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Abstract

The use of molecular electronics to build nano-scale devices is potentially applicable to the
development of electronic components, such as wires, switches, or diodes. The work described
herein involves the self-assembly of azulene-based materials on atomically flat gold substrates
with emphasis placed on the formation, stability, orientation, topography, thickness, and molecular
packing of isocyano and thiolate junctions as well as the underlying gold films. The techniques
employed in this study include Reflection-Absorption Infrared (RAIR) spectroscopy, optical

ellipsometry, and Atomic Force Microscopy (AFM).

In chapter 1, a review of self-assembly and the coordination of organic molecules to gold
substrates are discussed. An emphasis is placed on the use of the azulenic linker for electron
transport, which may be a useful building block for molecular wires. The isocyano-azulenic and
biazulenic self-assembled monolayers (SAMs) on Au (111) studied in the Barybin group are
discussed with emphasis placed on the junction groups’ nature and their influence on the

physicochemical properties of the azulenic SAMs.

The methods of characterization and sample preparation of gold substrates for SAM
formation are discussed in chapter Il. New azulenic SAMs featuring nitrile-substituted
isocyanoazulene adsorbed on Au (111) are described in this chapter. Ellipsometry and RAIR
techniques were utilized in the characterization of these new nitrile-substituted isocyanoazulenic
SAMs. The positions of the nitrile and isocyanide groups on the azulene framework were varied
to control the binding orientation of the azulene molecules adsorbed on Au (111). Nitrile groups
incorporated into the azulenic scaffold acted as remote spectroscopic reporters, while the

isocyanide groups were used in anchoring the molecules to the gold surface. The results revealed



that remote nitrile vibrational reporters are sensitive to electronic perturbations exerted by the

coordination of isocyanoazulenic motif to the gold surface.

The first examples of employing both isocyanide and thiolate junction groups within the
same molecule are described in chapters Il and IV. In Chapter Ill, isocyanoazulenylthiolate
derivatives’ SAMs are addressed. The study involves first -linker featuring both -N=C and -SH
termini in the same molecule self-assembled on gold by employing the 2,6-azulenic framework.
A direct comparison of the new asymmetric system to the analogous symmetric di-isocyano

azulenic system adsorbed on gold was performed.

Chapter IV describes an extension of the azulenic framework studied in the previous
chapter. In Chapter 1V, a biazulene linker, featuring both -N=C and -SH termini within the same
molecule, was adsorbed on Au (111), utilizing the bi-6,6"-azulenic core, for the purpose of electron
transport from one electrode to the other. Characterization of the azulenic and biazulenic
monolayer films in chapter I11 and 1V was performed using ellipsometry and RAIR spectroscopy.
The isocyano and thiolate junction groups were used in the SAM formation. The study of the
competitive adsorption that emphasizes the stronger binding affinity of the thiolate junction group
to gold is also addressed. The carbonyl groups of the zero-valent chromium pentacarbonyl-
Cr(CO)s motif anchored to the azulenic scaffold were employed as remote spectroscopic reporters
in probing the 6-mercaptoazulenic and 2-mercaptobiazulenic motif on the Au(111) surface in both
chapters. Overall, the various spectroscopic and physical methods showed similar result: isocyano

and thiol containing azulenes were bound to Au (111) surfaces in an upright orientation.

In chapter V, AFM techniques are used to investigate the molecular packing, and geometry,

of the underlying gold and the functionalized azulene molecular layer on the film. The first AFM



topography images of isocyano- and mercaptozulene SAMs are studied. Contact mode AFM was
utilized in ambient conditions to investigate the atomically and molecularly resolved images.
Optimal packing of the molecular films of 2-mercaptoazulene SAM was achieved using a
displacement route of 2-isocyanoazulene preform in the self-assembly, and the AFM images of 2-
mercaptoazulene SAMs indicate well-ordered molecules formed on the film. The 2-
isocyanoazulene SAMs AFM image was not as clear as the 2-mercaptoazulene analogue. The
upright-oriented 2-mercaptoazulene molecules are arranged face-to-face, tilted in a similar

direction, and aligned in a m-stacking repeated pattern.
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Chapter I:

