position of the fluoro groups on the ring, thus
affording some control of the relative orbital energies of this phenyl group and the
degree of steric interactions between the 2,6-positions on this phenyl group with the
pyrrole B-hydrogens. Thus, control of these interactions provides a means to dictate the

electronic coupling between the macrocycle and the tether.
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In this chapter, the tri-pyridyl porphyrin with the fully fluorinated ring has been
explored. In addition to the synthesis, we describe the preparation and characterization
of mixed monolayers of the thiol tethered porphyrin inserted into a pre-assembled 7n-
dodecanethiol monolayer on gold surfaces. The surface assembly has been characterized
utilizing STM, AFM, X-ray photoelectron spectroscopy (XPS), and reflection absorption
infrared spectroscopy (RAIRS). Density Functional Theory (DFT) calculations have
also been employed to aid in detailing the molecular and electronic structures, as well as
the analytic vibrational modes of this molecule for comparison to experiment.

3.2 Experimental
3.2.1 Materials

Self-assembled monolayers were prepared on Au films, including Au(111) on
mica (Molecular Imaging-Agilent, Phoenix, AZ) and on evaporated Au films on Si. Au
films on Si substrates were prepared by thermal evaporation onto single-side polished
Si(100) wafers (Virginia Semiconductor Inc.) in a bell-jar evaporator (BOC Edwards,
Auto 306). The chromium (5 nm) and gold (200 nm) films were deposited under
vacuum (p < 2.0 x 10 Torr) at the rate of 0.5 and 3 A/s, respectively. Dodecanethiol
(DDT) was purchased from Aldrich (98% purity) and used as received.

3.2.2 Synthesis of Porphyrin Thiol Compound
5,10,15-tri(4-pyridyl)-20-(4-(1°,5’-dithiopentyl)-2,3,5,6-tetrafluorophenyl)
porphyrin (TPy;PF4-SCsSH) was synthesized in two steps. First, a mixed aldehyde
condensation in propionic acid using one equivalent of pentafluorobenzaldehyde, three

equivalents isonicotinaldehyde and four equivalents pyrrole yields a statistical mixture
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of compounds that are readily separated by flash chromatography.®” The 4-fluoro group
of the target 5,10,15-tri(4-pyridyl)-20-perfluorophenylporphyrin (15 mg, 21.2 mmol),
was reacted with 1,5-dithiopentane (25 mL, 180.5 mmol) and diethyl amine (60 mL, 580
mmol) in a solvent mixture of DMF, chloroform and methanol (4:4:1 v/v, 3 mL) in the
dark under nitrogen at room temperature for 24 h. After evaporation of the solvent at
reduced pressure, the crude product was purified by flash silica gel column
chromatography with a 97% CH,Cl, / 3% CH3;OH (v/v) eluent. The major fraction was
collected and subjected to one more column purification with the same solvent system
(yield 13.8 mg, 79% based on compound 1). UV-visible in CH;Cl, (Amax nm (rel.
intensity): 416 (100), 511 (9.28), 544 (3.85), 585 (4.25) and 640 (2.39). NMR (500MHz,
CDCl5):6 =9.10 (d, J = 5.3 Hz, 6H), 8.91 (m, 8H), 8.20 (m, 6H), 3.31 (t, 2H), 2.67 (m,
2H), 1.91 (m, 2H), 1.79 (m, 4H), 1.45 (t, 1H) and —-2.81 (s, 2H). UV-Vis (CHCIl;): 416,
511, 544, 585 and 640. ESI-MS: 824 (MH").
3.2.3 Preparation of Pure and Mixed Monolayers

Au(111) substrates (purchased from Molecular Imaging Inc.) were ~150 nm
flame-annealed gold films on mica. Before each experiment, all substrates were treated
with UV/ozone for 20 min, followed by rinsing the gold film in sequence with high
purity (18.2 MQecm) water (NANOpure Diamond, Barnstead), ethanol, and dried with
streaming nitrogen. Pure SAMs were formed by immersion of the Au films in 0.5 mM
free base porphyrin thiol dissolved in dichloromethane for one to eight days to allow the
assembly of the porphyrin molecules. After assembly, the substrates were removed from

the solution and were rinsed with dichloromethane and blown dry with streaming
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nitrogen. Mixed SAMs were formed by first making SAMs of n-dodecanethiol which
were formed by immersion of the Au films in 1 mM n-dodecanethiol in ethanol for 24 h.
After rinsing liberally with ethanol, the substrates were soaked in 0.5 mM porphyrin
thiol dissolved in dichloromethane for five days to allow the insertion of the porphyrin
molecules into n-dodecanethiol matrix. After insertion, the substrates were removed
from the solution and were rinsed with dichloromethane and blown dry with streaming
nitrogen.
3.2.4 Scanning Tunneling Microscopy

STM measurements were taken both in air and under ultrahigh vacuum (UHV)
conditions. STM measurements in air were carried out with a NanoScope I1la (Veeco
Metrology Group, Santa Barbara, CA) using a low-current scanning head under ambient
conditions. High resolution images were collected under UHV conditions using an
Omicron UHV-XA STM system. The system was operated with a typical base pressure
of < 3 x 10" Torr. Images were collected using Pt/Ir (70/30) tips which were
mechanically cut. The typical imaging conditions of tunneling current and tip bias
voltage ranged from 10 pA to 200 pA and from +500 mV to +1.5 V, respectively.
Current-voltage (I-V) spectra were collected under UHV conditions over a voltage range
of 2Vto+2V.
3.2.5 Atomic Force Microscopy

AFM images were acquired with a Molecular Imaging 4500 Pico SPM (Agilent,
Phoenix, AZ) with a deflection-type detection scanning head interfaced with an

SPM1000 control electronics Revision 8§ (RHK Technology Inc., Troy, MI). All AFM
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images were acquired in contact mode under ethanol using commercially available SisNy4
AFM tips (Veeco/TM Microscopes, Sunnyvale, CA) with nominal tip radii of ~ 10 nm
and nominal spring constants ranging from 0.03-0.1 N/m.
3.2.6 X-ray Photoelectron Spectroscopy

XPS data were acquired with a Kratos Axis ULTRA X-ray photoelectron
spectrometer equipped with a 165 mm hemispherical electron energy analyzer. The
incident radiation was the MgKa X-ray line (1253.6 ¢V) with a source power of 180 W
(15kV, 12 mA). The analysis chamber was maintained at a steady base pressure of <6 x
10® Torr during sample analysis. Survey scans of up to 1100 eV were carried out at a
analyzer pass energy of 160 eV with 1.0 eV steps and a dwell time of 300 ms.
Multiplexed high resolution scans (Au 4f, C 1s, S 2p, N 1s, and F 1s) were taken at a
pass energy of 40 eV with 0.1 eV steps and a dwell time of 60 ms. The survey and high
resolution spectra were obtained with averages of 5 and 50 scans, respectively. The Au
4f peak at 84.0 eV was set as a reference for all XPS peak positions to compensate for
energy shifts due to the spectrometer work function. The fitting of high-resolution sulfur
peak was executed by utilizing XPSPEAK 4.1 in which a Shirley-type background279
(from ~159 eV to ~168 eV) with an 80% Lorentzian-Gaussian curve-fitting program
were used. The spin-split doublets of the S(2p) were fitted by fixing the area ratio at
2p3n:2p12 = 2:1 and setting their energy difference to 1.2 eV. The full width half-

maximum of each peak was also maintained at a constant value.
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3.2.7 FT-IR Spectroscopy

Transmission IR spectra of the solid porphyrin compounds were obtained in KBr
pellets. FT-IR spectra of the mixed monolayers were collected on evaporated Au films
on Si. Reflection-absorption spectroscopy was collected using an FT-IR spectrometer
(Nicolet 6700, Thermo Electron Corporation, Madison, WI) equipped with a liquid
nitrogen-cooled HgCdTe (MCT) detector. FT-IR data were acquired in single reflection
mode with polarized light generated by a ZnSe polarizer adaptor (FT-80, Thermo
Electron Corporation). The light path, MCT detector, and sample chamber were purged
with dry nitrogen during the measurements. An UV/ozone cleaned gold substrate was
used as the reference. The IR spectra were collected with a total of 1024 scans of both
the sample and the reference at 4 cm™ resolution.
3.2.8 Theoretical Calculations

Calculations of the molecular structure, electronic structure, and analytic
vibrational modes were carried out using Density Functional Theory (DFT).**® All
calculations were carried out with the Gaussian 03**' suite of programs. The TPy;PF,-
SCsSH molecule was fully optimized and analytical frequencies were calculated at the
DFT level with the TPSS® functional with a density-fitting basis set.”* A Pople

286

style”™*?® double-{ quality basis set with a diffuse®™ and optimized polarization

function on heavy atoms®®’

(6-31G+(d’)) was used for all atoms. Polarization (d)
functions used spherical harmonic representations.

We chose the TPSS functional and basis set, 6-31G+(d’), by calibrating against

the unsubstituted free base porphine. The TPSS/6-31G+(d’) frequencies fit the
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experimental data for the unsubstituted free base porphine very well and with reasonable

computational cost. Larger basis sets as well as the B3LYP [Becke three-parameter

288 289
]

exchange functional (B3)™ and the Lee-Yang-Parr correlation functional (LYP)
DFT was also used for the optimization and analytical vibrational frequency calculations
for the unsubstituted free base porphine and compared to the TPSS and experimental
results.
3.3 Results and Discussion
3.3.1 Theoretical Calculations

Density functional theory calculations were used to optimize the gas phase
structure of the porphyrin thiol compound and the results were compared with the
experimental studies. The optimized structure of the porphyrin thiol is shown in Figure
3.1B shows that the pyridyl groups are canted at ~ 65° relative to the macrocycle, which
is constant with the numerous crystal structures of meso aryl porphyrins.® The
tetrafluorophenyl group is found to be nearly perpendicular to the macrocycle. The
length of the porphyrin from the attaching sulfur atom to the nitrogen in the top pyridyl
group is 2.42 nm. The calculations indicate the porphyrin macrocycle is distorted
slightly with C5 to C15 length of 0.70 nm and the C10 to C20 length of 0.69 nm. This
differs from the optimized structure of the unsubstituted free base porphine molecule
(Figure 3.1A) with a symmetric macrocycle with a length of 0.69 nm across both the C5
to C15 and the C10 to C20 directions. The HOMO - LUMO gap for the porphyrin thiol
was calculated to be 1.83 eV which is a smaller gap than the unsubstituted free base

porphine with a calculated HOMO - LUMO gap of 1.98 eV. The small HOMO - LUMO
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Figure 3.1. TPSS optimized structures for the (A) unsubstituted free base porphine and
(B) free base porphyrin thiol.
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gaps for these materials make them good candidates for molecular electronics, in
comparison to many other molecules that have been studied, which exhibit gaps in
excess of 2.5 eV.® Moreover, the location of the HOMO state (-5.27 eV) relative to the

Fermi level of the Au substrate (-5.1 eV)*!

based on these calculations (with all of their

associated caveats), suggests a small injection barrier of ca. 0.2 eV. The frontier orbitals
that should participate in the electron transport process as shown in Figure 3.2 reveal no
overlap between the orbitals of the porphyrin macrocycle and the tetrafluorophenyl ring
that links the macrocycle to the thiol tether. Thus, there is an inherent barrier to charge
transport located directly within the molecule, which may contribute to the observed low
current values observed by STM current-voltage measurements of the molecules on Au
as described below. Future experiments will aim to alter the porphyrin — phenyl
coupling group by systematically removing fluorine groups from the phenyl ring. This
would enable us to control the ring rotation dynamics and predictably alter the orbital

overlap between the macrocycle and the alkyl chain, thereby affording a means to

control the charge transport characteristics.
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Figure 3.2. Frontier molecular orbitals (HOMO-3 to LUMO+1) for the porphyrin thiol.

3.3.2 Spectroscopy- Pure Monolayers

The free base porphyrin thiol molecule has been analyzed using UV-Vis
spectroscopy, FT-IR measurements as well as AFM and STM. UV-vis spectroscopy of
porphyrin molecules typically results in very characteristic spectra. The spectra have
two Q-bands which are present in the visible region around 500 — 600 nm for
metalloporphyrin complexes. The lower energy band is the electronic origin of the

lowest-energy excited singlet states. The higher energy band includes one mode of
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vibrational excitation. For free base porphyrins, there are four Q-bands since the
spectrum goes from a Duy-type to a Dyy-type. Breaking of the Day, symmetry splits each
Q band owing to a vibronic overtone. Each porphyrin absorption spectrum also has a

characteristic Soret band (or B band) which is very intense around 380 — 420 nm. Itis

. . T . .
300 400 500 600 700
wavelength (nm)

Figure 3.3. UV-Vis spectrum of porphyrin thiol in CH,Cl,.
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Figure 3.4. IR spectra of pure porphyrin monolayers on Au/Cr/Si after (A) 1 day, (B) 2
days, (C) 4 days, (D) 8 days and (E) 12 days soaking time.
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the origin of the second excited singlet state. The UV-Vis spectrum of the porphyrin
thiol is shown in Figure 3.3, which has a Soret band prevalent at ~ 417 nm and four Q-
bands which have been magnified for visualization.

SAMs can be composed of pure monolayers of only one type of molecule, or can
be mixed, where a host of matrix molecules are first formed on the surface followed by
insertion of the molecule of interest. Pure monolayers of the free-base porphyrin thiol
molecule assembled onto a bare Au substrate have been analyzed. The Au substrates
were soaked in the pure porphyrin solution over a number of days. The IR spectra were
taken at 1, 2, 4, 8 and 12 days and the porphyrin peaks (from ~ 650 — 1600 cm™)
increased in intensity over that time period as shown in Figure 3.4. By comparing the IR
spectra of the monolayers with the KBr and calculated IR spectra (shown in Figure 3.5),
it has been found that the porphyrin molecules tend to lie close to the surface with a tilt
angle of ~ 48° with respect to the normal of the Au surface. It is expected that without a
surrounding matrix, the porphyrin molecules will not favor a stable upright position on

the surface.
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Figure 3.5. IR spectra of porphyrin thiol in (A) KBr pellets and (B) DFT calculated.

3.3.3 Surface Imaging- Pure Monolayers

Utilizing surface imaging such as AFM and STM has allowed for the
visualization of the molecules on the surface after immersion into solution after 1, 4 or 8
days. AFM images of the sample indicate that after longer soaking times of the Au
substrate in the porphyrin thiol solution, the porphyrin molecules begin to form clusters
and aggregate together (Figure 3.6). These clusters have a physical height of ~ 2 nm

above the Au surface which is approximately the actual height of the molecules. As the
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molecules begin to pi-stack and aggregate together, they have the ability to stand more
upright and not lie completely flat on the open Au surface. Since there is not a matrix
monolayer, the pure porphyrin thiol monolayers are not inhibited and have the freedom
to move around on the Au surface. The STM images reveal that the porphyrin thiol does

not appear as segmented clusters but rather a uniform film on the Au surface.

Figure 3.6. AFM topography images of pure porphyrin thiol monolayer on Au(111)
after (A & B) 1 day and (C & D) 4 days.
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Figure 3.7. STM image of pure porphyrin monolayer on Au/mica after 8 days.

In Figure 3.7, after 8 days of soaking the porphyrin thiol, there are no bright
spots on the surface which would indicate single molecules standing upright on the
surface. However, we do see etch pits from the thiol terminated porphyrin adsorbing
onto the Au which is seen for all types of thiol terminated molecules assembling on Au

#9229 The mobility and the freedom of the molecules on the surface can be

surfaces.
seen in Figure 3.8 where approximately a 50 nm region is continuously scanned with the

STM tip. Upon zooming out of the scanned area, it can be seen that the etch pits have



79

diffused together (Figure 3.8D). This freedom poses problems for studying charge

transport and prevents them from being implemented into electronics applications.

101s

2525 503s

Figure 3.8. Diffusion of porphyrins while scanning pure porphyrin thiol monolayer
with the STM tip after initial time (A) 0 s, (B) 101 s, (C) 252 s and (D) 503 s.

In order to overcome these obstacles, mixed SAMs have been implemented to
force the molecules in an upright, less mobile configuration. Mixed SAMs are made of

the free-base or zinc porphyrin thiol inserted into a host alkanethiol matrix, more
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specifically a dodecanethiol (C12SH) matrix on Au(111). The alkanethiol chains
prevent the porphyrin molecules from lying down on the surface and limit the movement
of the porphyrin molecules across the surface.
3.3.4 FT-IR Measurements- Mixed SAMs

The calculated vibrational spectrum for the porphyrin thiol molecule is shown in
Figure 3.9A. Using the calculated porphyrin thiol vibrational spectrum, the peaks in the
mixed monolayer IR spectrum can be assigned and used to calculate the orientation of

the porphyrin thiol molecule in the mixed monolayer. The optimized porphyrin thiol

va(CH3) Va(CH,) Vs(CHS)

B

' 3200 3000 2800 2600 1600 1200 800
Wavenumbers (cm™1)

Figure 3.9. IR spectra of TPy;PF4-SCsSH (A) calculated by TPSS and (B) prepared in
KBr pellets; and (C) RAIRS spectrum of TPy;PF4-SCsSH/dodecanethiol mixed
monolayers.
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structure was used in the proposed model for the orientation of the porphyrin thiol
inserted in the mixed monolayer as shown in Figure 3.10 with the rotational axis through
the alkyl chain. The peak at 970 cm™ in the mixed monolayer spectrum is assigned to
the porphyrin in plane pyrrole breathing mode and the one at 798 cm™ is the v;;(CH) out
of plane bending mode of the pyrrole moieties. These two peaks were used to calculate
the average molecular orientation on the surface using a previously published method.**
The calculated free porphyrin thiol spectrum agrees well with the experimental KBr

spectrum in the lower wavenumbers region from 700-1800 cm™ and is shifted slightly at

higher wavenumbers.

Figure 3.10. Proposed binding scheme of TPy;PF4-SCsSH inserted into n-
dodecanethiol SAMs and corresponding in-plane (a;) and out-of-plane (ay) dipole
vectors of porphyrin macrocycle.
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The IR spectra of TPy;PF4-SCsSH calculated by DFT and prepared in KBr
pellets are presented Figure 3.9A and 3.9B, respectively. The molecules in KBr pellets
are ground thoroughly and thus presumably exhibit isotropic orientation. Figure 3.9C
displays the infrared reflection absorption spectroscopy spectrum of porphyrin
thiol/dodecanethiol mixed monolayers on Au. The observed peak frequencies and

vibrational modes were assigned based on the calculations and previously reported

267,268,294,295

literature and are summarized in Table 3.1.

Table 3.1. Peak assignments for the porphyrin thiol in KBr Pellets, in monolayers mixed
with dodecanethiol and TPSS calculations. “The peak intensity is negligible.
°Calculated with density functional theory TPSS/6-31G+(d”).

peak position (cm™)
in  inmixed DFT® vibrational mode
KBr SAMs calc.
3316 3318 3470 v(N-H), stretching

————— 2964 -----" v,(CHj, ip), asym stretching
----- 2936 -----" v4(CH3, FR), sym stretching
2926 2919 3058 v,(CH,), asym stretching
----- t 2877 -----* v4(CHj3), sym stretching
2853 2850 3010 v(CH,), sym stretching
2533 ooee * 2663 v(SH)

1592 1593 1603 vg,(C=C), in-plane stretching
1465 1468 1447 v,9,(C=C), in-plane stretching
1069 1045 1077 v,(CH), in-plane bending
968 969 970 pyrrole breathing

798  ~791 800  v{;(CH), out-of-plane bending
~726 723 729  pyrrole deformation
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A proposed model of the porphyrin thiol derivative embedded in n-dodecanethiol
SAMs tilting away from the surface normal by ~ 30° is illustrated in Figure 3.10, where
the in-plane pyrrole ring breathing mode, a;, and out-of-plane pyrrole C-H bending
mode, a, are sketched. The tilt angle of the porphyrin macrocycle (o) with respect to
the surface normal can be derived from the intensity ratio of these two transition dipoles.
The observed disappearance of the v(SH) mode at 2534 cm™ confirms the formation of
S-Au covalent bonds. The absorptions between 2800 and 2965 cm™ are n-alkyl stretch
modes (V(CH) and v(CHj3) originating from dodecanethiol matrix and the porphyrin
thiol alkyl tether). The corresponding vibrational peaks for the in-plane and out-of-plane
contributions from the porphyrin thiol pyrrole moieties (a; and a,, respectively) are
denoted in Figure 3.10 for deducing the molecular tilt angle of the thiol-derivatized
porphyrin SAMs.