Self-assembled monolayer films relevant to organic electronic



I.1. Research overview

The design, characterization, and applications of molecular electronic devices in recent
years have become very vast. Many researchers are interested in molecular electronics, a branch
of nanotechnology, to investigate how molecular building blocks are used for the fabrication of
electronic components such as molecular switches, molecular wires, molecular diodes, or
molecular transistors.’® These molecular electronic components are said to be 60,000 times
smaller than the conventional macroscopic devices.> Most electronic devices, as of 2015, are
packed with high density of transistors in chips and the density has increased rapidly as illustrated
by Gordon Moore’s law. Moore’s observation, four decades ago, about the density packing of
transistors doubling every year is reaching its limits.* Although there is a desire to increase the
density packing of transistors in modern devices, alternative designs - molecular electronics - have
become a promising area of research.® Since the density packing of transistors is near fundamental
limits with the current materials and fabrication technology, it has become necessary to explore
alternatives like molecular electronics for the purposes of advancing technology.!? Researchers’
interest in molecular electronics is to mirror the properties of macroscopic devices so that
molecular electronics can perform in better or similar ways. These properties include but not
limited to stability, readability, controllability, reversibility, and ability to have multiple different
states.? Molecules that possess the ability to switch from two or more states, for instance, change
conductivity upon changes in molecular charge, configuration, pH, etc. to another are called
molecular switches.® Fabrication of molecular electronics, such as molecular switches, is usually
done by building structures up from a substrate. This fabrication is the bottom-up approach which
involves assembling molecules to the desired design as opposed to the top-down fabrication
strategy used in conventional designs.® In choosing molecules for such design of interest, it is

essential that the molecule has delocalized electronic systems (such as in m-conjugated organic
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molecules) that can connect the source to the drain.? The broad synthetic methodology and
structural flexibility of organic-based molecules make them interesting for studying charge or
electron transfer in molecular electronics.® To control the charge transfer or conductivity of these
molecular devices, altering the geometry of the molecule by raising or lowering the energy levels
of the molecular orbitals are done.? The frontier orbital energy levels of azulene can be selectively
tuned since they have complementary orbital densities.> The frontier orbitals are the highest
occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). The
complementary orbital density property makes it possible to have several synthetic capabilities
and flexibilities, i.e., an introduction of a substituent on the azulene can selectively raise or lower
the energy of the HOMO or the LUMO.>" A significant interest of azulene in this study is its
predicted intrinsic diode-like characteristics.® Azulene has a dipole moment of approximately 1
Debye, aligned along its molecular axis as shown in Figure 1.0.%>° A theoretical study done by
Trebeaux and his co-workers in 1998 showed that bridging aligned with azulene’s molecular axis
(Figure 1.0) would lead to fascinating charge transport features due to azulene’s diode-like
behavior.® My labs - the Barybin and Berrie labs collaborated on studying azulene-based organic
molecules for molecular electronic applications and has done tremendous work till date.® 58 10-14
Throughout this work, nonbenzenoid azulene-based organic molecules useful for nanotechnology
development in designing molecular electronics are employed. This work entails the design,
formation, and extensive study of self-assembled monolayers of azulene derivatives useful in

organic electronics.
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Figure 1.0. Schematic representation of the azulene molecule with a reservoir of states that can
allow charge transport.®

I.2. Chemistry of self-assembled monolayers (SAMs)

According to literature, self-assembled monolayers (SAMs) are highly-ordered patterns
formed by the adsorption of organic molecules, from gas or solution phase, onto a surface called
substrate to create 2-D crystalline structures.'>*® Some intermolecular interactions occur within
the adsorbates or molecules which helps in the reorganization of the individual adsorbates into
thermodynamically more stable and ordered SAMSs.'® This phenomenon of self-assembly is
attractive for further research at the interface of interdisciplinary fields such as chemistry and
physics, biology, or surface engineering.'” 2° Owing to SAMs’ potential use in several
technological applications, for instance in protecting surfaces from corrosion, wetting, molecular
recognition, biosensors, lithography, and electronic devices, SAMs have become very popular in
literature.® 20-23 The SAM formation proceeds as follows: first, the molecules are known to come
in parallel to the surface of the substrate and then bind to a step edge, or sometimes, defect site.
This is then followed by chemisorption to the substrate before aligning into well-ordered patterns

via intermolecular interactions as illustrated in Figure 1.1.2* A defect site may be an adatom, a step



edge, a kink, etc. Once an island of well-packed monolayers starts to nucleate, intermolecular
interactions accommodates the formation of the highly-ordered monolayers. Sometimes,
physisorption may happen (Figure 1.2) where some molecules get intercalated between

monolayers which may change the properties of the monolayer. Rinsing off physisorbed molecules

on a monolayer film may help remove unwanted materials.

a)
SAMs formation
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Figure 1.1. a) Schematic representation of highly-ordered SAM formation at low concentration
b) Image showing SAM features.



These SAMs are known to have three specific features as shown in Figure 1.1. The head
group which is the junction group bound to the substrate, a spacer group, and a terminal group at
the end of the monomer.?* The bonding interactions between the head group and the substrates and
also intermolecular interactions between the adjacent adsorbates are the most critical interactions
created during SAM formation.?> ?* Fundamental study of molecule-substrate interaction,
intermolecular interactions, and molecule-solvent interactions are key to understanding the
phenomenon of self-assembly.?’ Some of these interactions are non-covalent or weak covalent
interactions such as van der Waals interactions, hydrophobic effects, electrostatic interactions,
hydrogen bonding, or coordination bonds. Defects in monolayers result in less-ordered or loosely-
packed SAMs, and this could be due to SAM preparation (low concentrations and impure
solutions), insufficient time permitted for the monolayer formation, or defects in the substrates
used for the SAM formation.?® This structural disorder and abnormalities as described in Figure

1.2 were disparities between the van der Waal’s radii of the tail groups and head groups.?*

Physisorption

W

/
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Figure 1.2. Example of disordered or abnormalities as well as physisorbed molecules in SAM.



1.3. Historical background on self-assembly

Though self-assembly was first studied by Zisman in 1946, the field gained more insight
in the 80s when Allara and Nuzzo studied alkanethiol monolayers on metallic gold substrates.*>1":
24 Allara et al. first showed that alkanethiol monolayers on the gold substrate could be prepared
from alkanethiol or dialkyldisulfide solutions.®>" 24 Consequently, work on aliphatic
hydrocarbon-containing-sulfur compounds like alkanethiol, dialkylsulfides, and dialkyldisulfides
monolayers were extensively reported in the early literature due to simplicity, chemical stability,
and ease of preparation.'® 20-22 24 The most common substrates for SAM formation are planar
surfaces due to ease of preparation and compatibility with the most common analytical techniques
used for surface characterization. Thin films of metals coated on mica, glass or silicon wafer
substrates are the most popular planar substrates.?52 Several metal-coated thin films like gold,
silver, copper, platinum, palladium, nickel, rhodium, and chromium have been employed.?® The
thin films are prepared via physical vapor deposition, electrodeposition or electroless deposition
methods of the metal onto the substrate.?62¢ The gold thin film is the most widely studied substrate
due to its inertness towards oxidation and corrosion.’>1" 24 In addition, the gold thin film is
practical due to its compatibility with several analytical techniques such as Reflection-Absorption
IR, high resonance XPS, Scanning Probe Microscopy, etc. In addition, the preparation of gold thin

films is relatively straightforward.®1°

The method of preparation of thin film is dependent on its application. The most common
method of preparing gold film is by electron beam or thermal evaporation, sputtering, or by
electrodeposition.*® The most studied gold thin films used for SAMs formation are those prepared
under high vacuum via thermal evaporation of gold onto an adhesive substrate like glass, silicon

wafer, or mica, 518 2021, 242528 The gold is evaporated directly on a freshly cleaved mica while



glass or silicon wafer is first coated with an adhesion layer before gold is deposited. Gold is a face-
centered cubic metal. The (111) face of the gold surface was employed throughout the studies

reported in this dissertation.

The SAMs formation is typically achieved by immersing the cleaned gold substrate into a
low concentration solution of the compound to be deposited for hours to enable well- ordered SAM
formation. The monolayers can be characterized using spectroscopic techniques such as
Reflection-Absorbtion Infrared Spectroscopy (RAIRS), X-ray Photoelectron Spectroscopy (XPS),
Auger Electron Spectroscopy (AES), Thermal Desorption Spectroscopy (TDS), X-ray diffraction,
High-Resolution Electron Energy Loss Spectroscopy (HREELS), Raman spectroscopy, contact
angle goniometry, optical ellipsometry, surface plasmon resonance spectroscopy, and Scanning

Probe Microscopy (SPM).18 20-21.23

Allara and Nuzzo used XPS, AES, HREELS, and TDS characterizations to carry out the
study on aforementioned SAMs of dialkyldisulfides. They concluded that the S-S bond of
dimethyldisulfide cleaves and chemisorbs on gold to form monolayers indistinguishable from
those obtained from methanethiol, with the formation of Au-S bonds although the mechanisms for
both reactions are not the same.! 17-18.20. 23-24 \whjle the proposed mechanism for the adsorption
of dialkyldisulfides involves oxidative addition of the S-S bond, the mechanism for forming
alkylthiolate films is thought to involve oxidative addition of the S—H bond to the gold surface
followed by reductive elimination of the hydrogen, either as H2 or H,O (in the presence of

Oxygen).lS, 17,23



a) SR——SR + Au0, —=— RS"Au’. Au’

b) R——S——H + Auon — RS~ Au’. Auon +1/2 Hz
120, .
) R——S—H + Au’. — = 2 RS"Au™ Au’, + H,0

Figure 1.3. Proposed mechanisms for SAM formation of a) dialkyldisulfides and b) alkanethiols.