The increase of intensity ratio of 7,;/I,; in the mixed monolayers (Figure 3.9C) as
compared with the KBr pellets (Figure 3.9B) suggests that the porphyrin macrocycle
orients at a certain angle relative to the surface normal rather than lying flat on the Au
surface according to the surface dipole selection rule*”® in which the dipole moments
perpendicular to the metallic substrates can be enhanced, while those parallel to the
substrates will be canceled out. Based on the intensity ratios of the orthogonal vectors of
I,1/I,; in mixed monolayers versus the isotropic KBr sample, the average tilt angle (o)
was determined to be ~ 39.0° relative to the surface normal.*** The value of the average
azimuthal tilt angle was obtained by assuming that the rotation angle (¢) around the main

molecule axis was 0° and the porphyrin ring was planar which is in accordance with the
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results of theoretical calculation (vide infra). Although the rotation angle might vary
from 0°, the value of the calculated tilt angle is not affected much by the variation of
rotation angle. If the relative isotropic intensity, /,1/1,, from the calculated spectrum is
used in place of the experimentally measured KBr sample, the tilt angle of the
macrocycle in the mixed monolayers would be similar at ~ 41.0°.
3.3.5 X-ray Photoelectron Spectroscopy

A representative survey spectrum of the porphyrin thiol/dodecanethiol mixed
monolayer is shown in Figure 3.11. High-resolution spectra of the C(1s), N(1s), and
F(1s) regions show peak binding energies of 284.8 + 0.1, 399.0 + 0.1 and 687.0 £ 0.1
eV, respectively, while the high-resolution S(2p) signal can be fitted into two sets of
doublets from the S(2ps) and S(2p12 ) components split by 1.2 eV. The two S(2ps3»2)
peaks are centered at 162.1 = 0.1 and 163.7 + 0.1 eV, respectively (Figure 3.12). The

297

first type of sulfur corresponds to the thiol chemisorbed onto the gold substrate,” " while

the second at higher binding energy can be attributed to the presence of the S

coordinated to the tetrafluorophenyl ring.>”

The experimentally determined value of
F:N atomic ratio is consistent with the expected 4:7 stoichiometry within a deviation of

10-15% which demonstrates that the integrity of the porphyrin thiol molecules is

retained after insertion into the n-dodecanethiol matrix.
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Figure 3.11. X-ray photoelectron survey spectrum for TPy;PF4-SCsSH/dodecanethiol
mixed monolayers on Au (111).
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Figure 3.12. High-resolution XPS for TPy;PF4-SCsSH/dodecanethiol mixed SAMs,
showing the F 1s, N 1s, C 1s, and S 2p spectral regions.
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3.3.6 Surface Imaging- Mixed SAMs

In order to examine the surface structure of the inserted porphyrin molecules,
both atomic force and scanning tunneling microscopies were employed. AFM images of
the mixed monolayer show clusters inserted into the dodecanethiol matrix, suggesting
that the porphyrin molecules are sticking up out of the dodecanethiol background.
Based on the physical heights determined from contact mode images in ethanol, the
porphyrins were observed to extend above the dodecanethiol SAM anywhere from 0.5
nm to 2 nm (Figure 3.13A). The variation in heights is likely due to differences in
bonding location, such as near defects or step edges in the film. The average measured
height difference was found to be ~ 0.9 nm, which is consistent with the average
structure 1illustrated in Figure 3.10 as deduced from the FT-IR data, in which the
porphyrin macrocycle is tilted ~ 39° away from the surface normal. Due to the large size
of the AFM tips used (ca. 10 nm) sufficiently high resolution images however were not
possible by AFM to detail the molecular organization of the dodecanethiol matrix. As
such, scanning tunneling microscopy was employed to obtain molecular resolution

images of the mixed monolayer films.
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Figure 3.13. Height and domain size distributions from AFM and STM measurements.
(A) Physical height difference between the dodecanethiol and porphyrins deduced from
AFM images in ethanol. (B) Domain size histogram and (C) apparent height distribution
for the ON conductance state of TPy;PF4-SCsSH embedded in n-dodecanethiol SAMs
from UHV-STM (Vbias = 1.4 V, Lunnel = 20 pA).

STM images of the dodecanethiol matrix on the Au(111) surface shows the
close-packed structures typically observed for alkanethiols that have been previously
reported'““*** (Figure 3.14). When the porphyrins are inserted into the SAM, they
are found to organize next to and into defects in the film and appear as bright unresolved
clusters. From the examination of a number of self assembled mixed monolayers, the

clusters are found to form two predominate average domain sizes of ~ 2 nm and ~ 6 nm
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Figure 3.14. UHV-STM images of TPy3;PF4-SCsSH molecule(s) isolated within n-
dodecanethiol matrix on Au(111) under UHV conditions. Imaging size: (A) 50 x 50 nm,
(B) 50 x 50 nm, (C) 100 x 100 nm, and (D) 100 x 100 nm; imaging conditions: Vs =
1.4 V, Iume = 20 pA. The inset in (A) magnifies the (V3 x V3)R30° lattices for n-
dodecanethiol SAMs.
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in width (Figure 3.13B). The ~ 2 nm domains are likely single inserted porphyrins
whose physical width from pyridyl-pyridyl group is ~ 1.5 nm, convoluted with the STM

300301 1 broadened by thermal motion, while the ~ 6 nm domains are porphyrin

tip shape,
aggregates (likely 3-5 molecules) which tend to have strong m—m coupling between
macrocycles. This distribution is observed when imaging either in air or under UHV
conditions. Interestingly, all of these domains show similar apparent heights of 0.5 nm
on average relative to the dodecanethiol matrix. The apparent height distribution for
these porphyrin thiol domains is displayed in Figure 3.13C. This apparent height is
nearly half that of the observed physical height deduced from AFM images of the same
samples and suggests that the barrier to tunneling within the molecules is significant.
Comparing the physical height as deduced from AFM measurements to the
observed height in the STM, the electron tunneling decay constant, 3, for the porphyrin
thiol can be estimated using a two layer tunnel junction model'”**°***? assuming that the
contact conductance between the two molecules is essentially equivalent. Based on this

assumption, the decay constant for the porphyrin thiol can be estimated from the

apparent height difference as follows:

B =Bpprhppr —a(Ohsp, — éh)]/hpor >

where PBppr is the tunneling decay constant for dodecanethiol (1.2 A'l), hppt 1s the
physical thickness of the dodecanethiol layer (~ 14 A, based on a molecular tilt angle of

30°), a is the decay constant between the tip and molecule in vacuum, (~ 2.3 A™), Shstm
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Figure 3.15. I-V spectra (averaged from 50 curves each) for the (A) dodecanethiol
matrix, (B) small (~ 2 nm) porphyrin domains and (C, D) large (> 6 nm) porphyrin
domains.

is the apparent height difference determined by STM, and ok is the height difference
deduced by the AFM topographic data, A, is the physical height of the porphyrin thiol
as deduced by AFM and FT-IR measurements. Utilizing this formalism, the tunneling
constant f for the porphyrin thiol was estimated to be ~ 1.4 A", This B value is
consistent with current-voltage (I-V) spectroscopy measurements (Figure 3.15) of the
dodecanethiol SAM compared to the inserted porphyrins, which show similar current
values over the range of bias probed from (-2 V to +2 V) despite the conjugated nature
of the porphyrin moiety and the potentially low injection barrier as suggested from DFT

calculations, which places the HOMO ~ 0.2 eV below the Fermi level for Au (~ 5.1 eV).
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This high B value suggests that the tunneling in this molecule is ultimately dominated by
the alkyl tether which binds the molecule to the surface, which has been seen previously
for other systems,'”” and is consistent with the alkyl tether decoupling the macrocycle
from the surface, as has been seen for napthyl compounds by 2-photon photoemission.””
There is also likely a contribution from the lack of orbital overlap between the porphyrin
macrocycle and the alkyl tether due to the orientation of the tetrafluorophenyl ring
coupling the two and we are in the process of systematically investigating how changing
the chemistry and orientation of the phenyl ring influences the conduction properties.

Current-voltage (I-V) curves from the small (ca. 2 nm) and large (~ 6 nm)
domains show some distinct differences (Figure 3.15). The single molecules show a
roughly symmetric I-V curve, as compared to that of dodecanethiol, with an upturn in
current flow around -1 V and + 1.5 V. When examining the I-V curves for the larger
aggregates (Figure 3.15C and D), the upturn in current appears nearly symmetrically at +
1 V. Moreover, two families of I-V curves appear, one with a distinct current blockade
and one without. This may be due to local intermolecular interactions shifting the
HOMO-LUMO levels as is typically observed during the formation of H and J
aggregates for porphyrins.

In addition to their relatively low conductance, the inserted porphyrins show the

phenomenon of stochastic switching'?*!'7>!773%

whereby the molecules in the “ON”
state exhibit several A’s of apparent height protrusion relative to the surrounding

alkanethiol matrix, while the “OFF” state shows little to no contrast from the host matrix

(Figure 3.16). Such “ON/OFF” conductivity switch-like behavior has been explored
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both theoretically and experimentally to be associated with orientation changes of the

305,306

molecules, interactions among neighboring molecules,”®’ reduction of functional

8 177,309

groups,”®  bond-fluctuation, and changes in molecule-substrate bond
hybridization.'”®*!° Weiss et al. has demonstrated how controlling the rigidity of the
local matrix in which the molecules are implanted may be used to influence switching
behavior arising from molecular orientation dynamics.'”

Unlike many previous examples, the switching behavior that we observe
generally occurs only a few times for each molecule or cluster of molecules. In fact,
after extended periods of imaging a region, virtually no porphyrins are further observed
within the scan area. Upon expanding the scan area, clusters are again observed, but
only outside the region that had been previously imaged. This suggests that the

molecules are either removed from the surface, chemically altered by oxidation or

reduction, or that an irreversible conformational change has occurred that renders them
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Figure 3.16. Representative STM images for ON and OFF switching behavior of
TPy;PF4-SCsSH. The red arrows in (B) indicate the OFF conductance state switching
from the ON conductance state in (A), while the blue arrows exhibit the ON state turning
from the OFF state in (A). Total measurement time = 8.2 minutes, 100 x 100 nm, Vyjas =
1.4V, Lynnet = 20 pA.

undetectable by STM in their new conformation. The redox pathway is unlikely because

the first two oxidations and reductions of the porphyrin macrocycle are reversible under
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UHYV conditions. While the majority of the inserted molecules appear near defects in the
SAM layer, even those that have been found in the center of well ordered domains show
“switching” behavior.  As such, the dodecanethiol near the porphyrins may be more
disordered than can be deduced simply from the STM images, due to the bulkiness of the
macrocycle impeding imaging directly near the inserted molecules, and still enables
local conformational changes in the inserted molecule.
3.4 Conclusions

Tri-pyridyl porphyrin compounds have been attached to Au surfaces by a thiol
tether, through a tetrafluorophenyl linker. The use of the fluorinated linker provides a
facile means of attachment to any dithiol tether. When inserted into a background
matrix of dodecanethiol, the porphyrins are observed to tend to bind near the edges of
defects within the alkanethiol layer as either single molecules or small ensembles (ca. 3-
5 molecules). Based on the apparent height of the molecules relative to the
dodecanethiol matrix, the tunneling efficiency was found to be low, similar to that of a
simple alkanethiol which is considered a molecular insulator. From DFT calculations,
the low tunneling efficiency can be attributed to the lack of effective orbital overlap
between the frontier orbitals of the porphyrin macrocycle and the thiol tether due to the
orthogonal dihedral angle between the porphyrin ring and the perfluorophenyl linking
group. In addition to the electronic effects on the phenyl ring, the 2,6 fluoro moieties
increase the rotation barrier and diminish the dynamics of the aryl — porphyrin bond.
Thus, this group introduces an effective tunneling barrier directly within the molecule

reducing the tunneling efficiency, despite of the close proximity of the HOMO of the
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molecule to the Au Fermi level. Future studies will examine how selective removal of
the fluorine groups from the tether can be used to tune the tunneling properties by both
electronic and steric interactions. Also, once attached to the surface, additional
porphyrin rings will also be coordinated to this compound via metal-ligand coordination

to create energy harvesting structures.
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CHAPTER IV
COULOMB BLOCKADE AND BIAS-INDUCED SWITCHING OF ZINC

COORDINATED THIOL-TETHERED TRIPYRIDYL PORPHYRINS ON AU(111)

4.1 Introduction

311,312

Exploring the use of single molecules and molecular assemblies’” for

molecular/organic electronic applications has been of significant interest in recent years

314-317 318-321

to control charge injection at interfaces and for light harvesting applications.
The transport properties of such assemblies have been characterized using a range of
methods including nanogap electrodes, scanning tunneling microscopy (STM),
mechanically controlled break junctions as well as cross-wire junctions among others.**
Most of these techniques, with the exception of STM however, cannot provide molecular
detail inside the junction. Nonetheless, from such measurements it has been shown that
molecules and their assemblies can exhibit unique transport properties such as negative
differential resistance (NDR), switching, hysteresis and other non-linear current-voltage
behavior. These properties can vary for single molecules as compared to when the
molecules aggregate to form an ensemble. As such, comparing the transport properties
of single molecules to that of their aggregated structures is of interest.**

Recent studies on molecular systems have focused on their use in single electron

324325 in which small islands are assembled within nanoscale electrode

tunneling devices
gaps and their charge state can be tuned using a gate voltage. For example, assemblies

involving free base porphyrins in nanogap electrodes have been purported to act as
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Coulomb islands. However, from these studies no detailed understanding of the
assembled structures within the electrode gaps could be discerned.”’>*?*3*®  Other
molecular systems have been shown to portray similar Coulomb blockade-like behavior

17:329.330 55 well as multilayer assemblies.”' A ruthenium(II) bis(c-

for single molecules
arylacetylide) complex®®’ was found to exhibit Coulomb blockade behavior at liquid
helium temperatures with a purported hopping-type electron transport mechanism.
Utilizing the coordination of a cobalt ion bound between two terpyridinyl linker

17330 \yas also found that electron transport could be readily controlled

molecules
through well-defined charge states. Studies of multilayer assemblies of nickel-
octanedithiol, created through the incorporation of the Ni atoms between the dithiol

331 From these studies it was

layers have also been shown to exhibit Coulomb blockade.
suggested that the metal centers could provide charge traps and show Coulomb
blockade-like behavior at low temperatures with stochastic charge-defect gating.

In the work presented here, we have found that the transport properties of singly
inserted molecules of zinc porphyrin thiol are different than when they assembled into
island via aggregation. Here, zinc coordinated tri-pyridyl porphyrin thiols have been
assembled in a dodecanethiol matrix on Au(111). Through self-assembly, the molecules
are found to insert into the dodecanethiol matrix as isolated single molecules or as
aggregates (islands) depending on deposition time. Through a combination of STM and
crossed-wire inelastic electron tunneling spectroscopy (IETS) measurements, the

conductance properties and charge transport pathway in these molecular assemblies have

been investigated. From these studies we have found that when molecular aggregates
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are formed, the assembled islands (of ca. 10 nm in dimension) show a clear and
reversible bias-induced switching behavior. From our earlier studies of free base
porphyrin thiols, we found that these islands are fairly small (ca. 3 - 6 nm in
diameter).”* By inserting Zn(Il) into the porphyrin macrocycle, the aggregation of the
molecules increases, and these molecular assemblies were found to exhibit clear bias
dependent switching. We believe that the switching mechanism is unlike other
mechanistic effects previously described such as dipole, conformation changes, bond
hybridization, or interactions from neighboring molecules, since the free base analog of
the this porphyrin thiol did not exhibit bias-induced switching. Here, we purport that
switching results from charge stabilization by the zinc metal center as well as an
electronic effect from the clustering of these molecules, since switching was only
observed with the aggregates of the zinc-coordinated porphyrin thiol and not singly
inserted molecules. Moreover, depending on the aggregate island size, Coulomb
blockade was observed at low temperatures indicating that these ensembles can act as
molecular capacitors. Again, it is interesting to note that this is not observed for single
molecules or for islands of the free base analog of the zinc porphyrin thiol molecule.
4.2 Experimental
4.2.1 Materials

Self-assembled monolayers were prepared on Au films, including Au(111) on
mica (Molecular Imaging-Agilent, Phoenix, AZ), and dodecanethiol was purchased from

Aldrich (98% purity) and used as received.
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4.2.2 Synthesis of Zinc Porphyrin Thiol Compound
5,10,15-tri(4-pyridyl)-20-(4-(1°,5’-dithiopentyl)-2,3,5,6-tetrafluorophenyl)
porphyrin (TPy;PF4-SCsSH) was synthesized in two steps and the complete details and
associated spectral characterizations are provided in a previous paper.’* The previously
published synthetic method was followed by coordination of the compound with zinc
and the details and associated complete characterization of the synthesized and
metallated molecules can be found in the Supporting Information of the published

manuscript.
4.2.3 Preparation of Mixed Monolayers

Au(111) substrates (purchased from Molecular Imaging Inc.) were ~150 nm
flame-annealed gold films on mica. Before each experiment, all substrates were treated
with UV/ozone for 20 min, followed by rinsing the gold film in sequence with high
purity (18.2 MQecm) water (NANOpure Diamond, Barnstead), ethanol, and then dried
with streaming nitrogen. SAMs of n-dodecanethiol were formed by immersion of the
Au films in 1 mM n-dodecanethiol in ethanol for 24 h. After rinsing liberally with
ethanol, the substrates were soaked in 0.5 mM zinc porphyrin thiol dissolved in
dichloromethane for a period of one to five days to allow the insertion of the zinc
porphyrin molecules into n-dodecanethiol matrix. After insertion, the substrates were
removed from the solution and were rinsed with dichloromethane and blown dry with
streaming nitrogen. The surface characterization of mixed SAMs of the zinc porphyrin
inserted into the dodecanethiol matrix were carried out using Atomic Force Microscopy

(AFM), Fourier Transform Infrared Reflection Absorption Spectroscopy (FT-IRAS), X-
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ray Photoelectron Spectroscopy (XPS), Scanning Tunneling Microscopy (STM), and
Inelastic Electron Tunneling Spectroscopy (IETS).
4.2.4 Atomic Force Microscopy

AFM images were acquired with a Molecular Imaging 4500 Pico SPM (Agilent,
Phoenix, AZ) with a deflection-type detection scanning head interfaced with an
SPM1000 control electronics Revision 8 (RHK Technology Inc., Troy, MI). All AFM
images were acquired in contact mode under ethanol using commercially available SizNy4
AFM tips (Veeco/TM Microscopes, Sunnyvale, CA) with nominal tip radii of ~ 10 nm
and nominal spring constants ranging from 0.03 - 0.1 N/m.
4.2.5 Scanning Tunneling Microscopy

STM measurements were taken under ultrahigh vacuum (UHV) conditions using
an Omicron UHV-XA STM system. The system was operated with a typical base
pressure of < 2.3 x 10 Torr. Images were collected using Pt/Ir (70/30) tips which were
mechanically cut. The typical imaging conditions of tunneling current and tip bias
voltage ranged from 5 pA to 100 pA and from -2.0 V to +2.0 V, respectively. Current-
voltage (I-V) spectra were collected under UHV conditions over a voltage range of -2 V
to +2 V. The STM images were analyzed with commercially available Scanning Probe
Image Processor (SPIP) software (version 4.8.1, Image Metrology, Lyngby, Denmark),
and the Grain Analysis module with Threshold algorithm was used to estimate the

surface coverage of the zinc porphyrin thiol for the 5 day mixed SAMs.
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4.2.6 X-ray Photoelectron Spectroscopy

XPS data were acquired with a Kratos Axis ULTRA X-ray photoelectron
spectrometer equipped with a 165 mm hemispherical electron energy analyzer. The
incident radiation was the monochromatic Al Ka X-ray line (1486.6 eV) with a source
power of 120 W (12 kV, 10 mA). The analysis chamber was maintained at a steady base
pressure of < 6.0 x 10 Torr during sample analysis. Survey scans up to binding
energies of 1200 eV were carried out with an analyzer pass energy of 160 eV with 1.0
eV steps and a dwell time of 300 ms. Multiplexed high resolution scans of the Au(4f),
C(1s), S(2p), Zn(2p), N(1s), and F(1s) regions were taken with a pass energy of 40 eV
with 0.1 eV steps (with the exception of Zn(2p) which was acquired at 0.05 eV steps)
and a dwell time of 60 ms. The survey and high resolution spectra were obtained with
averages of 5 and 30 scans, respectively (with the exception of C(1s) which was
obtained with an average of 10 scans). The Au(4f;,) peak at 84.0 eV was set as a
reference for all XPS peak positions to compensate for energy shifts due to the
spectrometer work function. The fitting of high-resolution sulfur peak was executed by
utilizing XPSPEAK 4.1 in which a Shirley-type background*” (from ~159 eV to ~168
eV) with an 80% Lorentzian-Gaussian curve-fitting program were used. The spin-split
doublets of the S(2p) were fitted by fixing the area ratio at 2p3,»:2pi, = 2:1 and setting
their energy difference to 1.2 eV. The full width half-maximum of each peak was also

maintained at a constant value.
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4.2.7 FT-IR Spectroscopy

Transmission IR spectra of the solid porphyrin compounds were obtained in KBr
pellets. FT-IR spectra of the mixed monolayers were collected on evaporated Au films
on Si. Au films on Si substrates were prepared by thermal evaporation onto single-side
polished Si(100) wafers (Virginia Semiconductor Inc.) in a bell-jar evaporator (BOC
Edwards, Auto 306). The chromium (5 nm) and gold (200 nm) films were deposited
under vacuum (P < 2.0 x 10 Torr) at the rate of 0.5 and 3 A/s, respectively. Reflection-
absorption spectroscopy was collected using an FT-IR spectrometer (Nicolet 6700,
Thermo Electron Corporation, Madison, WI) equipped with a liquid nitrogen-cooled
HgCdTe (MCT) detector. FT-IR data were acquired in single reflection mode with
polarized light generated by a ZnSe polarizer adaptor (FT-80, Thermo Electron
Corporation). The light path, MCT detector, and sample chamber were purged with dry
nitrogen during the measurements. A UV/ozone cleaned gold substrate was used as the
reference. The IR spectra were collected with a total of 1024 scans for both the sample
and the reference at 4 cm™ resolution.
4.2.8 Theoretical Calculations

We chose the TPSS functional and basis set, 6-31G+(d’), by calibrating against
the unsubstituted free base porphine. The TPSS/6-31G+(d’) frequencies fit the
experimental data for the unsubstituted free base porphine very well and with reasonable

computational cost. Larger basis sets as well as the B3LYP [Becke three-parameter

288 289
]

exchange functional (B3)™" and the Lee-Yang-Parr correlation functional (LYP)

DFT was also used for the optimization and analytical vibrational frequency calculations
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for the unsubstituted free base porphine and compared to the TPSS and experimental
results. Calculations of the electronic structure, molecular structure, and electrostatic
potential (ESP) maps were performed using Density Functional Theory (DFT).**
Calculations were carried out with the Gaussian 03*®' suite of programs and the

332
l.