The adsorption kinetics suggested the occurrence of a fast step which happens within a few
minutes of the monolayer formation. During this step, the monolayer thickness is almost entirely
formed. A slow step then follows, taking several hours for the monolayer to reach a maximum
coverage. The thiolate (-S°) is the most studied junction groups, i.e., a head group, in SAMs.*> 17
18,20,23-24 For longer alkyl thiol chains, increase in van der Waals interaction between the molecules
causes slower adsorption kinetics. Although the shorter chains are known to adsorb faster, a
thermodynamically controlled adsorption experiment shows that competitively, longer chains
preferentially adsorb on the substrate.3%-22 The first SAM formation for these alkyl thiols generally
occurs in a disordered fashion before reorganization into an ordered monolayer, spaced by 5 A
mostly in a (V3 x V3)R30" geometry.®?35 Though reports have been made that SAMs with -SH
head groups can occupy different adsorption geometries, for instance c(4 x 2) or (22 x V3) due to
minimization of intermolecular repulsion, the energy difference between various geometries for

thiol is minimal.36-%’

Depending on the application of the SAM film, one can tweak the structure or packing in
the monolayer formation. For instance, the building of molecular wires will require charge transfer
behavior and study of the charge tunneling mechanism becomes essential. Study of the charge
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transport properties in molecules, for designing molecular wires, involve the use of conjugated
organic molecules. For the purpose of conductivity in molecular wires, tunneling currents across
the molecule is necessary. Alkyl chains are known to support non-resonant tunneling while
resonant tunneling has been documented for conjugated molecules.®® STM measurements were
employed on conjugated molecules, the tunneling currents in conjugated molecules were three
orders of magnitude higher than the straight alkyl chains.*® One of the vital keys to fabricating
molecular wires using SAMs is the presence of a series of conjugated bonds in the SAM due to
the relatively small HOMO-LUMO gap in the conjugated molecules. Aromatic thiols SAMs on
gold due to their electronic conductivity and optical properties of the SAM film have been trending
in literature. Benzenethiol, the simplest aromatic thiol, is the most popular nolecule used in SAM
formation on gold but is known to form disordered phase as observed when the films are studied
with scanning tunneling microscopy (STM) studies.®* %4 Moreover, some studies show
conflicting conclusions on the orientation of the phenyl rings of benzenethiol. Figure 1.4 shows
the predictions about the orientation of the phenyl rings. The Au-S-C bond angle of 180 ° will
enable a highly ordered monolayer while the other bond angle of about 104 ° may lead to slightly
lower density resulting in less ordered monolayer when compared to the 180 ° bond angle as seen

in Figure 1.4.4°
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Figure 1.4. Predicted orientation of phenylthiolate monolayer.*°

While some spectroscopic studies showed the phenyl ring in the pheylthiolate molecule is
parallel to the gold film,*1**2 others concluded that it is perpendicular to the gold film.** Moreover,
the STM studies by J. Noh et al. suggested that disordered monolayers are formed from
benzenethiol as opposed to the highly-ordered phenylthiolate monolayers, where the methylene
(CH?2) group was inserted between the phenyl ring and the thiol head group.3® Studies have shown
that the CH> - spacer can significantly improve the SAMs by creating better flexibility around the
phenyl rings 39-%° to enhance the intermolecular interactions present the SAMs as shown in Figure
1.5. In work done by J. Noh and coworkers, thermal desorption experiments further supported the
benzyl thiol binds stronger to the gold films and have well-ordered phases as compared to phenyl
thiolate, though the XPS signatures for both samples were quite similar.>® The -CH, spacer allows
the monolayer’s Au-S—C tilt angle of 105 ° with enhanced packing order.3*4° The increase in the
n-1 interaction enhances the stability, durability, and the packing of the monolayers. Some
benzenoid thiols like benzene(di)thiols, biphenyl(di)thiols, oligophenyl(di)thiols, terphenylthiols,
naphthalene(di)thiols, etc. have been studied 3 4% and the obtained results reinforce the

importance of the n-m interaction.
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Figure 1.5. Schematic representation of a) disordered phenylthiolate and b) highly-ordered
benzylthiolate on Au(111).%°

The tilt angle experienced in the monolayer varies from SAM to SAM, and the ordering of
the monolayer may depend on the type of molecule used in the formation. In the case of SAMs of
naphthalene-2-thiol on Au, three different structural arrangements were suggested where the
naphthalene is either lying flat, standing, or facing up with respect to the gold surface.** The
standing and the lying phases were proposed as the most stable phase which defined the packing
arrangement that was observed. A (3 x 3V3)R30° and (3 x 6V3)R30° packing geometries were
observed.*® The thickness characterization of these benzenoid aromatic thiols are usually studied
by XPS, HRXPS, NEXAFS, and ellipsometry (most popular) and most observed thicknesses

correspond to the calculated monolayer thicknesses oriented in an upright manner.36 444

Not many nonbenzenoid aromatic systems have been studied. A typical nonbenzenoid
aromatic molecule is Azulene. Benzenoid congeners have alternant aromatic properties with an
even distribution of their m-electrons, unlike Azulene framework that possesses an uneven
distribution of its m-electrons in the fused 5- and 7- membered rings.™ * %6 Azulene, C10Hs though

is an isomer of naphthalene, has electronic properties that are different from the benzene-like
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naphthalene system. Azulene and its derivatives, as potential candidates, in designing molecular
wires for organic electronics have not been explored as thoroughly when compared to benzenoid
systems. Azulene has an unusually small frontier molecular orbitals energy gap, that might be
useful for charge transport studies for the design of molecular wire.® 112 The theoretical study by
S. K. Pati and coworkers showed that azulene has higher conductive ability as compared to its

isomer, naphthalene, due to the relatively small HOMO-LUMO gap of the former.*’

1.4. Diode-like Nonbenzenoid scaffolds self-assembled on Gold film

Azulene, a nonbenzenoid aromatic framework, fabricated on gold films was first studied
in our lab where Barybin et al. focused on SAM formation, stability, orientation, thickness, and
the influence of the junction group for the design of advanced materials relevant to
nanotechnological applications.’ > 6 The conductive probing of the azulenic scaffold on gold as
depicted in Figure 1.6b may give charge transport information useful for molecular electronics.
The charge transport could be between the conductive probe and the monolayer end, along the
conjugated azulene spacer molecule, or between the head-group and the gold substrates. The
design features a hybrid metal-organic ensemble where the electronically ambivalent azulenic
framework behaves like an acceptor, a donor, or structural and electronical bridge.! All the azulene
derivatives discussed have been synthesized in our lab. Like other SAMs, azulenic SAM has three
distinct parts; a head group, a spacer group and a terminal group as shown below in Figure 1.6a.
The head groups, otherwise called the junction groups, studied in our lab employ the use of
thiolate, the isocyanide, and the carboxylate groups with preference majorly on the thiolate and

the isocyanide group_l, 8, 11-12, 14, 46
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Figure 1.6. Schematic representation of a) azulenic scaffold monolayer showing three distinct
parts. b) Conductance of an electron through the diode-like azulene scaffold on gold via a
molecular junction.

Azulene dipole moment is about one Debye, and the dipole is aligned along the azulene’s
molecular axis. > %46 Consequently, introducing junction groups along the azulene molecular axis,
marked as X in Figure 1.6a, is essential in designing azulenic SAMs. This way, one can take
advantage of the direction of the dipole, enhancing the ability of the azulenic scaffold in organic
electronics application. The information on packing, orientation, and stability of these SAMs is
very important for understanding the monolayer formation. In addition, molecularly resolved
images and conductance analysis of the SAMs are necessary to gain insights into the packing and
periodicity, and conductivity of the molecules. Extensive characterization of the binding and
orientation of the SAMs and further characterization of the SAMs using AFM and STM to give
insights into the packing and conductivity are employed throughout this work. FTIR, and
ellipsometry have been used to study the structure, stability of the molecules in these SAM films.

56,10.12,14 Theoretical and experimental studies of isocyanides and mercaptans, as stable molecular
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electronic junctions have been achieved in literature.l >4 Upon coordination of mercapto- and
isocyanoazulene to gold film, an Au-S and Au-C bond is formed respectively. The Au-S bond is
typically estimated as 2.45 A, longer than an Au—C estimate of 2.0 A bond length.> & 36-3
Confirmation of the SAM formation by ellipsometry and grazing angle reflection FTIR affords
information about the upright orientation of the monolayer and binding mode which is via the
junction group adsorbed in the n* coordination mode on the gold surface. The work that was done
by Dr. Brad Neal, a previous member of the group, comparing the junction groups of some azulenic
derivatives on gold supported the Au-S bond being more energetically favorable than the Au-C.**
The study showed a complete displacement of the monolayers of Au—C by the Au-S monolayer.
The Au-S bond strength, 44 to 50 kcal/mol, are twice of an Au—C bond strength.'* 222 Azulene
derivatives with thiol end at positions 2, 6, or both for monolayer formation have been studied in
the Barybin and Berrie labs. Unfortunately, most of the mercaptoazulene derivatives on gold film
lack distinct spectroscopic characteristics in their IR spectra since the Au-S stretching frequency
is very weak and occurs around 400 cm™ which is not included in the FTIR window eployed in
our lab (600 cm™ - 4000 cm™). Ellipsometry measurements though calculate thickness for the
azulenylthiolate monolayer; FTIR characterization has proven challenging, unlike the isocyano

junction groups that have identifiable spectroscopic handles in the IR spectrum.