Amsterdam Density Functional (ADF) suite version 2008.0 The zinc porphyrin

thiol molecule was fully optimized using Gaussian 03 at the DFT level with the TPSS**
functional with a density-fitting basis set.”® Two basis sets were used in this study. BSI
consists of the triple-{ SDD basis set and effective core potential (ECP) on zinc and a
Pople style”™**® double- quality basis set with a diffuse®®® and optimized polarization
function on the heavy atoms®’ (6-31G+(d’)) for all other atoms. Polarization (d)
functions used spherical harmonic representations for the free base porphyrin thiol and
Cartesian coordinates for the zinc porphyrin thiol molecule. BSII was used for single
point energy (SPE) calculations and consists of a 6-311+g(d) basis set for zinc and 6-
31g+(d’) basis set for all other atoms. The ESP and density were calculated at the
(TPSS/BSII//TPSS/BSI) level. The ESP maps were generated using GaussView 3.0 at a
0.0005 isodensity value and a color scale of -0.050 (red) to +0.043 (blue) a.u.’s.
Calculations of the electronic structure of the stacked zinc metalloporphyrins were
carried out with the ADF program. The stacked zinc porphyrin thiol molecules were
fully optimized at the DFT level with the PW91>* functional with the all-electron basis

set from the DZP database for all atoms except zinc which used the TZP database of the

ADF suite.
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4.2.9 Inelastic Tunneling Spectroscopy

SAMs of n-dodecanethiol (C12) were formed by immersion of the Au wires in 1
mM dodecanethiol in ethanol for 24 h. After sonicating in ethanol for 5 minutes, the
wires are soaked in 0.5 mM zinc porphyrin thiol dissolved in dichloromethane for one to
five days to mirror the STM experiments. After assembly the wires are sonicated in
dichloromethane for five minutes before being soldered to the crossed wire setup.

Crossed wire junctions of the mixed dodecanethiol/zinc porphyrin thiol
molecular monolayer are formed at liquid helium temperature. The transport
measurements were preformed with standard ac modulation technique where the dI/dV
and d’I/dV? signals are recorded simultaneously with the I-V characteristics. To remove
any junction area dependency from the data, the IET spectra are presented as the
amplitude (d*I/dV?)/(dl/dV).
4.3 Results and Discussion

The drive to integrate molecules as active components of optoelectronic devices
requires a detailed understanding of how they assemble on surfaces and how this
assembly influences their transport properties. The surface assembly of the mixed
monolayers of the thiol tethered zinc porphyrin molecules inserted into a pre-assembled
n-dodecanethiol monolayer on Au(111) surfaces has been characterized utilizing
Scanning Tunneling Microscopy (STM), Atomic Force Microscopy (AFM), Fourier
Transform Infrared Reflection Absorption Spectroscopy (FT-IRAS), X-ray
Photoelectron Spectroscopy (XPS), and Inelastic Electron Tunneling Spectroscopy

(IETS). Density Functional Theory (DFT) calculations have also been employed to aid
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in detailing the electronic and molecular structures, as well as mapping the electrostatic
potential for the zinc porphyrin thiol molecule.
4.3.1 Theoretical Calculations

DFT calculations were used to optimize both the gas phase structure of the zinc
porphyrin thiol compound and the results were compared with experimental studies.
The model and the calculated gas phase optimized structure of the zinc porphyrin thiol
molecule are shown in Figure 4.1 a & b, respectively. The optimized structure of the
zinc porphyrin thiol is similar to the findings of the free base analog in which the
tetrafluorophenyl ring is canted nearly perpendicular at ~ 83 degrees with respect to the
macrocycle, and the three pyridyl rings are found to tilt out of the plane of the
macrocycle ranging between ~ 65 — 67 degrees. The HOMO-LUMO gap for the zinc
porphyrin thiol was calculated to be 1.99 eV which is slightly larger than the free base

analog with a calculated HOMO-LUMO gap of 1.89 eV. Moreover, the location of the
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Figure 4.1. (a) Zinc porphyrin thiol model where M = Zn, R = F, (b) TPSS optimized
structure and (c) proposed binding scheme of zinc porphyrin thiol inserted into n-
dodecanethiol SAMs including the corresponding in-plane (a;) and out-of-plane (a;)

dipole vectors of porphyrin macrocycle. Frontier molecular orbitals (HOMO-3 to
LUMO+1) for the (d) free base and (e) zinc porphyrin thiol.

HOMO state (-5.37 eV) relative to the Fermi level of the Au substrate (-5.1 eV) based on
these calculations (with all of their associated caveats), suggests a small injection barrier
of ca. 0.3 eV. Also, the frontier orbitals that should participate in the electron transport
process as shown in Figure 4.1 d & e of the free base and zinc porphyrin thiol

derivatives reveal no overlap between the orbitals of the porphyrin macrocycle and the
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tetrafluorophenyl ring that links the macrocycle to the thiol tether. As such, there is an
inherent barrier to charge transport located directly within the molecule even after
incorporation of the zinc metal center.

A proposed model of the zinc porphyrin thiol molecule embedded in -
dodecanethiol SAMs tilting away from the surface normal by ~ 30° is illustrated in
Figure 4.1c as deduced from IR spectroscopy measurements described below.

4.3.2 FT-IR Measurements

In Figure 4.1c, the proposed model of the zinc porphyrin thiol derivative
embedded in n-dodecanethiol SAMs tilting away from the surface normal by ~ 30° is
illustrated where the in-plane pyrrole ring breathing mode, a;, and out-of-plane pyrrole
C-H bending mode, a,, are sketched. The tilt angle of the porphyrin macrocycle (o) with
respect to the surface normal can be derived from the intensity ratio of these two
transition dipoles. The absorptions between 2800 cm™ and 2965 cm™ arise from
thev(CH;) and v(CH3) stretching modes originating from the dodecanethiol matrix and
the zinc porphyrin thiol alkyl tether. The IR spectra of zinc porphyrin thiol calculated by
DFT (blue spectrum) and prepared in KBr pellets (black spectrum) are presented in
Figures 4.2a and 4.2b, respectively. The molecules in the KBr pellets are ground

thoroughly and thus presumably exhibit isotropic orientation. Figure 4.2¢ (red spectrum)
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Figure 4.2. IR spectra of zinc porphyrin thiol (a) calculated by TPSS and (b) prepared
in KBr pellets; and (c¢) IRAS spectrum of zinc porphyrin thiol/dodecanethiol mixed
monolayers.

displays the infrared reflection absorption spectrum of zinc porphyrin
thiol/dodecanethiol mixed monolayers on Au with exposure to the zinc porphyrin thiol
solution for 5 days. The observed peak frequencies and vibrational modes were assigned
based on the DFT calculated IR frequencies and previously reported

294,295,334,335

literature. From IR spectroscopy,”® the average tilt angle (o) of the

porphyrin molecules in the mixed SAMs was determined to be ~ 42.0° relative to the
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Table 4.1. Vibrational mode assignments for the zinc porphyrin thiol in KBr Pellets, in
monolayers mixed with dodecanethiol and TPSS calculations. (Note: s- strong intensity,

sh- shoulder).

Type of IR Spectrum

KBr Experimental- Mixed SAMs Calculated Mode
1day 3 days 5 days
654 pyridyl elongating stretch
665 668 664 pyridyl elongating stretch
678 677
697 697
709 707 711 708
722 721 721 723 719 pyrolle out of plane bending
756 757 754 757 743 CH, wagging
790 pyrolle out of place bending
795 795 (s) 795 795 795 pyridyl CH out of plane bending
835 830 830 833
854 856 855 852 844 pyridyl, CH oop
870 870 873 870 857 SH wagging, phenyl stretch
882 880 882 882
891 893 891 891 883 pyrolle wagging in plane
943
968 972 (s) 971 968 949 C-F asym stretch
997 999 997 999 1006 pyrolle asym breathing
1017 1019 1021 1021
1036 1035 1035 1036 1048 CH, rocking IP
1073 1074 1076 1076 1088 pyrolle CH scissor (bend IP)
1129 1123 1130
1157 1215 CH, rocking in sync oop
1179 1179 1186 1216 pyrolle deformation
1206 1205
1235
1266
1284
1299 1296 1301 1300 1251 CH, rocking sep and phenyl
1318
1340 1340 1340 1340 1309 CH, rocking in sync asym oop
1362
1389 1389 1389 1392
1408 1410 1408 1408 1353, 1370(sh) | pyrolle and pyridyl CH wagging IP
1466, 1466, pyridyl and CH bend IP, phenyl C=C asym
1464 (s), 1490 (sh)| 1466 (s), 1481(sh)  1492(sh) 1500(sh) 1421(sh), 1449  stretch
1526 1528 1528 1527 1514 macrocycle C-C asym stretch
1540 1549 1541 1540 1557 pyridyl rock IP
1595, 1595,
1592 1593 (s), 1603(sh)  1603(sh) 1606(sh) 1604 pyridyl C=C sym stretch
1634 1633 1630 1635 1627 phenyl C=C sym stretch
2548 - - - 2661 SH stretch
2990, 3011, 3028,
2853 2852 2850 2853 3042 CH, symm stretch
2926 2922 2920 2922 3058, 3086, 3109 | CH, asym stretch
3130 (sym), 3164
2949 2956 2956 2956 (asym) pyridyl CH stretch
3020 3024 3026 3030 3217 CH asym stretch-pyrolle
3064 3059 3063 3043 3239 CH symm stretch-pyrolle
3100 3091
3396

3444
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surface normal. Figure 4.2 and Table 4.1 show the IR spectra and the assignments of the
peaks, respectively, of the KBr sample, the mixed monolayers and the calculated zinc
porphyrin thiol spectrum. If the relative isotropic intensity, /,1/l,,, from the calculated
spectrum is used in place of the experimentally measured KBr sample, the tilt angle of
the macrocycle in the mixed monolayers would be similar at ~ 43.0°. In comparison, the
tilt angle (o) of the free base porphyrin thiol was similar at ~ 39.0° and ~ 41° relative to
the surface normal for the experimental and calculated IR spectra, respectively.
4.3.3 X-ray Photoelectron Spectroscopy

A representative survey spectrum of the porphyrin thiol/dodecanethiol mixed
monolayer is shown in Figure 4.3. High-resolution spectra (Figure 4.4) of the C(1s),
N(1s), F(1s) and Zn(2p) regions show peak binding energies of 284.8 £ 0.1, 398.0 £ 0.1,
687.3 £ 0.1 eV and 1020.5 + 0.1 eV, respectively, while the high-resolution S(2p) signal
is able to resolve the S(2ps2) and S(2p12) peaks from the thiol chemisorbed on the gold
substrate which are centered at 162.2 + 0.1 and 163.4 £ 0.1 eV, respectively. Since there
are two types of sulfur atoms present in the porphyrin molecule which can be
distinguished by their chemical shifts, the S(2p) signal can be fitted into two sets of
doublets from the S(2ps») and S(2pi2) components split by 1.2 eV. The two S(2ps2)

peaks are centered at 162.2 + 0.1 and 163.6 + 0.1 eV, respectively (Figure 4.4). The first
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Figure 4.3. (mono Al source) X-ray photoelectron survey spectrum for zinc porphyrin
thiol/dodecanethiol mixed monolayers on Au (111).
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Figure 4.4. (mono Al source) High-resolution XPS for =zinc porphyrin
thiol/dodecanethiol mixed SAMs, showing the Au 4f, C 1s, S 2p, N 1s, F Is and Zn 2p
spectral regions.

type of sulfur corresponds to the thiol chemisorbed onto the gold substrate,””’ which is
present due to the dodecanethiol and the zinc porphyrin thiol while the second at higher
binding energy can be attributed to the presence of the S coordinated to the

tetrafluorophenyl ring.*’

The intensity of these two S(2p;») peaks can be used to
determine the percentage of the total number of zinc porphyrin thiol molecules on the
surface. The attenuation of the thiol chemisorbed on the gold has to be considered for
the total peak intensity. The percent attenuation of the sulfur peak of the thiol-Au bond

due to the inelastically scattered photoelectrons by the interaction with the alkyl chains

in the mixed SAM has been determined using a previous method.”®® The method
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accounts for the thickness of the SAM, the attenuation length or escape depth of the

photoelectrons,***

as well as the angle between the plane of the sample and the
detector. We have found that the sulfur peak of the thiol-Au bond was attenuated by ~
43%. Using the integrated peak intensity of the S in the zinc porphyrin thiol and the S
from the thiol-Au bond with the attenuation factor, the zinc porphyrin coverage as a
function of the thiol adsorption sites was ~ 24 % for the 5 day soaked mixed SAM.
Taking the (V3 x V3)R30° lattice constant of 5 A for n-dodecanethiol SAMs on Au, an
approximate estimate of ~ 4 molecules/nm” has been determined. With this approximate
value, the full surface coverage of all thiol adsorbed molecules on the Au surface yields
a total coverage of 6.6 x 107 mol/cm?. The coverage of zinc porphyrin thiol is then 1.6
x 107" mol/cm? as determined from the percentage by XPS. The coverage reported here
is reasonably consistent with previous findings of alkanethiol/porphyrin mixed SAMs on
gold considering our calculation was determined based on XPS instead of using

electrochemical or absorption spectroscopy methods.*"!

Also, we expect that the
coverage of the zinc porphyrin thiol molecule presented here should be slightly higher
due to the fact that the meso substituents are not as bulky as the three di-tert-

butylbenzene substituents in comparison, and therefore the zinc porphyrin thiol can

insert more freely into the alkanethiol matrix.
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4.3.4 Surface Imaging

In order to examine the surface structure of the inserted zinc porphyrin thiol
molecules, both atomic force and scanning tunneling microscopies were employed.
AFM images of the mixed monolayer show clusters inserted into the dodecanethiol
matrix, suggesting that the zinc porphyrin thiol molecules are sticking up out of the
dodecanethiol background. Based on the physical heights determined from contact
mode images in ethanol, the zinc porphyrins were observed to extend above the
dodecanethiol SAM by ~ 0.3 nm (Figure 4.5a) which is much lower than the free base
porphyrin thiol with an average physical height of ~ 0.9 nm above the dodecanethiol
background SAM. This is consistent however with the FT-IR measurements of the
molecular orientation, which would estimate that the molecule extends from the
dodecanethiol monolayer by ~ 0.5 nm. Due to the large size of the AFM tips used (ca.
10 nm) sufficiently high resolution images were not possible by AFM to detail the
molecular organization of the dodecanethiol matrix. As such, scanning tunneling
microscopy was utilized to obtain molecular resolution images of the mixed monolayer

films.
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Figure 4.5. Height and domain size distributions from AFM and STM measurements (5
days soaking time for zinc porphyrin thiol into dodecanethiol matrix). (a) Physical height
difference between the dodecanethiol and zinc porphyrins deduced from AFM images in
ethanol. (b) Domain size histogram and (c) Apparent height distribution of zinc
porphyrin thiol embedded in n-dodecanethiol SAMs from UHV-STM (Vhias = 1.4 'V,
Lrunnel = 20 PA)

STM images of the dodecanethiol matrix (see inset in Figure 4.6) on the Au(111)
surface show the close-packed structures typically observed for alkanethiols'®**%%%
which shows that the matrix order is maintained after insertion of the porphyrin. When
the zinc porphyrins were inserted into the SAM, they were found to organize next to and
into defects in the film and appeared as bright unresolved clusters as shown in the
representative STM images in Figure 4.6 of zinc porphyrin thiol inserted into the
dodecanethiol matrix after 5 days. For the 5 day samples, the coverage as determined by

STM on average was ~ 17 % which is lower than the estimated coverage by XPS of ~ 24

%. The lower estimated coverage by STM is most likely due to the fact that the average
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Figure 4.6. UHV-STM images of zinc porphyrin thiol molecules isolated within n-
dodecanethiol matrix on Au(111) under UHV conditions. Imaging size and conditions:
(a) 100 x 100 nm; Viias = 1.2 V, Lunnet = 5 pA (b) 100 x 100 nm; Viias = 1.4 'V, Lynnet = 20
pPA (c) 100 x 100 nm; Vpias = 1.4 V, Iyynnet = 30 pA and (d) 250 x 250 nm; Vyips = 1.4V,
Tunnel = 30 pA. The inset in (b) magnifies the (\/3 X \/3)R30° lattices for n-dodecanethiol
SAMs.
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is based on the area of only the detected zinc porphyrin thiols by the SPIP software. The
SPIP grain analysis only works properly on smooth, flat surface areas which is why the
total coverage is underestimated since Au(111) has many terraces and uneven regions
which are negated or even removed during the calculated grain analysis surface
coverage. From examination of a number of mixed monolayers, the zinc porphyrin thiol
molecules were found to form much larger aggregates (Figure 4.5b) than the free base
porphyrin thiol which formed two dominate average domain sizes, small clusters of ~ 2
nm and larger clusters ranging from ~ 6 nm in width. The domain size of the zinc
porphyrin aggregates increases from ~ 3 nm in width for the 1 and 3 day samples to an
average width of 6 nm for the 5 day samples. As shown in the histogram in Figure 4.5b,
the domain size for the 5 day has a large number of 6 nm aggregates and tails off up to ~
20 nm in width. The large domains of the free base and zinc porphyrin thiol molecules
are aggregates of molecules since porphyrins tend to have strong n—n coupling between
macrocycles, and the increase in the aggregate size with the zinc porphyrin thiol

2 For the

molecules is most likely due to the added interactions of the zinc centers.**
different soaking times, the average apparent height of the clusters increased from 0.3
nm for the 1 day to 0.8 nm for the 3 and 5 day samples. Since the clusters are measured
by their longest dimension, a single porphyrin would measure the same width as a small
cluster that is in a pi-stacked arrangement, but the apparent height would increase for the
clusters. This explains why the average width of 3 nm is the same for the 1 and 3 day

mixed SAMs, however, the apparent height increased from 0.3 nm to 0.8 nm consistent

with aggregation of the molecules. Further soaking of the zinc porphyrin thiol with the 5



118

day mixed SAMs did not increase the average apparent height which is consistent with
the 3 day samples at 0.8 nm, but the zinc aggregation increases drastically to form much
larger clusters from ~ 6 to 20 nm in width. We also noted that in the STM images for
the 5 day samples there appeared to be a predominant apparent height of ~ 0.5 nm and
higher apparent heights greater than ~ 1 nm relative to the dodecanethiol matrix as
shown in Figure 4.5c. Although the average apparent height was ~ 0.8 nm, there is a
distinct lower apparent height of zinc porphyrin thiol molecules around 0.5 nm which is
an aggregate in a different configuration than the clusters that appear above 1 nm in
apparent height. The lower and higher apparent heights are shown in Figure 4.6 where
the brighter features correspond to the higher apparent height. On average, the observed
apparent height was more than double the observed physical height deduced from AFM
images of the same samples. Since the apparent height is a convolution of the physical
topography of the zinc porphyrin thiol and its electronic structure, the larger values of
the apparent height suggest that the Zn analog of this porphyrin thiol is much more
conductive than the free base. The electron tunneling decay constant, 3, was previously
determined for the free base porphyrin thiol using a two layer tunnel junction
model,>****** and was found to be ~ 1.25 A"'. Using this same type of model, the
decay constant for the zinc porphyrin thiol could not be quantified for the higher
apparent height molecules as the calculated tunneling decay constant for the zinc
porphyrin thiol would yield a negative value which corresponds to an unphysical

43

situation.”* Due to this discrepancy, we suspect that tunneling is not the dominant

transport mechanism for the zinc porphyrin thiol molecule that appear above ~ 1 nm in
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apparent height in the STM. However, for the lower apparent height molecules, taking
an approximate average height of 0.5 nm, the tunneling decay constant is a reasonable

value at ~ 0.59 A™! which suggests an efficient tunneling electron transport mechanism.

Figure 4.7. UHV-STM image of (a) low apparent height zinc porphyrin thiol clusters,
(b) high resolution image of a cluster and (c) another high resolution image of a cluster.
A model of the (d) front-on view and (e) the side view of clusters of zinc porphyrin thiol
molecules.
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Imaging of the lower and higher apparent height zinc porphyrin clusters at high
resolution images were attempted in the UHV-STM to identify the configuration of these
aggregates. However, the higher apparent height clusters were unable to be resolved due
to inherent limitations of the STM at room temperature. The high resolution images of
the lower apparent height clusters, i.e. less than 0.5 nm, can be seen in Figure 4.7. We
have computationally investigated the conformation of the stacked zinc porphyrin
molecules in the lower apparent height configuration and have verified that there are two
stable structures for the aggregated zinc porphyrin thiol molecules in a face to face
configuration which are shown in Figure 4.8 a & b. The DFT optimized face to face
stacking orientation as shown in Figure 4.8a matches the experimental high resolution
images obtained from UHV-STM in Figure 4.7 a, b, and ¢. The calculated distance of
the two pyridyl N atoms of 1.1 nm with a separation distance of ~ 6 A between the pi-
stacked porphyrin macrocycles supports the images obtained from the STM of the low
apparent height zinc porphyrin island clusters. In panels a, b, and ¢ of Figure 4.7, the
experimentally obtained pyridyl N atom distance of ~ 1.2 nm is shown in blue and the
pi-stacked macrocycle distance of 6 - 8 A is shown in pink. In panels d and e of Figure
4.7, the model of these lower apparent height clusters are shown based on the DFT

calculated distances and the tilt of the molecules as determined by FT-IR.
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Figure 4.8. DFT calculated stacked orientations of the macrocycles of zinc porphyrin
thiol molecules (a) overlaid and (b) tilted ~ 90° with respect to the other. Atom Colors-
Purple: Zn, Black: C, White: H, Green: F, Blue: N, Yellow: S.