The first kinds of azulenic derivatives SAMs featuring isocyano junction groups were
studied by past members of the Berrie and Barybin groups. Figure 1.7 shows some of the azulenic
derivatives on gold. FTIR and ellipsometric measurements were employed in studying the SAMs
made. FTIR provides information on the binding and orientation of molecules formed in the
SAMs. Depending on the position of the junction group, the vibrational energy changes. Typically,

free isocyanide at the position 2 on the azulene gives an infrared stretching frequency (v(CN) ) of
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ca. 2127 cm™ in CH,Cl; solution. The stretching frequency then experiences a hypsochromic
(blue) shift when the Au—C is formed gaining about 38 - 65 cm™.> 14 Whereas free isocyanide at
most of the 6 positions gives v(CN) of ca. 2115 cm™ in CH2Cl; solution and experiences a blue
shift to higher energy gaining about 42 - 60 cm™ (see Table 1.1) when bound to the gold substrate.
The FTIR studies show that a lone pair on the carbon atom of the free isocyanide on the azulene
derivative, which occupies antibonding orbital energy, is donated to the gold film resulting in a n*
binding mode leading to the v(CN) having higher energy. Table 1.1 shows free and bound infrared
stretching frequencies of some of the isocyano monoazulenic derivative that has been made in the
Barybin and Berrie labs. The synthesis of these azulenic derivatives can be found in our

publications. These azulenic derivatives are highly colored, crystalline and air-stable.® 56 10. 12,14
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Figure 1.7. A variety of monoazulenic derivatives featuring isocyano junction groups
coordinated to gold thin film. The numbers directly below correspond to above SAMs.! 12
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Table 1.1. Free (CH2ClI; solutions) and bound (SAM on gold) Infrared stretching frequencies of
isocyano groups on isocyanide azulenic derivatives and the ellipsometry thickness.

SAM on CHCl Ellipsometry Expected/Theoretical Ref./viz.
gold, v(CN) solution, v(CN) thickness (A) thickness(A)
(cm™) (cm™)
1 2174 2127 9.2+2.7 10.5 1
2 2176 2117 Not reported Not reported 1
3 2168 2121 11.9+0.6 10.8 Appendix 1
4 2179 2115 Not reported Not reporteed 1
5 2169 2127 8+1 10.5 1
6 2178 2115 11.343 12.5 1
7 2117, 2163 2116, 2125 14+1 12.5 1
8 2167 2115 10.5+0.6 10.7 50
9 2156 2114 11.7+0.6 10.7 14
10 2170 2116 Not reported Not reported 1
11 2120, 2171 2123, 2123 2143 17 1
12 2132, 2174 2115, 2135 18+2 17 1

The SAMs of 2-isocyanoazulene labeled as 1 in Figure 1.7 binds to the gold film in an
upright orientation via the coordination of the antibonding lone pair on the carbon of -NC end,
donating the lone pair to the gold. The FTIR in CH2ClI> solution before coordination shows a 2127
cm? of the free isocyanide and a 2174 cm™ for the bound isocyanide indicative that all the
isocyanide coordinates to the gold film.! This SAM was prepared in ambient conditions and no
other peaks support any oxidation of the isocyanide to isocyanate (NCO) occurred in the data. The
obtained result supports a stable, robust, all-bound isocyanide to gold SAM formation without
deterioration in the air as compared to the unstable benzenoid isocyanides.* The FTIR derivatives
for SAM 1 (i.e., SAM 3, 5, 8, and 9) supports that the SAMs formed did not experience any
oxidation of the isocyanide either.:1* A blue shift in energy seen in the FTIR spectra for all the
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SAM derivatives is indicative of the donation of the lone pair on the carbon of the -NC end to the
gold film. The ellipsometry data for all these SAMs was consistent with the upright orientation of

the monolayer formed (see Table 1.1).

Similarly, the 6-isocyanoazulene (SAM 2) on the gold film was via the coordination of the
carbon’s lone pair on the isocyanide during monolayer formation. The derivatives of SAM 2 (that
is 4, 6, and 10) based on FTIR results supported that all the isocyanides present on the gold film
were bound to the gold substrates and an upright orientation of the monolayer, without any
physisorption or oxidation, is present. Comparing the expected monolayer thicknesses and
measured thicknesses, the results from ellipsometry as seen in Table 1.1 for these SAMs shows
that the SAMs are one layer thick and an upright orientation of the monolayer formed. The
expected thicknesses are calculated from the crystallograhy of the azulene derivative used in
monolayer formation or from chembioDraw and a Au—C bond length of 2 A is included to account

for the coordinated bond.

For the isocyano monoazulenic derivatives featuring SAM in Figure 1.7, formation of the
monolayer was relatively similar and easily achieved except for SAM 3. The molecule used in
SAM 3 is an isomer of SAM 4, bound via the position 2 instead of 6, to the gold substrate. The
molecule used in formation of SAM 3, recently synthesized by Dr. Mason Hart and Zack Wood,
initially gave thicknesses that suggested a bilayer at 2 mM distilled dichloromethane (detailed
synthesis and FTIR data can be retrieved from appendix 1). The UV-Vis of this sample, a greenish-
blue solution, was performed and the result showed a significant broad absorbance band at 632
nm. The Ellipsometer in our lab uses a HeNe laser at a wavelength of 632.8 nm, assuming the
incident laser radiation is not absorbed by the film. The result may have been altered if the laser

radiation got absorbed. Upon reduction of the concentration to 0.6 mM, the averaged measured
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thicknesses were 11.9 A, supporting the formation of an upright monolayer. The concentration for

monolayer formation plays a vital role in the formation of SAM 3.