4.3.5 Electrical/Switching Behavior

Investigations of the electronic properties of these compounds have shown that
the incorporation of the zinc metal center affords unique properties compared to its free
base analog. First, from the DFT calculations, the HOMO-LUMO gap for the zinc
porphyrin thiol was calculated to be 0.1 eV larger than the free base analog with a
calculated HOMO-LUMO gap.** Moreover, the location of the HOMO state (-5.37 eV)
suggests a small injection barrier of ca. 0.3 eV relative to the Fermi level of the Au
substrate (-5.1 eV). The frontier orbitals that should participate in the electron transport
process as shown in Figure 4.1e for the zinc porphyrin thiol reveal no overlap between

the orbitals of the zinc porphyrin macrocycle and the tetrafluorophenyl ring that links the
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macrocycle to the thiol tether. As such, there is an inherent barrier to charge transport

located directly within the molecule even after incorporation of the zinc metal center.
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Figure 4.9. I-V spectrum zinc porphyrin thiol at (a) room temperature and (b) low
temperature exhibiting Coulomb blockade of the 5 day mixed SAMs sample.

To study the charge transport through the zinc porphyrin molecules, current-
voltage (I-V) measurements using STM have been obtained at room temperature. Figure

4.9a shows that the zinc porphyrin molecules have larger conductance ranges in the
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nanoampere range compared to the free base porphyrin thiol which only produced
currents into the hundreds of picoampere range.** In the free base analog, some current
blocking effect was observed® for the small aggregates and in order to increase the
current blocking effect of the porphyrin thiol molecule, the incorporation of the zinc
metal center was employed for these studies. As mentioned previously, the zinc
increases the affinity for aggregation and formation of islands which are useful for
creating single electron tunneling devices.

At room temperature, the I-V curves for the zinc porphyrin islands can be
unstable and irregular, so further electrical characterization was carried out at low
temperatures using a cross-wire technique on the mixed monolayers with different
deposition times to match those studied by STM. At low temperature (~ 4 K), it was
found that approximately 20 % of the junctions formed from gold wires that were soaked
in zinc porphyrin thiol for three to five days exhibited consistent nonlinear -V
characteristics (Figure 4.9b). In junctions formed from wires that were soaked in zinc
porphyrin thiol for only one day and in control dodecanethiol/free base porphyrin thiol
junctions, nonlinear I-V characteristics were not observed. In some of the junctions that
displayed nonlinear I-V characteristics, stochastic gating behavior reminiscent of
electronic devices that exhibit Coulomb blockade are observed. In these junctions
discontinuous changes in the I-V characteristic were observed as a function of time, and
each shift results in modification of the low bias behavior of the junction (see Figure
4.9b). Based on these measurements, the n-r stacking of the macrocycles as well as the

zinc metal interactions are playing a significant role in the amount of current passing
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through the molecule as well as the turn-on voltage in the I-V curve. Since the zinc
metal center increases aggregation, the zinc porphyrin clusters form large enough islands
with the 5 day sample which are able to stabilize charge through the extended pi system,
and when a high enough bias is applied, i.e. the voltage threshold is reached, the charge
is released which in turn results in an increase in the current flow. This result is not
completely unexpected, as porphyrins have previously shown to act as Coulomb islands
in break junctions,**’ metal-molecule-metal junctions,’”® as well as embedded in metal-

oxide-semiconductor junctions.*'*~**

At low temperatures (~ 5 K), typical Coulomb
blockade staircases were observed in the I-V measurements, and the threshold voltages
were sensitive to changes in the intermolecular interactions such as clusters of the

215,328 As

porphyrin molecules. described earlier, molecules other than porphyrins such

9

as a ruthenium(Il) bis(c-arylacetylide) complex,’”” a cobalt ion bonded to two

17330 and a nickel-octanedithiol multilayers®' have also

terpyridinyl linker molecules,
been found to exhibit Coulomb blockade or Coulomb blockade-like behavior at low
temperatures. The ruthenium compound was found to exhibit a hopping-type electron
transport mechanism which could also be the case for our zinc coordinated porphyrin
thiol molecule. However, future temperature dependent current-voltage measurements
will be needed to confirm the mechanism of charge transport. It is not well-understood
at this time in our system how the intermolecular interactions of the zinc porphyrin
molecules are affecting the I-V measurements, but we have initially verified that the

Coulomb blockade gap range does appear to change as a function of the island size

suggesting the zinc porphyrin molecules can act as a molecular capacitor.
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Figure 4.10. Bias-induced switching of 5 day soaked zinc porphyrin thiol in
dodecanethiol matrix. UHV-STM images of the (a) OFF state at 1.4 V and 20 pA and
(c) the corresponding 3-D version. (b) The ON state of zinc porphyrin thiol molecules
imaged at 2.0 V and 20 pA and (d) the corresponding 3-D version. Note: Color scale on
right side of STM images is in nanometers.
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We have, however, ascertained that the addition of the zinc metal center into the
porphyrin thiol must be playing a role in the bias-induced switching behavior because
this was not previously seen for the free base porphyrin thiol. Specifically, as the bias
was increased from 1.4 V to 2.0 V, a larger number of higher apparent height zinc
porphyrin islands appeared in the STM image as shown in Figure 4.10 a and b and in the
3-D depiction in panels ¢ and d of Figure 4.10, it is obvious that the lower apparent
height porphyrins are the ones that are turned ON by the increase in bias of the STM tip.
Considering the higher apparent height islands to be in the ON state, we have found that
the zinc porphyrin molecules can be continuously cycled and switched back to an OFF
state (lower apparent height) if the bias is swept back to -1.4 V (as shown in Figure
4.11). Switching behavior in molecules has been attributed to a number of reasons
including dipole induced switching,’** conformational'*® and/or orientational changes of

305,306

the molecules, interactions among neighboring molecules,””’ fluctuations of the

309

molecular bundle,’® and changes in molecule-substrate bond hybridization.*'® Dipole -
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Figure 4.11. UHV-STM images of zinc porphyrin thiol molecule(s) isolated within -
dodecanethiol matrix on Au(111) under UHV conditions. Imaging size: (a - d) 250 x
250 nm; imaging conditions: (a) Viias = 1.4 V, Tunnel = 20 pA, (b) Viias = 2.0 V, Liynner = 20
PA, () Viias= 1.4V, Lynnet = 10 pA, (d) Viias=-1.4 V, Lunne1 = 10 pA.

induced switching is most likely not the reason for the switching behavior of the zinc
porphyrins since coordination of the porphyrin with zinc does not have a significant

effect on the overall dipole moment of the molecule, which was determined to be 2.38
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Debye and 2.42 Debye with and without the zinc coordination of the porphyrin thiol
molecule, respectively. Moreover, the calculated electrostatic potential maps for the free
base and zinc coordinated porphyrin thiol molecules do not show a significant difference
as shown in Figure 4.12, so we do not expect that the switching is due to electrostatic
effects from the applied tip bias. One possibility is that the switching is most likely an
ensemble size effect, such that with increasing island size a more extended pi coupled
system could be formed, allowing for greater charge stabilization. If the zinc porphyrin
thiol was inserted in the dodecanethiol SAM at lower surface coverage (i.e. the
dodecanethiol SAM is only exposed to zinc for only 1 day instead of 5), the switching
behavior was not apparent in the UHV-STM measurements, and Coulomb blockade was
not observed at low temperatures. Here we should recall that for the 1 day soaked mixed

SAM, smaller domain sizes and single molecules, similar to what was seen for the free -

Figure 4.12. Electrostatic potential maps of (a) the free base and (b) zinc coordinated
porphyrin thiol molecules. The maps were generated with GaussView 3.0 at a 0.0005
isodensity value and a color scale of -0.050 (red) to +0.043 (blue) a.u.’s.
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base porphyrin thiol, dominate the inserted structures, and exhibited no switching when
the bias was increased from 1.4 V to 2.0 V. However, for the 5 day soaked mixed SAMs
sample, i.e. the surface with the most zinc porphyrin thiol coverage, both Coulomb
blockade as well as the bias-induced switching behavior was observed. From the images
following the switching of the 5 day sample, it is evident in Figure 4.10 that the lower
apparent height molecules are the ones that turn ON in the image at 2.0 V and this can
also be seen in their I-V curves since the turn-on for the current is ~ 1.7 V. The
difference in the two observed apparent heights in the STM images was not due to a
topographical effect since there is not a broad distribution of physical heights from the
AFM images and therefore the difference in apparent height must be due to electronic
effects. As stated previously, the molecules that appear in the STM with a lower
apparent height are most likely in a different configuration compared with those of the
higher apparent height. The lower apparent height clusters are oriented in a pi-stacked
face to face arrangement as shown in Figure 4.7¢ while the higher apparent height
molecules are most likely stacked so that the pyridyl nitrogen interacts with the zinc
metal center of a neighboring molecule. Figure 4.7 a - ¢ show STM high resolution
images of lower apparent height clusters while Figure 4.7 d & e depict the model of the
pi-stacked face to face structure of clusters of zinc porphyrins. Further evidence of our
conclusion that the low apparent height zinc porphyrin clusters have this pi-stacked
arrangement comes from our former study of the free base analog.** With the free base
porphyrin thiol, there were an abundance of molecules with an apparent height of ~ 5 A,

and there were very few molecules observed with an apparent height higher than this
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average. There were also two predominate widths of ~ 2 and 6 nm, or single molecules
and small clusters, respectively. Since the free base analog does not have a zinc metal
center, there is no possibility for the zinc-pyridyl interaction and therefore the
arrangement of the small clusters with a low apparent height can only favor a pi-stacked
arrangement. The previous assessment of the free base analog agrees well with our
current presumption that the low apparent height zinc porphyrin clusters arrange with a
pi-stacked configuration as well. On the other hand, we could not resolve the structure
of the high apparent height clusters with STM due to streaking of the images and
interaction of the tip disturbing these clusters even at low currents less than 5 pA. We
conjecture that the “ON” state of the zinc porphyrins are in the same pyridyl N-Zn
coordinated configuration as the zinc porphyrin clusters that already appear with an
apparent height > 1 nm which are abundant on the surface after 5 days of immersion
time. The free base porphyrin thiol analog did not exhibit any switching behavior which
makes sense since there is not a higher apparent height configuration for the molecule to
switch “ON” to, nor were there any large aggregates for the charge to be stabilized in the
extension of the pi system. When the zinc porphyrins begin to aggregate as islands of ~
10 nm, it is unclear at this time specifically how the stacking influences their electronic
structure as a unity and therefore their switching behavior. Calculations are in progress
to gain more insight into the stacking effect of larger clusters which could ultimately
explain why the lower apparent height zinc porphyrins are the ones that switch ON with

a higher applied bias.
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Figure 4.13. IET spectra of gold coated wires of mixed SAMs of dodecanethiol/free
base porphyrin thiol and dodecanethiol/zinc porphyrin thiol.

We have enabled the use of inelastic electron tunneling spectroscopy (IETS) to
study the conduction pathway of the free base and zinc porphyrins in mixed SAMs in a
gold-molecule-gold junction to observe any differences in the charge transport pathway
of the two derivatives. IETS of metal-molecule-metal junctions can provide insight into
the conduction pathway of a molecule because IETS enables chemical differentiation

since the vibrational spectrum of a molecule provides its chemical signature’ and the
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spectrum displays the vibrational modes that are excited by the electron during
transport.”?’ The IET spectra of the dodecanethiol/free base porphyrin thiol junction in
Figure 4.13a and the dodecanethiol/zinc porphyrin thiol junction in Figure 4.13b exhibit
excellent agreement with IR spectra of the molecular compounds in KBr, in mixed
SAMs and from DFT calculations. Changes of the electronic pathway are evident in the
IET spectra of the free base and zinc coordinated porphyrin thiol. Figure 4.13 a and b
shows one peak at 970 cm™ for the free base and a different peak at 870 cm™ for the zinc
porphyrin thiol due to pyrolle breathing and phenyl stretching IR active modes,
respectively. A summary of the peak frequencies for the two porphyrin thiol molecules
has been outlined with their assigned vibrational modes and are shown in Table 4.2. The
assignment at 1840 cm™ in both the free base and zinc porphyrin thiol IET spectra are
still unclear at this time. IETS has verified that the transport pathway is distinct to its

molecular components.
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Table 4.2. IR active modes for the free base porphyrin thiol in KBr Pellets, in
monolayers mixed with dodecanethiol and TPSS calculations. Yellow highlighted modes
are present in both free base and zinc porphyrin IET spectra. Red and blue highlighted
modes are only present in the free base or zinc porphyrin mixed SAMs, respectively.
*The peak intensity is negligible or the peak is not applicable. °Calculated with density
functional theory TPSS/6-31G+(d”) ‘Data taken from zinc porphyrin thiol.

peak position (cm?)
_ in DET® Vibrational mode
in KBr  mixed
SAMS calc.
3316 3318 3470 v(N-H), stretching
----- a 2964 ——me? v,(CH,, ip), asym stretching
----- 2 2936 -—--f v(CH;, FR), sym stretching
2926 2919 3058 v,(CH,), asym stretching
-—m-? 2877 - a v(CH,), sym stretching
2853 2850 3010 v(CH,), sym stretching
2533 - a 2663 Vv(SH)
1592 1593 1603 vgp,(C=C), in-plane stretching
1465 1468 1447 V10,(C=C), in-plane stretching
1069 1045 1077 V,,(CH), in-plane bending
968 969 970 pyrrole breathing
870 870 857 phenyl stretching®
798 ~791 800 v,,(CH), out-of-plane bending
756 757 743 CH, wagging®
~726 T} L pyrrole deformation

4.4 Conclusions
In summary, when inserted into a background matrix of dodecanethiol, the zinc
coordinated porphyrins tend to bind near the edges of defects within the alkanethiol layer

as large ensembles due to m—n and zinc interactions. From DFT calculations, there is
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still a lack of effective orbital overlap after incorporation of the zinc metal center
between the frontier orbitals of the porphyrin macrocycle and the thiol tether due to the
orthogonal dihedral angle between the porphyrin ring and the perfluorophenyl linker
group. Coordination of the porphyrin macrocycle with zinc lowers the proximity of the
HOMO of the molecule by only a tenth of an electronvolt with respect to the Au Fermi
level and does not induce a significant change in the electrostatic potential map of the
molecule when compared with the free base analog. Although, the only change to the
molecule has been the incorporation of the zinc metal, there is a major difference in the
behavior of the zinc coordinated molecule compared to the free base porphyrin thiol
under an applied STM bias that leads to bias-induced switching and Coulomb blockade.
We attribute the switching to an ensemble size effect since the switching behavior was
more evident in the 5 day mixed SAMs which contain larger clusters of porphyrins than
the 1 day mixed SAMs. Further temperature dependent charge transport studies will be
necessary to elucidate the electron transport mechanism for the zinc coordinated
porphyrin thiol and more in depth analysis of the electronic states of the aggregated
porphyrins will be required to accurately determine the mechanism for switching. Non-
linear I-V characteristics are exhibited at low temperatures with the incorporation of the
zinc metal center suggesting that the molecule can be used in single electron tunneling
devices where the Coulomb island is isolated and until a high enough potential is applied
the current through the molecule will remain blocked. Studies relating the island size to
its threshold voltage and Coulomb blockade range are currently being done to

investigate the molecular capacitance of the zinc porphyrin islands.
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CHAPTER V
CONTROLLING MOLECULAR INTERACTIONS USING BIPODAL PORPHYRIN

DERIVATIVES FOR ORGANIC ELECTRONICS

5.1 Introduction

Derivatives of the monopodal porphyrin thiol studied in Chapters III and IV are
of interest to continue to develop active components for devices. The free base
monopodal porphyrin thiol showed a slight current blocking effect when aggregates on
the order of ~ 6 nm were formed by self assembly after 5 days of soaking. For the zinc
monopodal derivative, more interesting electronic properties were observed. Bias-
induced switching and Coulomb blockade were observed with larger, ~ 10 nm
aggregates of the zinc porphyrin thiol. For these clusters, the zinc porphyrin thiol
molecules were arranged in a pi-stacked configuration with alternating orientations of
the monopodal tethers. In order increase the number of porphyrin thiol molecules on the
surface and ultimately the number of porphyrin aggregates, a cis-bipodal porphyrin thiol
was synthesized and pure and mixed monolayers were investigated. With a bipodal
porphyrin thiol, there are two tethers for adsorption to the Au surface which increases
the number of electronically active molecules on the surface. In this chapter, the
adsorption of the free base and zinc cis-bipodal porphyrin thiol was examined with pure
and mixed monolayers in a dodecanethiol matrix using AFM and STM. In order to

further investigate the different monolayers, XPS and FT-IR were also used, and the
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electronic structures and frontier molecular orbitals were calculated to detail the
electronic overlap of the macrocycle with the two fluoro-phenyl coupling groups.
5.2 Experimental
5.2.1 Materials

Self-assembled monolayers were prepared on Au films, including Au(111) on
mica (Molecular Imaging-Agilent, Phoenix, AZ) and on evaporated Au films on Si. Au
films on Si substrates were prepared by thermal evaporation onto single-side polished
Si(100) wafers (Virginia Semiconductor Inc.) in a bell-jar evaporator (BOC Edwards,
Auto 306). The chromium (5 nm) and gold (200 nm) films were deposited under
vacuum (p < 2.0 x 10° Torr) at rates of 0.5 and 3 A/s, respectively. Dodecanethiol
(DDT) was purchased from Aldrich (98% purity) and used as received.
5.2.2 Preparation of Monolayers

Au(111) substrates (purchased from Molecular Imaging-Agilent) were ~150 nm
flame-annealed gold films on mica. Before each experiment, all substrates were treated
with UV/ozone for 20 min, followed by rinsing the gold film in sequence with high
purity (18.2 MQescm) water (NANOpure Diamond, Barnstead), ethanol, and dried with
streaming nitrogen. SAMs of n-dodecanethiol were formed by immersion of the Au
films in 1 mM n-dodecanethiol in ethanol for 24 h. After rinsing liberally with ethanol,
the substrates were soaked in 0.1 mM free base or zinc metallated cis-bipodal porphyrin
thiol dissolved in dichloromethane for one to three days to allow the insertion of the
porphyrin molecules into n-dodecanethiol matrix. After insertion, the substrates were

removed from the solution and were rinsed with dichloromethane and blown dry with
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streaming nitrogen. Pure SAMs were formed by immersion of Au substrates in 0.1 mM
solution of the free base cis-bipodal porphyrin thiol dissolved in dichloromethane for
one day. After insertion, the samples were removed from solution and rinsed with
dichloromethane and blown dry with streaming nitrogen.
5.2.3 Scanning Tunneling Microscopy

STM measurements were taken under ultrahigh vacuum (UHV) conditions using
an Omicron UHV-XA STM system. The system was operated with a typical base
pressure of < 3 x 107" Torr. Images were collected using Pt/Ir (70/30) tips which were
mechanically cut. The typical imaging conditions of tunneling current and tip bias
voltage ranged from 5 pA to 30 pA and from -2.0 V to +2.0 V, respectively.
5.2.4 Atomic Force Microscopy

AFM images were acquired with a Molecular Imaging 4500 Pico SPM (Agilent,
Phoenix, AZ) with a deflection-type detection scanning head interfaced with an
SPM1000 control electronics Revision 8 (RHK Technology Inc., Troy, MI). All AFM
images were acquired in contact mode under ethanol using commercially available SizN4
AFM tips (Veeco/TM Microscopes, Sunnyvale, CA) with nominal tip radii of ~ 10 nm
and nominal spring constants ranging from 0.03 - 0.5 N/m.
5.2.5 X-ray Photoelectron Spectroscopy

XPS data were acquired with a Kratos Axis ULTRA X-ray photoelectron
spectrometer equipped with a 165 mm hemispherical electron energy analyzer. The
incident radiation was the monochromatic Al Ko X-ray line (1486.6 ¢V) with a source

power of 120 W (12 kV, 10 mA). The analysis chamber was maintained at a steady base
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pressure of < 6 x 10” Torr during sample analysis. Survey scans of up to 1100 eV were
carried out at an analyzer pass energy of 160 eV with 0.5 eV steps and a dwell time of
300 ms. Multiplexed high resolution scans (Au 4f, C 1s, S 2p, N 1s, and F 1s) were
taken at a pass energy of 40 eV with 0.1 eV steps and a dwell time of 60 ms. The survey
and high resolution spectra were obtained with averages of 5 and 30 scans, respectively
with the exception of Au 4f with an average of 10 scans. The Au 4f peak at 84.0 eV was
set as a reference for all XPS peak positions to compensate for energy shifts due to the
spectrometer work function.
5.2.6 FT-IR Spectroscopy

Transmission IR spectra of the solid porphyrin compounds were obtained in KBr
pellets collected with a total of 256 scans of both the sample and the reference at 1 cm™
resolution.. FT-IR spectra of the mixed monolayers were collected on evaporated Au
films on Si. Reflection-absorption spectroscopy was collected using an FT-IR
spectrometer (Nicolet 6700, Thermo Electron Corporation, Madison, WI) equipped with
a liquid nitrogen-cooled HgCdTe (MCT) detector. FT-IR data were acquired in single
reflection mode with polarized light generated by a ZnSe polarizer adaptor (FT-80,
Thermo Electron Corporation). The light path, MCT detector, and sample chamber were
purged with dry nitrogen during the measurements. A UV/ozone cleaned gold substrate
was used as the reference. The IR spectra were collected with a total of 1024 scans of

both the sample and the reference at 4 cm™ resolution.
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5.2.7 Theoretical Calculations

Calculations of the molecular structure, electronic structure, and analytic
vibrational modes were carried out using Density Functional Theory as detailed in
earlier chapters.
5.3 Results and Discussion
5.3.1 Theoretical Calculations

Density functional theory calculations were used to optimize the gas phase
structure of the both the free base and zinc cis-bipodal porphyrin thiol compounds. The
optimized structure of the free base and zinc cis-bipodal porphyrin thiol molecules are
shown in Figure 5.1A and B, respectively. For the free base analog the pyridyl groups
are canted at 66.4° and 65.7° relative to the macrocycle compared to the zinc analog
both pyridyl groups are canted at ~ 66.5°. The tetrafluorophenyl groups of the free base
are canted at 75.3° and 74.7° relative to the macrocycle compared to the zinc analog
which are canted at 77.3° and 76.7°. The sulfur-sulfur bipodal tether distance was

calculated to be 17.2 A for the free base and 16.9 A for the zinc analog. The HOMO -
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Figure 5.1. TPSS optimized structures for the (A) free base cis-bipodal porphyrin thiol
and (B) zinc cis-bipodal porphyrin thiol.

LUMO gap for the free base cis-bipodal porphyrin thiol was calculated to be 1.84 eV
which is almost identical to the free base monopodal porphyrin thiol. The zinc cis-
bipodal porphyrin thiol calculated HOMO-LUMO gap was 1.98 eV. The location of the
HOMO states of both molecules (-5.31 eV and -5.38 eV) relative to the Fermi level of
the Au substrate (-5.1 eV) based on these calculations (with all of their associated
caveats), suggests a small injection barrier of ca. 0.2 eV. The frontier orbitals that
should participate in the electron transport process as shown in Figure 5.2 reveal no
overlap between the orbitals of the porphyrin macrocycle and the tetrafluorophenyl rings

that link the macrocycle to the thiol tether. Thus, there is an inherent barrier to charge
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Figure 5.2. Frontier molecular orbitals (HOMO-3 to LUMO+1) for the (A) free base
cis-bipodal porphyrin thiol and (B) zinc cis-bipodal porphyrin thiol.
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transport located directly within the cis-bipodal derivative of the porphyrin thiol which
was seen for the free base and zinc monopodal derivatives as well.
5.3.2 FT-IR Measurements

The IR spectra of the free base cis-bipodal porphyrin thiol as calculated by DFT
and prepared in KBr pellets are presented Figure 5.3A and 3B, respectively. The
molecules in KBr pellets were ground thoroughly and thus presumably exhibit isotropic
orientation.  Figure 5.3C displays the infrared reflection absorption spectroscopy
spectrum of porphyrin thiol/dodecanethiol mixed monolayers on Au after 1 day of
sample immersion while Figure 5.3D shows the pure monolayer formation after 1 day.
The observed peak frequencies and vibrational modes were assigned based on the
calculations. Typically, a model of the free base cis-bipodal porphyrin thiol derivative
embedded in n-dodecanethiol SAMs would be proposed using FT-IR methods.
Previously, for the free base and zinc monopodal derivatives of the porphyrin, the tilt
angle of the porphyrin macrocycle with respect to the surface normal has been
determined using the intensity ratio of the two transition dipoles of the in-plane pyrrole
ring breathing mode, a;, and out-of-plane pyrrole C-H bending mode, a,. In Figure 5.3,
the corresponding vibrational peaks for the in-plane and out-of-plane contributions from

the porphyrin thiol pyrrole moieties (a; and a,, respectively) for deducing the molecular
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Figure 5.3. IR spectra of free base cis-bipodal porphyrin thiol (A) calculated by TPSS
and (B) prepared in KBr pellets; and FT-IR spectrum of (C) free base cis-bipodal
porphyrin thiol/dodecanethiol mixed monolayers and (D) pure monolayer.

tilt angle of the porphyrin SAMs are denoted. However, for the current bipodal
derivative, there is not a single orientation axis since there are two tethers on the Au
surface. If a similar approach is used as compared to previous studies of the monopodal

derivatives, by using the increase of intensity ratio of /,;/,» in the mixed monolayers
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(Figure 5.3C) or pure monolayers (Figure 5.3D) as compared with the KBr pellets
(Figure 5.3B), the results would indicate that the porphyrin macrocycle orients at an
angle relative to the surface normal of 54° for the mixed and 45° for the pure monolayer
with the physical height of the porphyrin standing at 13 A or 16 A, respectively. If the
relative isotropic intensity, /,1/l,,, from the calculated spectrum is used in place of the
experimentally measured KBr sample, the tilt angle of the macrocycle in the mixed
monolayers would be similar at ~ 48° and 39° for the pure monolayers. The situation
for the mixed monolayers suggests that the porphyrin physical height would be less than
the height of the background dodecanethiol SAM which has a physical height of ~ 14 A.
This model does not agree with the surface imaging experiments presented later in this
chapter since it has been proven with AFM imaging that the porphyrin does indeed
protrude above the background SAM. Due to this discrepancy, there is an inherent

problem using the previous method”*

suggesting that this approach is just too simplistic
for a molecule with two tethers to the surface.
5.3.3 X-ray Photoelectron Spectroscopy

A representative survey spectrum of the porphyrin thiol/dodecanethiol mixed
monolayer is shown in Figure 5.4. High-resolution spectra of the C(1s), N(1s), and
F(1s) regions show peak binding energies of 284.8 + 0.1, 399.0 + 0.1 and 687.0 £ 0.1
eV, respectively, while the high-resolution S(2p) signal can be fitted into two sets of

doublets from the S(2ps) and S(2p12 ) components split by 1.2 eV. The two S(2ps3.2)

peaks are centered at 162.1 £ 0.1 and 163.7 = 0.1 eV, respectively (Figure 5.5). The first
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type of sulfur corresponds to the thiol chemisorbed onto the gold substrate while the

second at higher binding energy can be attributed to the presence of the S coordinated to

Au 4‘f5 /2 Au 4f7 /2

Au4d;, Au4d;,

Au 4s Au 4p; )
Au 4p, 1
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S 2p
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Figure 5.4. (mono Al source) X-ray photoelectron survey spectrum for 3 day free base
cis-bipodal porphyrin thiol/dodecanethiol mixed monolayers on Au (111).
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Figure 5.5. (mono Al source) High-resolution XPS for 3 day free base cis-bipodal
porphyrin thiol/dodecanethiol mixed SAMs, showing the Au 4f, C 1s, S 2p, N Is and F
Is spectral regions.

the tetrafluorophenyl ring. Both the C(1s) and S(2p) regions have smaller peaks at
higher binding energies indicative of the presence of an oxide species present on the

surface. The oxide species can either be from the cis-bipodal porphyrin thiol being
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oxidized either in solution before deposition on the surface or after SAM formation

being oxidized after exposure to ambient conditions while handling.

S o

Figure 5.6. AFM images of 1 day free-base cis-bipodal porphyrin thiol/C12 mixed
SAM, (A) topography and (B) friction.

5.3.4 Surface Imaging

In order to examine the surface structure of the inserted bipodal porphyrin
assemblies, both atomic force and scanning tunneling microscopies were employed.
AFM topography and friction images of the 1 day free base cis-bipodal mixed
monolayer show clusters inserted into the dodecanethiol matrix (Figure 5.6), with the
porphyrin molecules protruding from the dodecanethiol background by ~ 2 — 4 A. The

small clusters of the free base cis-bipodal porphyrin thiol molecules are clearly visible in
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the UHV-STM images shown in Figure 5.7 where the apparent height ranges from ~ 1 —

1.5 nm and widths of approximately 8 nm. Single porphyrin molecules are also visible

Figure 5.7. (A.,B) Representative UHV-STM images of 1 day free-base cis-bipodal
porphyrin thiol/DDT mixed SAM; imaging conditions: 1.4 V and 20 pA.

in the images which are only 3 nm wide with an apparent height of 6 A. When the free
base cis-bipodal porphyrin thiol molecules assemble on an open Au(111) surface, the
entire surface was covered in the porphyrin assemblies after only 1 day of immersion as
shown in Figure 5.8. There did not seem to be any long-range ordering, only large
unresolved clusters as determined by STM. Since the aggregate size was on the order of
~5—10 nm after 1 day of immersion of the bipodal porphyrin thiol in the mixed SAMs,

in order to increase the aggregate size, the immersion time was increased to 3 days. The
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mixed monolayer of the 3 day cis-bipodal free base porphyrin thiol and DDT sample
shows a marked increase in the physical height ranging from ~ 15 — 25 A which could
indicate a bilayer formation on the surface as evident in the AFM topography images

shown in Figure 5.9. Instead of the aggregate size increasing in width, the bipodal

Figure 5.8. (A,B) Representative UHV-STM images of 1 day pure free-base cis-bipodal
porphyrin thiol SAM; imaging conditions: 1.4 V and 20 pA.
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Figure 5.9. (A — D) AFM topography images of 3 day free-base cis-bipodal porphyrin
thiol/C12 mixed SAM.
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assemblies increased in height after longer soaking times. In the STM images (Figure
5.10A), it is easy to see that the 3 day assemblies are not larger aggregates, but rather
similar in width to those after only soaking for 1 day. Instead of an increase in the size
of each cluster, the number of clusters present after 3 days increased dramatically as
shown in Figure 5.10A. The free base cis-bipodal clusters also increased in apparent
height ranging from 1.5 — 2.0 nm which could also indicate a bilayer formation where
the macrocycles interact face to face, but the bipodal tethers are pointing in opposite
directions. Since the bipodal tethers make the molecule more sterically hindered from
inserting into the pre-assembled dodecanethiol, but still have an affinity for each other,
this could likely be a favored configuration. However, the bipodal bilayer assemblies in
this configuration would not be very stable and after scanning with an STM tip for 1
hour, the number of aggregates on the surface has significantly diminished (Figure
5.10B). The STM tip can interact with the bipodal assemblies and alter their
configuration essentially knocking them over which would explain the decrease in the

number of molecules present in the STM image.



152

Figure 5.10. (A) Representative UHV-STM image of 3 day free-base cis-bipodal
porphyrin thiol/C12 mixed SAM and (B) after 1 hour of scanning the same area;
imaging conditions: 1.4 V and 20 pA.
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L &
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Figure 5.11. AFM images of 1 day zinc bipodal porphyrin thiol/DDT mixed SAM, (A)
topography and (B) friction.
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Since large clusters on the order of ~ 10 nm of the zinc monopodal porphyrin
thiol exhibited interesting electronic properties such as bias-induced switching and
Coulomb blockade at low temperatures, it was expected that by using a cis-bipodal zinc
porphyrin thiol affording two tether attachment to the Au surface aggregation would
increase and therefore the island size would form more consistently. However, this was
not the case. In the topography and friction images in Figure 5.11, the assembly of the
zinc bipodal derivative in the mixed SAM after 1 day does not show an obvious
protrusion above the matrix SAM (Figure 5.12A) with a film thickness of approximately
1 nm as determined by nanoshaving a 100 nm? well (Figure 5.12B). The free base
however did show a slight protrusion above the dodecanethiol which was similar to the
monopodal porphyrin where the zinc and free base analog protrude above the
dodecanethiol matrix by ~ 3 and 9 A, respectively. The zinc molecules have a higher
affinity to aggregate due to the added interaction of the zinc metal centers adding to the
pi-pi stacking interactions and tend to have a lower physical height compared to the free
base. The zinc bipodal derivative did show an increase in apparent height compared to
the free base analog in the STM images shown in Figure 5.13. The apparent height,
which is a convolution of the physical height and conductivity, of the small clusters in
the 1 day mixed monolayers ranged from ~ 1.0 — 1.4 nm which is higher than the
physical height determined from AFM. The increase in apparent height is likely due to

the zinc metal center increasing the conductivity of the assemblies.
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Figure 5.12. AFM images of 1 day zinc bipodal porphyrin thiol/DDT mixed SAM, (A)
before nanoshaving and (B) after nanoshaving a 100 nm well.
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Figure 5.13. (A — C) Representative UHV-STM images of 1 day zinc bipodal porphyrin
thiol/DDT mixed SAM; A, B and C imaging conditions: 1.4 V and 20 pA.

It is likely that the cis-bipodal assemblies did not create large clusters due to the
steric interactions of the fluorophenyl groups which hindered the molecules from
forming large aggregates. Since large aggregates were not observed, the effect of bias-
induced switching was not observed either. In Figure 5.14, a cycling of the applied bias
is shown from 1.4 V to 2.0 V, which is what was used to turn “ON” the clusters for the
zinc monopodal porphyrin thiol. In their “ON” state, the clusters of the zinc monopodal
derivative exhibited a higher apparent height due to an increase in their conductance.
For the zinc cis-bipodal assemblies, the switching effect was not observed as seen in

Figure 5.14 where there is no difference in the apparent height after increasing the bias
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Figure 5.14. UHV-STM images of 1 day zinc bipodal porphyrin thiol/DDT mixed
SAM: Switching cycle: 1.4 Vt0 2.0 Vto 1.4 V to -1.4 V; Lynmer = 20 pA.
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from 1.4 to 2.0 V. This can be attributed to the fact that for the zinc monopodal
assemblies, there are two apparent heights and therefore two molecular aggregate
configurations of the molecules. One molecular aggregate, the lower conductance state,
is an all face to face pi-stacking arrangement, and when the threshold bias is exceeded,
the molecules can re-orient into a configuration where the pyridyl N interacts with the
zinc metal center, also known as the higher conductance state. The latter and higher
conductance state would be unlikely with the bipodal assemblies due to hindrance of the
pyridyl N unable to interact with the metal center since there are two tethers anchoring
the molecule to the surface. Since the zinc bipodal porphyrin thiol molecules are
hindered from orienting in a way that allows them to switch on and off, increasing the
aggregation or immersion time of these molecules would not be beneficial. The
immersion time also did not affect the aggregate size which was observed for the free
base analog as well. In Figure 5.15A and B, the immersion time of the zinc cis-bipodal
porphyrin thiol in the dodecanethiol SAM was increased to 5 days and there was no
significant increase in the width or apparent height of the molecules. The width was still

~ 8 nm with an apparent height of the clusters of ~ 1.2 nm (Figure 5.15B).
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Figure 5.15. (A.,B) Representative UHV-STM images of 5 day zinc bipodal porphyrin
thiol/DDT mixed SAM; imaging conditions: 1.4 V and 20 pA.

5.4 Conclusions

It was anticipated that the cis-bipodal porphyrin thiol derivatives would form large
clusters reminiscent of the zinc monopodal porphyrin thiol islands since there were two
tethers for adsorption to the Au surface. It was predicted that the clusters formed with

the bipodal porphyrin thiol would be consistent with those with the monopodal zinc
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porphyrins with a pi-stacked arrangement. However, this was not the case and both the
free base and zinc bipodal derivatives did not form aggregates larger than ~ 8 nm and the
zinc bipodal derivative did not exhibit any interesting electronic properties such as bias-
induced switching. Since there are two tethers to anchor the porphyrin to the Au surface,
increased coverage of the molecules was also expected and was clearly evident in the
pure monolayers on the surface, where complete coverage of the substrate was observed
after 1 day of soaking the Au substrate in the free base bipodal porphyrin thiol. The free
base bipodal derivatives were not stable in the mixed SAM since the molecules would
disappear after imaging with the STM tip after 1 hour. Overall, the increase in the
number of porphyrin thiol molecules on the surface was observed in the pure monolayers
but not in the mixed monolayers since no large clusters were formed. The lack of
aggregation of the cis-bipodal porphyrin thiol could be due to the bulkiness of the
molecule, with two tethers in a cis orientation, preventing insertion of the molecules into
the defects of the pre-assembled DDT matrix to form the Coulomb islands as was
observed with the zinc monopodal derivative. Other derivatives will be investigated in
the future, including the porphyrin thiol without an alkanethiol tether, in order to
continue examining possible molecules with interesting electronic properties for

molecularly-enhanced electronics.
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CHAPTER VI
EMPLOYING SOLVENT EFFECTS IN NANOGRAFTING TO CONTROL

PATTERNING OF NANOSCALE ASSEMBLIES

6.1 Introduction
In general, research focusing on the formation of nanostructures in the past

decade has relied on various techniques with materials ranging from self-organizing

346-349 350-353

polymer and molecular assemblies, to proteins and other biomolecules and

177:354.355 " The ability to create ordered, reproducible

even metallic nanostructures.

molecular structures of nanoscale dimension is key to advancing the area of molecule-

based nanoelectronics.”>® To actively integrate molecules into CMOS technologies,

molecules must be able to be controllably organized onto surfaces with nanoscale
. . . 357,358

precision, with feature sizes on the order of 10 nm.

Scanning probe lithographies are becoming more frequently employed for the

359365 A range of scanning

design and assembly of nanoscale structures on surfaces.
probe based patterning techniques have been used to create nanoscale molecular
structures and patterns on surfaces including nanoshaving, nanografting,’*>*® Nanopen
Reader and Writer (NPRW)>® and Dip Pen Nanolithography (DPN).>** While there are
many other derivative scanning probe based patterning methods,’®~"! here we will focus
on force-induced types of nanofabrication using Atomic Force Microscopy (AFM).

Among these fabrication approaches, DPN is perhaps the mostly broadly employed. In

DPN, an AFM tip coated with the molecule of interest is brought into contact with the
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substrate and through capillary forces the molecules are then “inked” onto the surface
where the AFM tip contacts the support. Structures fabricated by DPN are generally
formed in ambient environments and factors such as the writing speed and ambient
humidity can dramatically impact the resolution of the structures formed. As such, for
patterns of self-assembled monolayers such as alkanethiols on Au, feature sizes are

typically limited to ca. 20 — 50 nm due to molecular diffusion.’?"**7

One way to
mitigate the effects of diffusion at the interface and decrease feature size is to pattern
directly into a surface bound host matrix such as a molecular monolayer. Here,
approaches such as nanoshaving and nanografting have been shown to be capable of
resolutions below 10 nm. In nanoshaving, a structure is formed when a force is applied
by the AFM tip to a surface covered with a host matrix (such a molecular monolayer),
which is displaced under the load into a solvent capable of solubilizing the matrix
molecules once they are displaced. Following shaving a hole, or nanowell, of exposed
underlying substrate remains which can then bind new molecules into the fashioned
feature. Nanografting is similar to nanoshaving, however, in lieu of just a solvent as the
background, nanoshaving is carried out in the presence of a new molecule, such that as
the matrix molecules are removed; new molecules from solution are bound to the surface
where the shaving took place forming a pattern on the surface. Depending on the size of
the newly inserted molecules from solution, negative or positive patterns with respect to
the background molecules can be formed depending if the grafted molecules are shorter

366,374

or longer, respectively. In both nanoshaving and nanografting methods, the AFM

tip displaces the matrix molecules when the contact load between the tip and substrate is
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sufficiently high to break the molecule-substrate bonds of the matrix molecules. While
nanografting is most commonly performed in contact mode, it can also be performed in
tapping mode which allows for reduced shear by the AFM tip to aid in mitigating
damage of the newly grafted molecules.”” NPRW combines nanografting with DPN
and uses a precoated tip to displace background molecules, which are replaced with the
molecules from the tip.

In this chapter, molecular assemblies will be created using controlled patterning
techniques in two different solvents, ethanol and one with a lower vapor pressure, 3-
phenyl-1-propanol. Undesirable surface displacement of molecules, which can be an
issue when creating patterned arrays with an AFM tip, is avoided by controlling the type
of solvent, concentration of the grafted molecules, and the loading force during the
patterning process. Since nanografting is a lithographic technique that can achieve
precise and reproducible patterns,’’® we have employed nanografting in this chapter to
manipulate molecules into ordered arrays on a Au surface to create a nanoscale test
array. Specifically, nanografting of 16-mercaptohexadecanoic acid (16-MHA) in a
dodecanethiol (DDT) self-assembled monolayer (SAM) on Au surfaces is performed in
two different liquid media, ethanol and 3-phenyl-1-propanol (3P1P), to compare
displacement of the matrix molecules as well as the resulting patterned nanoscopic

structures.
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6.2 Experimental
6.2.1 Preparation of Self Assembled Monolayers (SAMs)

All patterning experiments were carried out on Au(111)/mica substrates (Agilent
Technologies, Inc., Santa Clara, CA) which consisted of ~150 nm flame-annealed gold
films on mica. n-dodecanethiol (DDT, 98% purity), 16-mercaptohexadecanoic acid
(16-MHA, 90% purity), and 3-phenyl-1-propanol (3P1P, 98% purity) were purchased
from Aldrich; glycerol (ACS grade) was purchased from EMD chemicals and ethanol
(200 proof) was purchased from Pharmco-AAPER, and all chemicals were used as
received. Before each experiment, all Au(111) substrates were treated with UV/ozone
for 20 min, followed by rinsing the gold film in sequence with high purity (18.2
MQecm) water (NANOpure Diamond, Barnstead), ethanol, and then dried with
streaming nitrogen. SAMs of n-dodecanethiol were formed by immersion of the Au
films in 1 mM n-dodecanethiol/ethanol solution for 24 h followed by rinsing liberally
with ethanol and blown dry with streaming nitrogen.