A diisocyanide azulene derivative (SAM 7 in Figure 1.7.) featuring a rigid linear motif
which leads to the small HOMO-LUMO gap was made in the Barybin and Berrie labs for metal-
bridge-metal charge transport systems useful in electronic applications. 1° The v(CN) isocyanides
at positions 2 and 6 when the FTIR of the free molecule of SAM 7 in Figure 1.7. was measured
showed overlapping C—N stretching frequency bands at 2125 and 2116 cm™ attributed to positions
2 and 6 respectively because of electronic inhomogeneity of the azulenic framework. > When the
SAMs 7 were made, an observation made was a preferential binding of the isocyanide in position
2 to the gold as the head group. This preferential binding is indicative that the 2-isocyano is more
electron donating than the 6-isocyano azulene moiety. > 1% Additionally, to control the adsorption
for SAM 7 on gold, that is the head group, a chromium carbonyl fragment [-Cr(CO)s] was used to
cap either the -NC end at positions 2 or 6 as seen in Figure 1.7. (SAM 11 and SAM 12). The FTIR
results in Table 1.1 support SAM 11 and SAM 12 have controlled binding of the isocyanide via 2
and 6 positions respectively. In the CH2Cl: solution of the free C-N form of SAM 11, a broad
v(CN) band at 2123 cm* was assigned to a capped and free isocyanide. Consequently, two v(CN)
bands observed for the SAMs at 2120 cm™ characteristic of the capped isocyanide, and a shorter
wavelength at 2171 cm* characteristic of the formation of the monolayer on the gold film were
recorded.! The CH,Cl; solution of the free C-N form of SAM 12 features two distinct v(CN) at
2115 cm™ and 2135 cm? indicative of a capped and free isocyanide at positions 6 and 2
respectively. The capped isocyanide environment, upon coordination to form SAM 12, did not
change. Instead, the 2115 cm™ showed up at a shorter wavelength (2174 cm™) indicative of the

SAM formation.! The Cr(CO)s fragment aided concluding remarks about the orientation and
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binding mode of the compounds due to additional valuable spectroscopic information derived from

the FTIR spectra are described in detail in chapter 3.

The extension of SAM 6 to build molecular wires using diisocyanoazulene linkers were
envisioned by designing biazulene derivatives in the Barybin and Berrie labs. Charge transports
study on isocyanobiazulenyl frameworks for the design of molecular wires featuring a 2,2"-, 2,6-,
and a 6,6”- connectivies of the azulenic moieties as seen in Figure 1.8 were studied in our lab. The
individual azulenic units are conjugated with one another to different extents in the three possible
connectivities. Rotation around the interplanar angles has been calculated to be ca. 0°, 30° and 50°
for the 2,2°, 2,6, and 6,6” biazulenes respectively.*®4° As the magnitude of the interplanar angle
increases, delocalization of m-electrons along the whole biazulene system decreases due to the
decrease in the m-orbital overlap between the azulenyl units and this may change the charge
transport ability of these biazulenes.*®*° The different connections of the linear biazulenyl
derivatives were synthesized and the SAMs made have been analyzed using FTIR and ellipsometry

(see Table 1.2).
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Figure 1.8. A variety of biazulenic derivatives featuring isocyano junction groups coordinated to
gold thin film. The numbers below directly represents the above SAM.

The free isocyanide stretching frequencies (vcn ) of SAM 13 and SAM 14, before the
monolayer formation, in CH,Cl; solution occurred at 2127 cm™ with the difference being the peak
sharpness (see Figure 1.9). The diisocyanide as previously described by Dr. Brad Neal was broader
in the solution of SAM 14,” which is indicative of two isocyanides present in the molecule as
compared to the sharp v(CN) observed in the CH2Cl> solution of SAM 13 described in this work
in appendix 2. Not surprisingly, two v(CN) at 2119 cm™ and 2170 cm™* were observed for SAMs
14 on the grazing incidence reflection FTIR ” while only one band at 2177 cm™ occurred for SAM
13. As seen in Figure 1.9, there are two different isocyanide environments for SAM 14, a red-
shifted v(CN) band at 2119 cm™ and a blue-shifted v(CN) band at 2177cm™. The blue shift
experienced upon coordination when the carbon lone pair donates to the gold substrate induces a
partially positive charge °° within the n-system which consequently weakens the other free -CN
bond leading to the red-shifted band.” The broad IR band observed was attributed to some
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inhomogenous environments of the surface adsorption sites due to defects in the gold film used.’
In SAM 13, a smaller distribution of environment for the isocyanide stretching frequency seen at
2177 cmt is present. The short wavelengths observed in both spectra is indicative of the carbon
lone pair on the isocyanide donate to the gold film. No oxidation of the SAMs was observed for
both samples and the observed thicknesses, as seen in Table 1.2, measured at multiple spots
supports the molecular monolayer SAM standing in an upright orientation. The synthesis of the
molecule used in SAM formation 13 and 14 was by Dr. Toshinori Nakakita and Dr. Tiffany Maher