6.2.2 Atomic Force Microscopy (AFM)

AFM images were acquired with a Molecular Imaging 4500 Pico SPM (Agilent,
Santa Clara, CA) with a deflection-type detection scanning head interfaced with an
SPM1000 Revision 8 control electronics (RHK Technology Inc., Troy, MI). All AFM
imaging and nanografting experiments were carried out in contact mode under liquid
environment using commercially available SisN4s AFM tips (Veeco/TM Microscopes,
Sunnyvale, CA) with nominal tip radii of ~ 10 nm and nominal spring constants of ~ 0.5

N/m. For quantitative measurements, calibration of the tip dimensions were carried out
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using Au(111) substrate step edges and blind tip reconstruction provided with Scanning
Probe Imaging Processor, SPIP, software. Both methods were consistent yielding a tip
radius of ~ 25 nm. The spring constants were estimated using the Sader method which
uses the resonance frequency of the tip and quality factor of the cantilever.*”’
6.2.2.1 Nanografting

Before a nanografted pattern was created with the AFM tip, first the optimized
force was determined by nanoshaving. Here, the optimized force was defined as the
minimum applied force required to reproducibly create a uniform shaved well by
removing the DDT molecules without disrupting the gold surface layer. Imaging forces
ranged from 16 to 25 nN in ethanol and 7 to 20 nN in 3PIP while fabrication
nanografting forces ranged from 57 to 90 nN in ethanol and 35 to 58 nN in 3P1P. The
forces in ethanol were much higher for fabrication due to a spring constant of 1.07 N/m
compared to 0.51 N/m in 3P1P. Both tips were nominally 0.5 N/m, however as
indicated by the manufacturer there is always a range that the tip spring constant can fall
in between. Each of the nanografted assemblies was patterned with the AFM tip by
manually determining the position and size of the feature to be fabricated with a
resolution of 256. For the contact radius to line step (CRLS) ratio analysis, the tip radius
of curvature was determined to be 23 nm and the cantilever spring constant (k)
determined from the Sader method was 0.47 N/m. The loads for imaging and
nanografting were determined using the spring constant of the tip, the force-distance
measurements on the matrix SAM, and any additional loading imparted on the tip. The

average load for imaging in 3P1P was ~ 7 nN while for nanografting the average load
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was determined to be ~ 36 nN. The values of the Poisson ratio (vi) and Young’s
modulus (£j) for the SizNy4 cantilevers®’® are 0.24 and 220 GPa and for the Au
substrate®”” are 0.3625 and 62.5 GPa, respectively. Using these values, the CRLS ratio
can be determined using the calculated contact radius («) divided by the line step (LS).*™
The line step is described as the length of the nanografted structure in the slow scan
direction divided by the resolution (256 for our experiments). Using the values listed
above, the contact radius is calculated to be 1.29 nm during imaging and 2.26 nm during
nanografting. If the CRLS value is less than or equal to 0.5 then there is no overlap of
the AFM tip within the nanografted region. For a typical 100 nm nanografted square,
the LS is 0.39 nm and the CRLS value is well above the threshold for the
nonoverlapping limit. If there is no control over the line spacing, the AFM tip will
overlap several times in the nanografted region. In order to circumvent this issue, the
overlap can easily be controlled using lithography software or manual scripting
techniques to design specific line spacing parameters during nanografting. We have
controlled the line spacing in nanografting experiments in 3P1P where the density of the
assembled structure is controlled through a script to designate the value of the spacing
between each line sweep by the AFM tip. The line spacings have been designated from
I to 5 nm in 1 nm increments. This has successfully allowed for CRLS values above the
nonoverlapping limit, i.e. above 0.5, at 1, 2, and 3 nm line spacings; a CRLS value of ~
0.5 at 4 nm line spacing and a CRLS value of less than 0.5 at 5 nm line spacing which

prevents the AFM tip from overlapping inside the nanografted region. From this



166

variation in line spacing, the densities of the 16-MHA molecules in the assembled
nanografted structures can be varied.
6.3 Results and Discussion

Some challenges that are typically faced when creating nanostructures are
reproducibility, consistency in formation and shape, as well as insertion of foreign
molecules or non-specific binding. Reproducibility and consistency can be controlled
using a directed assembly approach such as nanografting as compared to self-assembly
where the molecules naturally form structures of different size and shape depending on
their interaction at the surface. Using nanografting, the shape and size of the
nanostructures can be easily controlled using AFM lithography software, but the size of
the patterned regions are typically on small scales on the order of microns, whereas
patterning using particle lithography or template-based lithography can produce more
macroscale size patterns. Nanografting allows for more precise control at the molecular
level, and we have been able to fabricate precise patterned structures of monolayers or
bilayers from ~ 10 to 100 nm. By choice of solvent, we can either produce an assembled
bilayer of 16-MHA or insertion of single 16-MHA molecules into the DDT matrix.

To explore the impact of solvents on the assembly of molecular nanostructures,
self assembly versus nanografting experiments were performed of 16-MHA into DDT in
ethanol and 3P1P. Here we examined the ability to control the position of the molecules
and the quality of assembled 16-MHA structures that could be formed in a DDT matrix.

We also compared the self and directed assembly of 16-MHA by first nanoshaving a
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well into the DDT SAM and then allowing the 16-MHA to assemble in that well to the
fabrication of a 16-MHA structure by directed nanografting for both solvent systems.
Nanografting experiments were performed to investigate the construction of 16-
MHA bilayer structures in a controlled fashion using ethanol and 3P1P at four different
concentrations of 16-MHA: 0.5, 1, 2, and 5 mM. Imaging loads for both solvents ranged
from ~ 6 — 20 nN due to the stiffness of the lever and jump to contact forces high enough
to maintain engaged contact with the surface. These loads are higher than the typical
AFM imaging forces which tend to be less than 1 nN to maintain SAM quality. Often
fabrication forces for force-induced nanofabrication experiments range between 2 — 20
nN,*#3737 however, much higher loads ranging between 35 — 90 nN for nanografting
16-MHA in both solvents have been implemented. Again, these forces were determined
based on the experimental nanofabrication force needed to completely remove the matrix
DDT SAM during nanoshaving prior to nanografting for each concentration. An
increase in load is also required to account for blunter AFM tips. The applied loads used
for nanografting in ethanol produced bilayer structures for all concentrations of 16-
MHA, but when the 16-MHA molecules were flown into the AFM liquid cell, the 16-
MHA molecules naturally self-assembled as monolayer structures into the prefabricated
shaved wells. Nanografted assemblies have been known to produce different structures

than compared to the natural self assembly of the same molecules on open surfaces or in

367,381-383 381,383

confined spaces. Consistent with Liu and coworkers, the kinetics were
altered when the 16-MHA molecules were grafted into a confined region. With the

concentrations and fabrication forces used during the nanografting process of these
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experiments, the 16-MHA was driven to form assemblies of bilayers. The directed
assembly, i.e. nanografted, patterns of 16-MHA squares in ethanol had a diverse range of
physical heights between the center of the square compared to the outer lying edges,
which is typical since the tip spends more time scanning the edges during the
nanografting process. The non-uniform patterned squares are shown in Figure 6.1 A - D
where it is evident that the 16-MHA molecules are inserted into the background DDT

monolayer.

Figure 6.1. (A — H) Nanografted 16-MHA squares in DDT matrix (A — D) in ethanol
and (E — H) in 3P1IP. (A, E)- 0.5 mM 16-MHA; (B, F)- 1 mM 16-MHA; (C, G)- 2 mM
16-MHA; (D, H)- 5 mM 16-MHA.
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For all four concentrations of 16-MHA in ethanol, the 16-MHA molecules insert
into the background DDT SAM, and the insertion was observed in the AFM image
immediately after the nanografting process. Two plausible explanations for insertion of
the 16-MHA molecules are either the DDT matrix molecules are being displaced from
their original position on the Au surface but remain bound to the Au or the DDT
molecules are being replaced by the newly inserted 16-MHA. It has been shown in
previous studies that 1-adamantanethiol molecules are displaced by alkanethiols on
Au(111) surfaces due to lack of intermolecular stabilization and weakened Au-molecule
bonds as compared with the alkanethiols.’® Tt is believed in our case that the 16-MHA
inserts into the defects of the DDT matrix and forms a more stable SAM from the
increased van der Waals interactions of the longer alkyl chain of the 16-MHA molecules
compared to DDT.*****¢ We have seen evidence of 16-MHA displacing DDT molecules
of a pre-assembled SAM when the DDT SAM was immersed into a 5 mM solution of
16-MHA. After approximately 1.5 hours, the DDT SAM was imaged in situ with AFM
and then removed and imaged in an ultra-high vacuum scanning tunneling microscope.
The insertion took approximately 1.5 hours compared to instantaneous insertion with
disruption of the DDT with the AFM tip. The 16-MHA inserted as small clusters and
even bilayers which has been determined by AFM physical height measurements. The
difference in the insertion assembly is most likely due to the AFM tip which causes a
weakening (defects in the packing) of the DDT SAM allowing for the 16-MHA
molecules to immediately penetrate into very small regions of the SAM and slightly

displace the location of the DDT molecules. The STM images in Figure 6.2 show areas
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of 16-MHA which appear bright compared to the DDT as well as a reorganization of the
background DDT molecules into the more densely packed c(4 x 2) phase instead of the
more common (V3 x V3)R30° structure. A more densely packed lattice suggests that the

16-MHA molecules are inserting into the DDT SAM and not replacing them.

10 20 3.0 40 50 6.0 7.0
Distance (nm)

Figure 6.2. UHV-STM image of bright clusters of 16-MHA bilayers inserted into a
DDT SAM and magnification of the compressed c¢(4 x 2) DDT lattice on the right.
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In 3PIP, the 16-MHA molecules also formed bilayer structures from
nanografting and monolayers during self-assembly into the preshaved nanowells, and
this is shown in Figure 6.3 A & B. To explore self-assembly of 16-MHA into an open
well versus nanografting in a confined region, a nanowell of 100 nm in dimension was
formed by shaving away DDT matrix molecules with the AFM tip. At that point, 16-
MHA was introduced into the AFM liquid cell and the nanowell was filled with a
monolayer of 16-MHA (Figure 6.3A). The same size nanowell was grafted next to the
open well where a structure formed that was physically higher than a monolayer (Figure
6.3B). This is the bilayer structure which is stabilized through hydrogen bonding of
carboxylic acids of two 16-MHA molecules (schematic shown in Figure 6.3C). The

exact molecular tilt angle is unclear at this time due to the height variations of the double

100 200 300 400
nm

Figure 6.3. (A) Nanowell filled with monolayer of 16-MHA. (B) Nanografted bilayer
of 16-MHA next to preshaved nanowell. (C) Schematic of 16-MHA bilayer structure
formed inserted into DDT background (Grey- carbon, White- hydrogen, Yellow- sulfur,
Red- oxygen).
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layered structures when patterning in the two solvents. However, as the assembly of the
16-MHA becomes more densely packed, the tilt angle of the molecules will shift to a
more upright configuration which is consistent with the model of alkanethiol self-
assembled monolayers on Au which begin predominately lying down and stand up as the
packing density increases.'®®  Evidence from the literature shows that multilayer
structures have also been formed for dithiol molecules grafted into an inert SAM.*®
Another group has observed nanografted bilayer carboxylic acid structures in ethanol
and aqueous media that can be manipulated to form acid terminated monolayer grafted
assemblies by controlling the concentration of the solution.”® 1In our case, to prove a
bilayer was actually formed during the nanografting process, the same experiment was
repeated, but after the square was grafted into the DDT matrix, a basic solution of 18.27
% (v/v) of glycerol/water (pH ~ 10) was introduced into the liquid cell where the bilayer
structure was destroyed as shown in the sequence of images shown in Figure 6.4. If an
acidic glycerol/water solution (pH ~ 3) was introduced, the bilayer structure remained

intact through H-bonding of the terminal acid groups.
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Figure 6.4. Nanografted squares in DDT matrix in ethanol solvent (A) before adding
basic solution, (B) first image immediately after adding base and (C) second image after
adding base. Note: The values listed inside the line trace boxes are the approximate
physical heights of the squares.

Experiments were performed in 3PI1P to change the density of 16-MHA
molecules inside the nanografted squares using line spacings from 1 to 5 nm.
Previously, similar studies have been done with nanografting 16-MHA in ethanol at
different line spacings which showed that more densely packed nanografted squares at
smaller line spacings showed higher friction contrast compared to the background

SAM.*™ 1t was confirmed from our experiments that the physical height of the square
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Figure 6.5. (A) Representative AFM topography image of nanografted squares with
decreasing line density A = C and corresponding line traces. (B) Average height and
standard deviation plot of nanografted squares with line density from 1 to 5 nm.
Averages are from at least 18 different nanografted squares.
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increases with smaller line spacings. Bilayers of 16-MHA are more prominent for
squares grafted with a smaller line spacing, i.e. 1 nm (see Figure 6.5). A plot of the
average physical height of the nanografted squares is shown in Figure 6.5 for line
spacings of 1, 2, 3, 4 and 5 nm inside a 100 nm square. The average height increases
with the increasing number of scanned lines (i.e. the lowest line spacing of 1 nm) inside
the nanografted assembly. The increasing height of assemblies from 5 nm to 1 nm line
spacing was due to the formation of more densely packed bilayers, and patterns of 16-
MHA with similar heights have been formed using NPRW as well.**® Therefore,
monolayers are not formed inside the nanografted squares of 16-MHA as compared with
self-assembly of the molecules due to the high density of lines scanned by the AFM tip
creating densely packed bilayers during the nanografting process. Applying a CRLS
analysis™™ confirms these findings. Since the contact area of the tip is 2.26 nm during
nanografting with an applied load of ~ 36 nN, we can determine that the AFM tip will
overlap inside the nanografted region with the 1, 2 and 3 nm line spacings. At these line
spacings, we get a CRLS value of 2.26, 1.13, and 0.75 which are all above the threshold
value of 0.5. With the AFM tip overlapping while scanning inside the nanografted
square, the matrix DDT should be completely removed from the surface with the most
amount of matrix molecules removed at the smallest line spacing. With these three line
spacings, the 16-MHA molecules have free range to assemble into the entire open area
behind the scanning AFM tip which accounts for the more densely packed structures.
With a 4 nm line spacing, the CRLS value was determined to be 0.57 which indicates the

AFM tip is only slightly overlapping, so most of the DDT should be removed, although
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some molecules may remain causing the nanografted 16-MHA square to not be as
densely packed. At 5 nm line spacing, the CRLS value was 0.45 which is consistent
with the AFM tip not overlapping inside the nanografted region. In this case, there are
still DDT molecules present inside the patterned assembly making the 16-MHA more
sparse and produces a lower physical height structure.

A Dbenefit of nanografting in 3P1P was that the patterned squares at lower
concentrations, i.e. 0.5, 1, and 2 mM, were slightly more uniform when compared to the

molecular structures in ethanol. The nanografted squares for all four concentrations of

molecules

Figure 6.6. Testbed for singly inserted 16-MHA molecules (arrow), grafted ensembles,
and DDT matrix.
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16-MHA fabricated in the more viscous solvent resemble more densely packed
structures in the area inside the squares which is evident in Figure 6.1 E - G where the
edges are the same height as the rest of the square. Another noticeable difference for
nanografting experiments performed in 3P1P was that the 16-MHA molecules inserted
into the background DDT matrix with only the highest concentration of 16-MHA at 5
mM. At lower concentrations of 16-MHA in 3PI1P, 1.e. 0.5, 1, and 2 mM, the 3P1P
solvent acts as a barrier and prevents the 16-MHA from insertion into the matrix SAM.
Prior to our present studies, it was believed that 16-MHA inserted into the DDT matrix
over the entire gold substrate; however we have noticed that with the exception of long
immersion times, insertion only occurs where the tip has been previously scanning for
both the ethanol and 3P1P experiments. In Figure 6.6, the matrix DDT SAM is still
intact and there is no evidence of insertion where the tip was not previously scanning the
image even with the 5 mM concentration of 16-MHA in ethanol. Therefore, since the
insertion into the matrix DDT seems to be largely affected by the AFM tip disturbing the
pre-assembled SAM matrix as was discussed earlier, the 3P1P must be providing a
barrier for insertion of foreign molecules. Since 3P1P has an alkyl chain, the methylene
groups can interact with the DDT SAM and we have determined that approximately 7%
of 3P1P intercalates into the DDT matrix. It was determined with the ethanol
experiments that insertion of the self-assembled 16-MHA will occur but over a longer
period of time if undisturbed by the AFM tip. However, large clusters of 16-MHA
molecules were observed after self-assembly into the DDT whereas with the AFM tip

disturbing the SAM, single molecules can penetrate and displace the DDT. The average
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height of each of the inserted 16-MHA molecules was approximately 0.7 nm and the
average width of the structures was ~ 40 nm as determined by AFM topographical
images. By reconstructing the tip shape using the step edges of the gold substrate,”**"!
the full width at half maximum (FWHM) radius of the tip was ~ 25 nm. Looking at the
model shown in Figure 6.7A, the inserted 16-MHA features are most likely singly
inserted molecules or clusters of a few molecules. The blue dotted line in Figure 6.7
represents the line trace of the AFM tip, which shows that a single inserted 16-MHA
molecule would appear to be approximately 40 - 50 nm in width which is what is
observed in the images and is the limit of our resolution with the AFM tip. If the
replacement molecules were clusters of a large number of molecules, as shown in Figure
6.7B, the features would appear in the image to have a more flattened region which
would be distinguishable with the AFM tip.

The average physical height of the singly inserted molecules was much lower

than the directed assembly nanografted 16-MHA structures suggesting that the

molecules replacing the background DDT were only monolayers of 16-MHA. Due to
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Figure 6.7. Model of (A) a single inserted 16-MHA molecule and (B) cluster of 16-
MHA molecules imaged by an AFM tip.

this new discovery, a nanoscale test bed including nanografted molecular assemblies,
singly inserted molecules (due to the tip disturbing the matrix), and a reference SAM can

be fabricated all in one experiment. The inserted molecules and the nanografted
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structures allow for a range of measurements to be made from single molecules to
organized ensembles all in one test bed. The reference SAM provides an internal
reference which allows for systematic comparisons from sample to sample, a key
element in reproducing, standardizing and understanding any variations between sample
test beds. This opens up possibilities for a variety of measurements for molecular
electronic applications with the ability to fabricate and test the same structure with the
AFM. When creating well-defined nanostructures, factors such as concentration, line
spacing, and solvent should all be considered in order to fabricate reproducible patterned
assemblies. The ability to control all of these factors has proven to yield molecular
assemblies of different packing densities and uniformity. Spatial confinement is proving
to applicable not only for molecular electronic applications but others as well such as
sensing and monitoring enzyme reactions.***
6.4 Conclusions

We have compared nanografting of 16-MHA in ethanol and 3-phenyl-1-
propanol. The results indicate that formation of well-defined nanostructures can be
achieved in both solvents with differences regarding the integrity and packing of the
nanografted assemblies. The 16-MHA molecules were found to assemble as bilayers
when grafted into a DDT matrix, however, monolayer nanostructures can also be
fabricated if the molecules naturally self-assemble into the preshaved wells in the DDT
matrix. With the use of a more viscous solvent, 3P1P, 16-MHA assembled into more
uniform structures with little to no undesirable insertion of the 16-MHA molecules into

the background matrix SAM. It is a possibility that the 3P1P molecules stabilize the
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matrix and the nanografted structures by inserting into the DDT matrix SAM forming
van der Waals interactions between the 3P1P and the DDT molecules. Since ethanol and
3P1P both have alcohol functional groups, the phenyl ring and the longer alkane chain
on the 3P1P could be the reason for the higher degree of chemical interaction with the
background DDT providing a lubricative protection layer. If the 3P1P molecules are
inserted at the terminal end of the matrix, this could create a barrier hindering the 16-
MHA molecules from inserting into the background DDT. The higher quality of
patterned assemblies in 3P1P and the little to no insertion of the 16-MHA into the DDT
matrix could also be due to the physical property of the 3P1P solvent having a higher
viscosity than compared to ethanol. The higher viscosity of 3P1P not only creates a
resistance for the 16-MHA molecules to penetrate into the DDT matrix but also forms a
protective layer around the 16-MHA assemblies. Additional factors other than solvent
choice must also be considered in order to reproduce the nanoscale assemblies on Au
surfaces. The packing of the nanografted 16-MHA molecules was affected by the line
spacing of the AFM tip inside the patterned region and therefore the physical heights of
the bilayer formation. A more densely packed structure will lead to a nanografted
ensemble that was physically higher, and using a CRLS analysis can provide a more
precise control over the molecular assemblies. In order to create well-defined
nanostructures for use in molecularly-enhanced electronic applications, the pattern

consistency must be controlled using these methods.
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CHAPTER VII
FABRICATION OF ZINC PORPHYRIN NANO-ISLAND ARRAYS ON AU(111)

USING SCANNING PROBE LITHOGRAPHY

7.1 Introduction

Molecularly-enhanced electronic devices are currently being explored using a
diverse range of molecules from nanotubes to porphyrins to DNA with applications such
as switches, molecular memory, organic field effect transistors as well as single electron
transistors.””>>*>  Porphyrinoids, with known roles in biological electron transport and
photosynthetic systems, are obvious candidates for such devices, having a low band-gap
electronic structure that is relatively unaffected by the choice of substrate or the
molecular environment. Studies which combine a range of surface analytical tools, such
as X-ray photoelectron spectroscopy, inelastic electron tunneling spectroscopy,
reflection absorption IR spectroscopy, ultra-violet photoelectron spectroscopy as well as
orbital-mediated tunneling spectroscopy via break-junction techniques and scanning
tunneling microscopy (STM) have provided a significant amount of information
regarding the physical and electronic properties of porphyrins on surfaces.”®® Work by

397,398
Coeo

Armstrong et al. has employed phthalocyanines in conjunction with and

399

perylene derivatives™ to develop structures that could be used in photovoltaic and

OLED devices.*” Porphyrinoids adsorbed as monolayers on surfaces have also been

extensively studied by Hipps and co-workers who are investigating the self-

401,402 3

assembly and tunneling properties®” of these molecules. Their work includes
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studies on HOPG as well as metal substrates, suggesting a certain indifference of the
porphyrin electronic structure to the substrate involved, potentially simplifying the
challenge of technology transfer from experimentally convenient substrates like gold to
more applicable substrates like silicon. Lindsey, Bocian and coworkers have been
investigating in the past decade the direct correlation of the read/write speed to the
electron transfer rates of porphyrins, and they have demonstrated a potential role that
these molecules may play in future devices.'***'”*** Their work has also shown that the
reversible redox activity of stacked lanthanide porphyrinoid complexes, having several
stable oxidation states, can be exploited for molecular information storage applications
whereby oxidation and reduction of the clusters correspond to read and write cycles,
with the ability to achieve substantially higher charge densities then existing silicon
technology.'”® All of these studies conclude that the orbital energies of the macrocycles
including the metal ions, molecular states, and the surface states determine the electronic
properties, and ultimately the roles such molecules might play. Their extensive
characterization and design of various porphyrin derivatives has shown that the
attachment chemistry and topology, tether, and linker moieties have yielded insights to

the functional role of each part of the molecule!?>!2%193:209:-274.405.406

which provides

directions for further development of the field of molecularly-enhanced devices.
Substantial research contributing to the field of organic electronics has involved

the study of single molecules. Tao et al. has examined the specific properties of single

407

organic molecules such as alkanedithiols, oligothiophenes*® and perylene

derivatives*” using electrochemical and break junction techniques where quantized
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conductance measurements have been possible. This work on single molecules is
certainly highly applicable to molecularly enhanced devices, however the development
of molecular ensembles has seen increasing consideration, perhaps owing to the many
challenges involved in fabrication of reliable single molecule devices as well as the fact
that single molecules, while potentially quite capable as diodes and rectifiers, cannot
achieve the necessary charge stabilization at room temperature necessary for effective
Coulomb blockade and thereby operation as single electron transistors. Weiss et al. has
also been a major contributor towards enhancing or replacing conventional electronics
using molecules, and much of his work has involved the development of single molecule
devices®** and optimizing their properties using synthetic methods.*'® Creating ordered,
reproducible structures is important in order to advance the knowledge of the molecule-
based nanoelectronics field, whose function is dictated or enhanced (i.e. “more than
Moore” applications) by the use of molecular assemblies to modulate charge transport.
Molecules must not only be characterized and analyzed for their ability to be integrated
with existing technologies such as CMOS but must also be controllably organized onto a
surface at the nanoscale. It would be ideal to reproducibly and controllably create
molecular architectures on surfaces in dimensions from 10 — 100 nm to carry out specific
applications for memory cell and sensing devices.

To develop a better understanding of electron transport through molecules, we
have studied thiol tethered porphyrin molecules, as detailed in earlier chapters and

illustrated here (Figure 7.1). Careful investigations of the attachment chemistry and
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topology, tether, and linker moieties can yield substantial information on electron

transport through molecular systems. Our group has found through a crosswire junction

SH

Figure 7.1. Zinc porphyrin thiol model.

technique, that the porphyrin shown is capable of Coulomb blockade at liquid helium
temperatures, making it a potential candidate for roles in single electron transistors. At
room temperature, bias-induced switching of the molecules is observed via Scanning
Tunneling Microscopy (STM), a behavior most prominent for aggregates of the
molecule. In this previous work, such aggregates were formed randomly as the

molecules were allowed to insert into a preexisting self-assembled monolayer (SAM) at
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defects in the film, with no direct control over the insertion process. In this work our
goal was to direct the insertion of these molecules to reliably produce molecular
ensembles.

In order to fabricate any of these types of devices, the inherent electronic
properties of molecules must first be investigated. Once a molecule shows promise for
any one of these applications, the single molecule or ensembles of molecules must be
reproducibly patterned on a surface. Various patterning techniques have been used to
create nanoscale structures and patterns on surfaces, in particular, a variety of scanning

probe methods exist including Dip Pen Nanolithography (DPN),**’

Nanopen Reader and
Writer (NPRW),*'! as well as nanoshaving*'? and nanografting.****®”  Other than DPN,
these techniques are limited from a fabrication standpoint as they are not easily
parallelizable and mass-producible, however developments in this regard have been

made.*"?

In this work, nanografting, whereby a pre-existing SAM is displaced by an
Atomic Force Microscope tip allowing for insertion of the molecule of interest, has been
employed to fabricate ensembles of a zinc porphyrin molecule on a Au surface. This
type of directed assembly patterning technique has the ability to create nanoscopic
structures which are necessary in the fabrication of smaller electronic devices which may
rely on the behavior of only 10’s to 1000’s of molecules in a confined structure.
Furthermore, spatial confinement in the grafted regions assists in the assembly of self-

organized porphyrin structures.*'*

The most common solvent for nanografting is ethanol
or mixtures with ethanol,”®”*'**!7 however, the results presented herein are the first

example to our knowledge of nanografting in pure dichloromethane. Nanografting in
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such a volatile solvent can create issues during patterning, such as the limited amount of
time before the solvent completely evaporates, which reduces the size scale of the entire
patterned region as well as the instability of the AFM tip which is unable to equilibrate,
not to mention the tendency of dichloromethane to dissolve a variety of plastics and
adhesives. Others have imaged in a mixture of solvents such as ethanol/dichloromethane
(85/15) to overcome these inherent issues, but we were unable to use a solvent mixture
due to the highly favorable aggregation of this molecule resulting in particularly poor
solubility.

In order to overcome these inherent issues associated with dichloromethane, we
have utilized a custom made glass nose cone and sample holder to facilitate the
patterning of the zinc porphyrin thiol. Since the original nose cone for the Agilent 5500
AFM is made of PEEK polymer which swells in the presence of dichloromethane and
has an epoxy that holds the viewing window which dissolves in dichloromethane, a glass
nose cone was manufactured by Mindrum Precision Inc. (Rancho Cucamonga, CA) so
the entire piece would be compatible with the solvent. The o-rings around the nose cone
which seal the electronics from solvent were also exchanged for a material which had a
better chemical resistance to dichloromethane. A custom sample holder was also
designed and fabricated out of Teflon to contain the Au sample and zinc porphyrin thiol
solution. Compatibility with the AFM set up was not the only issue to overcome for
these experiments, finding the patterned area in the STM after nanografting the zinc
porphyrin thiol in the AFM was another major dilemma. First, a large scratch in an “X”

shape was made on the Au surface using Pt wire in order to delineate where the general
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patterned area would be located. The apex of the “X” was then used to localize a 100
um?® area. Using the AFM software, an AFM probe was then approached into silver
epoxy (Epotek) until the tip made contact and was immediately retracted from the
surface. Once the AFM probe was coated with the silver epoxy, the tip was approached
four times in a diamond shape to the surface and held for a few seconds. The epoxy dots
were cured in the oven at 150°C for 1 hour and were resistant to dichloromethane. The
Au sample was then placed into the AFM liquid environment and the nanografting
experiments were carried out inside the 100 um? area of the epoxy dots. This procedure
allowed for repetitive nanografting of the zinc porphyrin thiol molecules and afterwards,
the sample was removed from the AFM and immediately placed into the UHV-STM
chamber. Once inside the STM chamber, the STM tip was approached inside the epoxy
dots which easily allowed for investigation of the patterned area.

Since nanografting is capable of achieving precise and reproducible patterns,’’®
we have employed this scanning probe lithographic technique in this cChapter to
manipulate porphyrin molecules into well-defined structures on a Au surface for the
ultimate goal of creating a nanopatterned array of Coulomb islands to be electrically
characterized using Scanning Tunneling Microscopy (STM) or Conducting-Probe
Atomic Force Microscopy (CP-AFM). We have also employed the nanografting
technique to pattern larger arrays of assemblies of zinc porphyrin thiols in a
dodecanethiol (DDT) matrix on Au surfaces to investigate the assembly, stability, and

electronic properties of the nanostructured arrays. Our goal of consistently fabricating
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nanostructures is ultimately expected to yield consistent electronic characteristics which
is a necessity for implementation of such devices to enhance existing silicon technology.
7.2 Experimental

7.2.1 Materials

Au(111) substrates (purchased from Agilent Technologies, Inc., Santa Clara, CA)
were ~150 nm flame-annealed gold films on mica or (purchased from PHASIS, Geneva,
Switzerland) were ~200 nm freshly grown gold films on mica. Dodecanethiol (DDT,
98% purity) was purchased from Aldrich and used as received.

7.2.2 Preparation of Self Assembled Monolayers (SAMs)

Before each experiment, all Au(111) substrates were treated with UV/ozone for
20 min, followed by rinsing the gold film in sequence with high purity (18.2 MQecm)
water (NANOpure Diamond, Barnstead), ethanol, and then dried with streaming
nitrogen. SAMs of n-dodecanethiol were formed by immersion of the Au films in I mM
n-dodecanethiol/ethanol solution for 24 h followed by rinsing liberally with ethanol and
blown dry with streaming nitrogen.

7.2.3 Atomic Force Microscopy (AFM)

AFM images were acquired with either a Molecular Imaging 4500 Pico SPM
(Agilent, Santa Clara, CA) with a deflection-type detection scanning head interfaced
with an SPM1000 control electronics Revision 8§ (RHK Technology Inc., Troy, MI) or
an Agilent 5500 (Agilent, Santa Clara, CA). All AFM imaging and nanografting
experiments were done in contact mode under liquid environment using commercially

available Si3N4 AFM tips (Veeco/TM Microscopes, Sunnyvale, CA and MikroMasch,
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San Jose, CA). The Veeco AFM tips have nominal tip radii of ~ 10 nm and nominal
spring constants of ~ 0.5 N/m and were used for fabricating the arrays of zinc porphyrin
of different sizes and shapes. The MikroMasch tips were characterized fully for the 5
and 20 nm islands studies. The tips used for the fabrication of the 5 nm and 20 nm
islands had spring constants of 0.39 N/m and 0.77 N/m, respectively with tip radii of ~
35 nm. The imaging force of the tip on the surface of the sample was calculated to be
between 2 — 4 nN, whereas for nanografting, the forces were much higher at 214 nN and
363 nN for the 5 and 20 nm islands, respectively. Lithography scripts were programmed
to regulate and vary tip speeds, line spacing, and applied force.

7.2.4 Scanning Tunneling Microscopy (STM)

STM measurements were taken under ultrahigh vacuum (UHV) conditions using
an Omicron UHV-XA STM system. The system was operated with a typical base
pressure of < 2.3 x 10 Torr. Images were collected using Pt/Ir (70/30) tips which were
mechanically cut. The typical imaging conditions of tunneling current and tip bias
voltage ranged from 5 pA to 30 pA and from -2.0 V to +2.0 V, respectively. Current-
voltage (I-V) spectra were collected under UHV conditions over a voltage range of -2.0
V to +2.0 V. The STM images were analyzed with commercially available Scanning
Probe Image Processor (SPIP) software (version 4.8.1, Image Metrology, Lyngby,
Denmark).

As detailed in the Introduction, characterizing the nanografted patterned regions
with the STM was enabled by developing a technique in order to mark the sample to find

the nano-islands. Briefly, an “X” was scratched onto the Au(111) surface with a Pt wire.



191

At the intersection of the “X”, an AFM tip was used to drop four, ~ 10 um size beads of
silver epoxy (Epotek) in a diamond shape. The Au was then heated to 150°C for 1 hour
to cure the silver epoxy so that it would not dissolve in the nanografting
dichloromethane solvent. The nanografting was then performed inside the diamond
shape and immediately after, the sample was placed into the UHV-STM for further
imaging and electronic characterization of the zinc porphyrin nano-islands.
7.3 Results and Discussion
7.3.1 Zinc Porphyrin Nanografting and Characterization

Nanografting has been employed to create a variety of different molecular
assemblies of the zinc porphyrin thiol on Au(111) surfaces. To create the different
patterns of molecules, lithography scripts were employed using the computer software to
control the placement, force and speed of the AFM tip. Lithography scripts have been
programmed to nanograft different shapes of the zinc porphyrin thiol molecules into a
dodecanethiol matrix such as a 4 x 4 array of circles, an array of squares or frames and
ultimately the optimal Coulombic 10 nm islands as shown in Figure 7.2. For the circles
arranged in a four leaf clover shape, the AFM tip scanned each circle 5 times. The width
of each individual circle was ~ 10 - 20 nm, which is the optimal size of the confined
domain desired. From the topography images achieved, the zinc porphyrin thiol readily
grafted into this pattern of circles. The physical height of the outer circles was ~ 5 A,

shown in Trace A in Figure 7.2 which is consistent with the calculated monolayer height
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Figure 7.2. AFM images of nanografted patterns of zinc porphyrin thiol in
dodecanethiol matrix. (A) 4 x 4 circular pattern array, (B) different size squares from 10
— 100 nm, (C) 8 x 8 array of 50 nm frames and (D) 8 x 8 array of 10 nm islands. The
traces on the right hand side correspond to the blue line traces in panels A — C,
respectively.

of the zinc porphyrin thiol and IR measurements as described in Chapter IV.*"* Since
the AFM tip has scanned the middle of the array of circles more than the outer edges of
the circles, the physical height in the middle of the circles (16 A) was higher than the
height observed on the cross section of a single circle. The successful nanografting of the
zinc porphyrin molecules was reproducible using this lithography script. To show the
versatility of the zinc porphyrin thiols to be nanografted, an array of different size

squares from 10 — 100 nm was patterned. The largest, 100 nm, square had a physical
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height of ~ 10 A. The discrepancy of each of the patterns having different heights is
likely due to the arrangement of the zinc porphyrin thiols inside the nanografted
structures. Since the porphyrins can aggregate in a variety of ways such as pi stacking or
arrange so that the pyridyl N from one molecule interacts with the Zn metal center of
another or a mixture of the two, the physical height of the zinc porphyrins above the
DDT matrix can vary. From past studies of the self-assembled zinc porphyrin, we know
that the zinc porphyrin islands on average are only ~ 3 A above the dodecanethiol
matrix. The physical height above the background matrix SAM can range from
essentially no difference if the zinc porphyrins are leaning over up to ~ 12 A if the zinc
porphyrins are standing completely upright. In Figure 7.2C, the zinc porphyrin thiol
molecules were nanografted into an 8 x 8 array of 50 nm frames spaced 70 nm apart.
The physical height of the zinc porphyrin thiol was observed to be between 6 - 8 A

shown in Trace C of Figure 7.2.
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Topography

Figure 7.3. (A) Topography and (B) friction AFM images of the 8 x 8 array of 10 nm
zinc porphyrin islands. Inset in (A) is a 3-D friction image for clarity.

The lithography script for the 50 nm patterned array of frames was modified to
graft the zinc porphyrin thiol into patterned arrays with 10 nm feature sizes. Since the
AFM tip is often much larger than 10 nm, the lithography script was modified so that
only a square frame was drawn in order to minimize the buildup of excess porphyrins in

the nanostructure. By not grafting inside the frame, this allowed for the creation of the
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10 nm islands of zinc porphyrin. Patterning arrays of 10 nm frames was better than
patterning arrays of squares due to the fact that the tip does not spend a significant
amount of time in the center of the square which can cause the porphyrins that assemble
on the edges to be swept away in some instances. Nanografting can also cause a buildup
of the porphyrin molecules, thus, scanning the AFM tip in a frame pattern has grafted
monolayers rather than bilayers or stacks of the zinc porphyrin thiol.

The patterning of these nano-islands was a very quick process, less than a few
minutes, for the 8 x 8 array shown in Figure 7.2D, so there was not an issue with the
volatility of the dichloromethane solvent, and the AFM topography could be imaged
after the nanografting took place. However, in order to graft larger regions of zinc
porphyrin islands, the solvent must be stable for much longer periods of time. The 8 x 8
pattern of the 10 nm islands was grafted successfully and is clearly visible in the friction
images in Figure 7.3. It is difficult to discern the zinc porphyrin in the larger scale
topography image due to the small physical height of the zinc porphyrins, however from
higher magnification images, the islands become visible as bright dots (Figure 7.4). Due
to the sharp radius of curvature of the tip and the 10 nm nominal radius, the observed
porphyrin islands had a FWHM of ~ 15 nm in width and did not resemble a frame, but a

filled in square. The physical height of the 10 nm frame was observed to be approx. 5 A
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Figure 7.4. (A) Topography AFM image of a 3 x 3 array of 10 nm zinc porphyrin
islands with corresponding line trace and (B) its respective 3-D friction image.

as shown in the line trace of Figure 7.4A, consistent with the calculated physical height
of the zinc porphyrin monolayer.*'® The 10 nm islands created by nanografting with an
AFM tip will allow us to further investigate the Coulomb blockade behavior of these
ensembles as described in Chapter IV. The self-assembled islands are difficult to obtain
conclusive information regarding the electronic properties of the ensembles because the
molecular clusters are not isolated from one another and therefore their electronic
communication is not localized to individual islands. During the self-assembly process,
the zinc porphyrin clusters do not have precisely controlled geometric constraints. The

molecular structures are driven to self-assemble by thermodynamic control into the
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defects of the DDT matrix and the final ensembles of zinc porphyrins are various sizes
and shapes. The self-assembly of the zinc porphyrins in the DDT matrix leads to
molecular clusters that are not isolated from each other and therefore the I-V behavior of
the aggregates was not consistent from island to island or even within the island. It is
suspected that the charge transport behavior for the zinc porphyrin thiols in the mixed
monolayers has been unreliable due to the uncontrolled size and shape of the islands. In
order to reproducibly create molecular ensembles isolated from one another,
nanografting was employed to control the precise placement and shape of the zinc
porphyrin nanostructures. Also, by creating the islands directly with an AFM tip, we
have the ability to control the shape of the nano-islands based on imposing defined
geometric constraints inside the DDT matrix. The nanografting process also forms
ensembles which are kinetically controlled by the speed it takes for the molecules to
assemble inside the open well unlike the self-assembled molecular ensembles which
have days to form on the Au surface. Liu and coworkers have shown that there is a
spatial confinement effect due to the difference in kinetics for assembled structures

' Due to the differences in the assembled islands on

formed instantly by nanografting.*®
the Au surface during nanografting versus self-assembly, the charge transport behavior
was markedly different of the nanografted zinc porphyrin islands which will be
discussed in more detail later in this chapter.

7.3.2 STM of Zinc Porphyrin Nanografted Arrays

Now that we have the ability to graft the zinc porphyrin thiol nano-islands, one of

the most important aspects of creating the Coulomb islands is to investigate the
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significance of controlling the island size. Coulomb islands are known to exhibit distinct
electron transport behavior whereby the electron passes through the islands one at a
time. The threshold voltage as well as the Coulomb blockade gap range should depend
on the size of the Coulomb islands. Since the properties of the molecular islands should
be dictated by the size and shape as well as the assembly of the molecules inside the
different nano-islands, we have investigated two different size islands, 5 and 20 nm.
Using STM, we have been able to investigate the assembly of the molecular islands
using high resolution imaging of individual clusters as well as probe the charge transport
behavior of different size nano-islands. Very few studies have been done exploring the
charge transport behavior of fabricated nanostructures. SAMs with electroactive
headgroups fabricated using STM replacement lithography have shown an interesting
phenomenon known as Negative Differential Resistance (NDR), however these studies

419
In our current

were fabricated and investigated within the same instrument.
investigations, the Coulomb islands have been fabricated with an AFM and subsequently
moved into a UHV-STM for charge transport studies. Beyond controlling island size
and looking at the charge transport behavior as a function of island size, patterning large
arrays for a functioning device is also of worth for our studies and has been
demonstrated using lithography scripts with AFM. As molecules are being proposed as

active electronic components, we would like to further investigate if the zinc porphyrin

thiols can act as molecular capacitors since there has been preliminary evidence that the
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Figure 7.5. (A) Topography and (B) friction AFM images of a 9 x 9 array of ~ 5 nm
zinc porphyrin islands in a dodecanethiol matrix. (C) Magnified region with
corresponding line trace of nano-island.
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Island 1

Island 2

Figure 7.6. (A) UHV-STM image of large scale patterned area and (B) zoomed in 2-D
and (C) 3-D images of 4 zinc porphyrin islands. High resolution STM images of ~ 5 nm
zinc porphyrin (D) island 1 and (E) island 2 in a dodecanethiol matrix. Imaging
conditions: 1.2 V and 5 pA.

Coulomb blockade gap range does appear to change as a function of the island size.
Since capacitance depends on island size, we have focused on creating large arrays with
total patterned areas on the order of microns of the ~ 5 and 20 nm islands of zinc
porphyrin thiols. Using the AFM lithography scripting techniques, a 9 x 9 array of 5 nm
zinc porphyrin islands has been patterned as shown in Figure 7.5A & B. The physical
height of the islands was ~ 8 A consistent with the height of a monolayer of zinc

porphyrin thiol molecules and the FWHM was ~ 40 nm shown in the line trace of Figure
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7.5C. The width determined from AFM was larger than the actual patterning size to the
large radius of the AFM tip.

The patterned area was imaged in an UHV-STM to characterize the apparent
height and orientation of the nanografted structures. In the STM, a line of 4 zinc
porphyrin islands are observed as outlined in the blue box in Figure 7.6A. The apparent
height of these islands was ~ 3 — 5 A and ~ 6 nm wide which is much smaller compared
to the 40 nm width in the AFM. Again, due to the size of the AFM tip, the width of the
porphyrin ensembles appears much wider than their actual dimension. Due to the
heating step to cure the epoxy on the Au surface, small terraces of Au adatoms appear in
the STM images in Figure 7.6. Since these tiny Au terraces are only ~ 3.0 A tall, they
are not resolved in the AFM images. The magnified STM region, Figure 7.7B, and the
3-D respective area, Figure 7.6C, show the islands clearly organized in a straight line. In
Figure 7.6D and E, high resolution images of the nanografted region show no clear order
inside Island 1. However the pyridyl N’s spaced ~ 1.1 nm apart are clearly evident in
the STM image from Island 2 imaged with very low currents of 5 pA. Island arrays of
20 nm have also been fabricated as shown in the AFM topography images in Figure 7.7.
A 2 x 2 array is shown in Figure 7.7A and B, and this technique was scaled up to create
a 9 x 9 array as shown in panel C and an 18 x 18 array as shown in panel D. In Figure
7.8, the magnified region of the 18 x 18 array shows the physical height of the islands is
~ 8 A with a FWHM of ~ 60 — 80 nm shown in the line trace of Figure 7.8B which again

was expected due to the large radius of the AFM tip. When the 20 nm island patterned
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arrays were imaged with the STM, the islands typically exhibited a FWHM ~ 10 — 20

nm.

0.8‘

Height (nm)
o
B

o
o N

40 80 120 160
Distance (nm)

02 04 06 08 10 12 14 16 0 0.4 08 1.2 16 2.0
Distance (pm) Distance (pm)

0

Figure 7.7. (A) Topography AFM images of a 2 x 2 array, (B) Magnified region of 2 x
2 array with corresponding line trace of island, (C) 9 x 9 array with line trace and (D) 18
x 18 array with line trace of ~ 20 nm zinc porphyrin islands in a dodecanethiol matrix.



203

I
-2}

S L

£ J Y

E 0.2 f 7 \

=2 = g

% -0.2 [ - e
o] 50 100 150 200

Distance (nm)

Figure 7.8. (A) Topography AFM images of an 18 x 18 array of ~ 20 nm zinc
porphyrin islands in a dodecanethiol matrix. (B) Magnified region with corresponding
line traces of islands.

The major difference with the larger islands was the apparent height of these
nanostructures. The apparent height in the STM was ~ 2.0 nm which was more than
double that of the smaller, 5 nm, zinc porphyrin islands and suggests an increase of the
electronic communication inside the ensembled nanostructure. When the zinc porphyrin
thiols self-assemble on Au surfaces, the clusters naturally appear in the STM with two
different apparent heights, one typically around 5 A which exhibit bias-induced
switching in a face to face pi-stacked orientation and other clusters which appear greater
than 1 nm. The self-assembled islands in the higher conductance state show a large

range in apparent height from ~ 1 to 2.5 nm. These nanografted 20 nm islands appear to
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match the higher conductance state of the self-assembled structures. Although it is
unclear at this time how the molecules are organized inside the 20 nm islands since the
clusters appear so bright in the STM images. It is always difficult to obtain high
resolution images of clusters that have apparent heights greater than 1 nm due to the
increased electronic communication in the aggregated structures. The 20 nm islands

were also much less stable than the 5 nm islands in the lower conductance state. After
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Figure 7.9. (A) UHV-STM image of large scale patterned area of 20 nm islands and

line trace of gold terrace and (B) magnified image of a single 20 nm island with its
corresponding line trace.
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the STM tip path crosses over the 20 nm islands one or two times, the STM images no
longer show the clearly defined islands, but rather a smear across the surface even at
very low currents of 5 pA. In Figure 7.9, it is clear that there is a lot of smearing out of
the porphyrins since only a partial pattern, circled in green, is observed of the 20 nm
islands. The lower apparent height islands in the background of the STM image are the
small Au terraces created during the heating step of the sample preparation. These
islands are only 3 A, the approximate diameter of a Au atom, as shown in the line trace
of Figure 7.9A. Since the apparent height of these molecules inside the nano-islands are
around 2 nm (shown in the line trace of Figure 7.9B) and the packing density is unclear
inside the fabricated structure, each porphyrin could be oriented in an upright fashion
without very many nearest neighbor molecules. If this is the case, the molecules can be
easily manipulated with the STM tip and any slight interaction can cause the cluster to
fall apart. After taking a set of current-voltage (I-V) measurements on the isolated
islands, the cluster would also disappear in the STM image as shown in Figure 7.10
which also confirms that the higher apparent height, 20 nm islands are unstable. Due to
the lack of high resolution images, no conclusions can be made with regards to the

molecular orientation of the 20 nm islands.
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Figure 7.10. (A) UHV-STM image of 20 nm island before and (B) after taking I-V
measurements. Blue circle indicates where the zinc porphyrin island disappeared.

7.3.3 Charge Transport Behavior of Zinc Porphyrin Nano-Islands

Now that we have investigated the reproducibility and stability of nanografted
arrays of zinc porphyrin thiols, the next challenge is related to obtaining conclusive
information regarding the charge transport behavior of the fabricated 5 and 20 nm
Coulomb islands at room temperature. Based on prior junction measurements which
investigated the porphyrins acting as Coulomb islands, we have seen that the m-n
stacking of the porphyrin macrocycles as well as the zinc metal interactions played a
significant role in the amount of current passing through the molecule as well as the
turn-on voltage in the I-V curve. Since the zinc metal center increases aggregation, the
zinc porphyrin clusters are capable of forming large enough islands during self-assembly

after 5 days in the zinc porphyrin solution which are able to stabilize charge through the
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extended pi system, and when a high enough bias is applied, i.e. the voltage threshold is
reached, the charge is released which in turn results in an increase in the current flow.
Now, by creating the Coulomb islands with a desired feature size, we can investigate the
properties of these nano-islands of different sizes. The 20 nm islands, although clearly
unstable in the STM, did afford reproducible I-V measurements. When investigating the
self-assembled molecular ensembles of the zinc porphyrin in mixed monolayer, the I-V
measurements were never consistent and each ensemble would display very random
charge transport behavior. Now that the zinc porphyrins are precisely placed on the
surface in the desired shape of a square and have been geometrically confined by the
DDT matrix, the charge transport was much more uniform even among several different
islands of the same size. The 20 nm islands clearly showed very low current in the
hundreds of pA range with a symmetric [-V curve as shown in Figure 7.11A and have
been compared to the background C12 SAM as a reference in Figure 7.11B. One of the
issues when obtaining electronic measurements on the self-assembled islands was that
they are not isolated from others because the molecules cannot be placed accordingly. In
comparison to the self-assembled islands, the nanografted islands may not have
molecules oriented in a similar direction but the shape and constrained size of the islands

are consistent which most likely leads to the uniform I-V behavior.
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Figure 7.11. Average I-V curve for (A) 20 nm zinc porphyrin island and (B) reference
C12 SAM.

Now that the porphyrins can be placed directly on the surface as desired and the
spacing and size of the islands can be controlled, the I-V measurements were much more
consistent. With self-assembly, each island can be in contact with surrounding
molecules from a different island which can make the I-V curves very inconsistent.
Since there is no control over the molecule placement during the self-assembly process,

obtaining reliable information regarding the electronic properties of the islands was very
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difficult. Using scanning probe lithography to pattern the zinc porphyrin thiol
molecules, the I-V data acquired on each 20 nm island was shown to be consistent and
reliable. With the 20 nm islands, it is expected that the I-V curves should not exhibit any
sharp turn on voltage since the porphyrins are already in the higher conductance state,
and the molecules are therefore unable to turn “ON”. Previously, it was seen with the
self-assembled islands that only the molecules in the lower conductance state, i.e. those
with apparent heights of ~ 5 A, were the ones that turned on when the bias was increased
from 1.4 to 2.0 V. Since the fabricated 5 nm islands are indeed in the lower conductance
state as determined by STM, further experimental studies examined the bias-induced
switching behavior and charge transport of these zinc porphyrin islands. As shown in
Figure 7.12A and B, the molecular islands do exhibit bias-induced switching when the
tip bias was increased from 1.4 to 2.0 V. The switching results in a the apparent height
of the zinc porphyrin island increasing from ~ 8 A to 18 A. The increase in apparent
height by 1 nm confirms that the 5 nm molecular islands turn “ON” into a higher
conductance state as was previously observed with the lower apparent height self-
assembled zinc porphyrin islands. Now, the molecular island size can be controlled
using scanning probe lithography and large patterned arrays can be fabricated of the
molecular switches. The charge transport behavior of the 5 nm island was remarkably
different when compared to the 20 nm zinc porphyrin islands. As shown in Figure

7.12C, the average I-V curve of one 5 nm zinc porphyrin island shows a sharp turn-on in
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Figure 7.12. Bias-induced switching of 5 nm islands (A) in low conductance “OFF”
state at 1.4 V and (B) high conductance “ON” state at 2.0 V with corresponding apparent
height traces and (C) average I-V curve for 5 nm zinc porphyrin island.

current above ~ 1.6 V with total current in the nanoampere range. The I-V measurement
for the 20 nm islands were symmetric in the picoampere range and did not display any
sharp turn on in the current above a bias threshold. The difference in the charge
transport behavior for the two different sized islands could be due to the ability of the
charge to be stabilized on nano-islands of a distinct size. It is also unclear at this time
the specific orientation of the porphyrin molecules inside the 20 nm islands since their
apparent height is over 2 nm. Therefore, molecular configuration inside these molecular
islands could also play a role.

The future of this project will focus on obtaining consistent conductance
information of the 5 and 20 nm fabricated islands as well as 40 nm islands. Experiments
are underway involving creating patterned arrays with 3 various size nano-islands. Once

the arrays have been fabricated, I-V measurements will be obtained in order to relate the
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island size to the threshold voltage and Coulomb blockade region. From these
investigations, the capacitance, C;, and threshold voltage, V', of the nano-islands can be
determined using the following equations:
Ci = 2nds.s,
Vi=el2C;,

where &, is the relative dielectric constant (~ 2 — 3 for the porphyrin), & is the vacuum
permittivity (8.854 x 10™'? F/m), d is the diameter of the nano-island, and e is the electric
charge. With the diameter of the of the nano-islands fabricated thus far varying from ~ 5
— 20 nm, the capacitance of the island varies from approximately 5.56 x 10™° F for the
smallest porphyrin islands to ~ 2.23 x 10" F for the larger islands and threshold
voltages from ~ 144 mV to ~ 36 mV, respectively. It has been noted that in order for a
single electron transistor (SET) to function at room temperature, islands of ~ 5 nm would
be required with attofarad capacitance.”® Single electron tunneling has been achieved
using Au nanoparticles which have shown large Coulomb gaps (1 eV) and Coulomb
staircases at room temperature.*”' According to our approximations, the zinc porphyrin
fabricated nano-islands should also display Coulomb blockade at room temperature and
quantized conductance is being further investigated at smaller voltage ranges for the 5
nm islands.
7.4 Conclusions

Scanning probe lithography has been employed to create various nanostructures
of zinc porphyrin thiol molecules arranged in shapes including circles, squares, frames

as well as islands ranging from ~ 5 — 20 nm. Grafted ensemble arrays have been created
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using lithography scripts to pattern micron size regions on Au(111) surfaces. It has been
shown that the number of line scans by the AFM tip will affect the physical height of the
grafted structures formed. By controlling the line speed and force in a DDT matrix, we
have been able to show precise placement of the zinc porphyrin thiol molecules which is
necessary for device applications and probing charge transport of the clusters. The
ultimate goal to create Coulomb islands of the zinc porphyrin thiol molecule on the order
of ~ 10 nm has been achieved. In previous studies, the self-assembled aggregates of the
zinc metallated porphyrin have shown Coulomb blockade at low temperatures and bias-
induced switching at room temperature. Further investigation of these nanografted
islands with STM has shown the differences in assembly and apparent height of the 5
and 20 nm islands as well as the low current in the I-V curves of the 20 nm islands.
Large arrays of nano-islands have been fabricated up to 18 x 18 for potential use of these
molecules in any type of functioning device. Preliminary investigation of the 5 and 20
nm islands have shown differences in apparent height in the STM. Since the larger
islands have a higher apparent height, we believe that as the island size increases, the
molecular ensemble is capable of stabilizing more charge. Future studies of the
electronic properties of arrays of 5, 20 and 40 nm size islands will be useful for
determination of the capacitance of the islands at room temperature and verify the

increase in charge stabilization.



213

CHAPTER VIII

SUMMARY AND FUTURE DIRECTIONS

8.1 Summary

The hype that molecules could function as active components of electronic
devices has been around for decades since Aviram and Ratner first proposed the idea in
1974. Since then, research in molecular electronics has made significant progress but
still has a lot of ground to cover. We now know that molecules do exhibit interesting
properties from a fundamental standpoint where single molecules and aggregates can
switch ON and OFF and display quantized conductance, but in order to be implemented
into a device-type architecture, there are still inherent fabrication limitations and
reproducibility issues that need to be overcome. In the work shown here, porphyrin
molecules were investigated for use in molecularly-enhanced devices. Porphyrin
derivatives have been fully characterized on Au surfaces, their charge transport behavior
was investigated and ultimately Coulomb islands have been fabricated in arrays of
patterns in areas up to ~ 8 um?. The first derivative characterized was a free base
monopodal tri-pyridyl porphyrin compound. This molecule has been examined through
attachment to Au surfaces by a thiol tether, through a tetrafluorophenyl linker. When
inserted into a background matrix of dodecanethiol, the porphyrins are observed to tend
to bind near the edges of defects within the alkanethiol layer as either single molecules

or small ensembles (ca. 3-5 molecules). Based on the apparent height of the molecules

relative to the dodecanethiol matrix, the tunneling efficiency was found to be low,
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similar to that of a simple alkanethiol which is considered a molecular insulator. From
DFT calculations, the low tunneling efficiency can be attributed to the lack of effective
orbital overlap between the frontier orbitals of the porphyrin macrocycle and the thiol
tether due to the orthogonal dihedral angle between the porphyrin ring and the
perfluorophenyl linking group. In addition to the electronic effects on the phenyl ring,
the 2,6 fluoro moieties increase the rotation barrier and diminish the dynamics of the aryl
— porphyrin bond. Thus, this group introduces an effective tunneling barrier directly
within the molecule reducing the tunneling efficiency, despite of the close proximity of
the HOMO of the molecule to the Au Fermi level.

The monopodal zinc porphyrin thiol derivative when inserted into a background
matrix of dodecanethiol would also bind near the edges of defects within the alkanethiol
layer as larger ensembles due to m—mn and zinc interactions. From DFT calculations,
there was still a lack of effective orbital overlap after incorporation of the zinc metal
center between the frontier orbitals of the porphyrin macrocycle and the thiol tether due
to the orthogonal dihedral angle between the porphyrin ring and the perfluorophenyl
linker group. Coordination of the porphyrin macrocycle with zinc lowers the proximity
of the HOMO of the molecule by only a tenth of an electronvolt with respect to the Au
Fermi level and does not induce a significant change in the electrostatic potential map of
the molecule when compared with the free base analog. Although, the only change to
the molecule was the incorporation of the zinc metal, there was a major difference in the
behavior of the zinc coordinated molecule compared to the free base porphyrin thiol

under an applied STM bias that leads to bias-induced switching and Coulomb blockade.
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The switching was attributed to an ensemble size effect since the switching behavior was
more evident in the 5 day mixed SAMs which contain larger clusters of porphyrins than
the 1 day mixed SAMs. Non-linear [-V characteristics are exhibited at low temperatures
with the incorporation of the zinc metal center suggesting that the molecule can be used
in single electron tunneling devices where the Coulomb island was isolated and until a
high enough potential was applied the current through the molecule will remain blocked.
When investigating the cis-bipodal porphyrin thiol derivatives, it was expected that
these molecules would form large clusters reminiscent of the zinc monopodal porphyrin
thiol islands. However, both the free base and zinc bipodal derivatives did not form
large aggregates and did not exhibit any interesting electronic properties such as bias-
induced switching. Since there are two tethers to anchor the porphyrin to the Au surface,
the increased coverage of the molecules was also expected and was clearly evident in the
pure monolayers on the surface, where complete coverage of the substrate was observed
after 1 day of soaking a Au substrate in the free base bipodal porphyrin thiol. The free
base bipodal derivatives were not stable in the mixed SAM since the molecules would
disappear after imaging with the STM tip over time. Unlike the monopodal derivatives,
the bipodal porphyrin thiol molecules are bulkier with two tethers in a cis orientation not
allowing the molecules to insert into the defects of the pre-assembled DDT matrix to
form the Coulomb islands.
Beyond characterization of the porphyrin thiol derivatives, fabrication of organic
molecules was examined with 16-mercaptohexadecanoic acid (16-MHA). Nanografting

of 16-MHA in two different solvents, ethanol and 3-phenyl-1-propanol (3P1P), has been
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compared. The results indicate that formation of well-defined nanostructures can be
achieved in both solvents with differences regarding the integrity and packing of the
nanografted assemblies. The 16-MHA molecules were found to assemble as bilayers
when grafted into a DDT matrix, however, monolayer nanostructures can also be
fabricated if the molecules naturally self-assemble into the preshaved wells in the DDT
matrix. With the use of a more viscous solvent, 3P1P, 16-MHA assembled into more
uniform structures with little to no undesirable insertion of the 16-MHA molecules into
the background matrix SAM. It is a possibility that the 3P1P molecules stabilize the
matrix and the nanografted structures by inserting into the DDT matrix SAM forming
van der Waals interactions between the 3P1P and the DDT molecules. Since ethanol and
3P1P both have alcohol functional groups, the phenyl ring and the longer alkane chain
on the 3P1P could be the reason for the higher degree of chemical interaction with the
background DDT providing a lubricative protection layer. If the 3P1P molecules are
inserted at the terminal end of the matrix, this could create a barrier hindering the 16-
MHA molecules from inserting into the background DDT. The higher quality of
patterned assemblies in 3P1P and the little to no insertion of the 16-MHA into the DDT
matrix could also be due to the physical property of the 3P1P solvent having a higher
viscosity than compared to ethanol. The higher viscosity of 3P1P not only creates a
resistance for the 16-MHA molecules to penetrate into the DDT matrix but also forms a
protective layer around the 16-MHA assemblies. Additional factors other than solvent
choice must also be considered in order to reproduce the nanoscale assemblies on Au

surfaces. The packing of the nanografted 16-MHA molecules was affected by the line
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spacing of the AFM tip inside the patterned region and therefore the physical heights of
the bilayer formation. A more densely packed structure will lead to a nanografted
ensemble that is physically higher, and using a CRLS analysis can provide a more
precise control over the molecular assemblies. In order to create well-defined
nanostructures for use in molecularly-enhanced electronic applications, the pattern
consistency must be controlled using these methods.

By applying the knowledge of fabricating 16-MHA in different matrices and
solvents, well-defined nanostructures of the monopodal zinc porphyrin thiol have been
reproducibly created. Scanning probe lithography was employed to create various
nanostructures of zinc porphyrin thiol molecules arranged in shapes including circles,
squares, frames, and islands ranging from ~ 5 — 20 nm. Grafted ensemble arrays have
been created using lithography scripts to pattern micron size regions on Au(l11)
surfaces. It has been shown that the number of line scans by the AFM tip will affect the
physical height of the grafted structures formed. By controlling the line speed and force
in a DDT matrix, we have been able to show precise placement of the zinc porphyrin
thiol molecules which is necessary for device applications. The ultimate goal to create
Coulomb islands of the zinc porphyrin thiol molecule on the order of ~ 10 nm has been
achieved. In previous studies, the self-assembled aggregates of the zinc metallated
porphyrin have shown Coulomb blockade at low temperatures and bias-induced
switching at room temperature. Further investigation of these nanografted islands with
STM has shown the differences in assembly and apparent height of the 5 and 20 nm

islands as well as the low current in the I-V curves of the 20 nm islands and the sharp
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turn-on in current for the 5 nm islands above ~ 1.6 V. Large arrays of nano-islands have
been fabricated up to 18 x 18 for potential use of these molecules in any type of
functioning device.

Overall, the derivatives of the porphyrin thiol molecule show interesting
electronic properties as aggregates. These islands or aggregates show Coulomb
blockade at low temperature and bias-induced switching at room temperature using an
STM tip and sweeping above the threshold voltage. In order to use these molecules as
active components in a device, the islands must be reproducibly fabricated in large areas
on a surface. It has been shown that different patterned arrays of the porphyrin and other
organic molecules can be made using scanning probe lithography. Specifically,
nanografting has been used to fabricate circle, squares, frames, and small islands circa
10 nm of the zinc porphyrin thiol which has been shown as the optimal size for bias-
induced switching of these molecules into a higher conductance state. The orientation
and organization of the porphyrin derivatives in confined geometries has shown to be
important factors when fabricating molecularly-enhanced devices. For example, only
the lower apparent height islands of the self-assembled aggregates exhibit bias-induced
switching and I-V curves with a current blocking region and sharp turn on voltage.
Also, when fabricating 5 and 20 nm islands using SPL, the 5 nm islands were in a lower
conductance state in stable configurations, while the 20 nm islands were very unstable
when imaging with an STM tip and exhibited I-V curves with a very low current range.
All of these factors must be considered when investigating and creating molecular

ensembles for electronics.
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8.2 Future Directions

The immediate future of this project will be to further investigate the electronic
properties of the nanografted assemblies using CP-AFM. With SPL, arrays of different
size islands including 5, 20 and 40 nm will be created in a DDT matrix, so that
immediately after creation of the assembled islands, the I-V curves will be obtained
using a conducting probe with the AFM setup. This will allow for determination of the
current blocking range and threshold voltage as a function of island size to further
elucidate the capacitance of these zinc porphyrin molecular ensembles.

Other derivatives to be characterized and investigated for potential use in
electronic devices would be the porphyrin thiol without an alkanethiol tether as well as
the porphyrin thiol with a hydrogenated phenyl coupling group. Removing the fluorine
atoms from the phenyl group will afford more orbital overlap between the macrocycle
and linker group to the surface. A phenyl group with hydrogens replacing the fluorine
atoms will allow control of the coupling and remove the internal barrier located within
the molecule which will allow easier transport of the electrons through the molecule and
should increase the conductance of the porphyrin thiol. Further temperature dependent
charge transport studies will be necessary to elucidate the electron transport mechanism
of tunneling or hopping for the each of the porphyrin thiol derivatives and more in depth
analysis of the electronic states of the aggregated porphyrins will be required to
accurately determine the mechanism for switching and charge stabilization.

In regards to the broad future of this project, I expect that the mass production of

the zinc porphyrin thiol islands will be carried out using a multi-pen array system similar
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to that of DPN techniques. By nanografting with a multi-pen array, the 8 pm? patterned
areas can be scaled up even further to produced hundreds if not thousands of the islands
on a single platform. Beyond the fabrication of these Coulomb islands on Au surfaces,
the zinc porphyrin thiol can be derivatized for attachment onto Si surfaces. The hybrid
nanoelectronics field, combining CMOS with molecular electronics, is ideally the next
step. Characterizing the identical zinc metallated macrocycle with a tether for attaching
to a Si surface is the future of this project to progress to something more meaningful for

the next technology for the continuation of Moore’s Law.
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