of the Barybin and Berrie groups respectively.
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Figure 1.9. Schematic drawing showing upright orientation of SAM 13 and 14 and the FTIR
data representing the v(CN) regions of (A) in CH2Cl> solution and (B) on gold(111) film for
SAM 13 and 14 7.

The synthesis of the compound used to form SAM 14 was by Dr. David McGinnis in the
Barybin lab. SAM 15, as described by Dr. Brad Neal, featured an acetylene spacer C=C, two
isocyanides environment could coordinate to the gold.>! The free stretching frequency showed a
v(CN) of 2119 cm™ attributed to the isocyanides and an IR forbidden band with a very weak
intensity assigned to the C=C. Upon formation of SAM 15, a blue-shifted v(CN) of 2177 cm™
from the 2119 cm™ was observed indicative of the gold accepting the carbon lone pair on the
isocyanide. The ellipsometry measurements as seen in Table 1.2 supports an upright orientation of

the monolayer formed.

All the SAMs described in this section so far has been made with a concentration of 2 mM
of the corresponding azulene except SAM 16 and SAM 17. While SAM 16, as illustrated by Dr.
Brad Neal, was created using 8 mM concentration, SAM 17 was made at 0.02 mM concentrations

to obtain a successful monolayer. Though a shorter thickness was observed (see Table 1.2) in SAM
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16 which were probably due to the packing density being low, the FTIR supported the coordination
was through the isocyanide, indicating ' binding mode. For SAM 17, an upright orientation of
the monolayer was observed though several debates on the monolayer formation occured. The
descriptions by previous members of the group, Dr. Tiffany Maher and Dr. Brad Neal, as found
by the ellipsometry data, suggested that the monolayer study of SAM 17 was not trivial.>*>? The
measured thicknesses by ellipsometry were far off the calculated thicknesses. While the FTIR data
got was reproducible, the thicknesses were not. Dr. Brad and Dr. Tiffany suggested in their
previous work that the absorbance employed of this molecule seen at 632 nm may have played a
role in the observed result since the HeNe laser in the ellipsometer used in the lab has a wavelength
at the similar region the molecule absorbs at.°’>> The RAIR and ellipsometric result of the
monolayer for SAM 17 done in this work is in Appendix 3. Dr. Mason Hart synthesized the
compound used in this work for SAM 17 formation. The compound was soluble in almost no
solvent which could have been affecting the SAM formation. It was seen that the use of 0.02 mM
concentration of the molecule in distilled THF, made in the absence of air, gave average
thicknesses of 18.3 + 1.2 A. The estimated thickness that would correspond to an upright binding
mode was 17 A assuming an Au—C bond distance of 2.04 A. The solubility of the compound may
affect the driving force for adsorption on the gold film. The solubility of the compound plays a
vital role in determining the thickness of the film when bound to gold surface. At higher
concentrations, inconsistent thicknesses with the accepted thickness values were regularly seen. It
is evident that the method used in monolayer formation is vital. The solution IR and surface IR of
SAM 17 showed v(CN) bands at 2113 cm™ and a 2173 cm™ respectively which is indicative that
the stretching frequency of the compound increased by 60 cm™. The observed increase is due to

the donation of the lone pair on carbon of the isocyanide to the Au leads to higher vibration energy.
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Table 1.2. Free (CH2ClI> solutions) and bound (SAM on gold) Infrared stretching frequencies of
isocyano groups on isocyanide biazulenic derivatives and the ellipsometry thicknesses.

SAM on CHCl Ellipsometry Expected Ref./viz.
gold, v(CN) solution, thickness (A) thickness (A)
(cm™) V(CN) (em™)
13 2177 2127 17.4+0.8 17.0 Appendix 2
14 2170, 2119 2127 205+24 19.1 7
15 2177,2121 = 2189, 2119 2691 23.0 50
16 2169 2120 13 17.0 16
17 2173 21132 18.3+1.2 17.0 Appendix 3

The ellipsometry is a powerful technique used in SAM thickness characterization, and it is
a nondestructive optical technique that has been employed to characterize these SAMs in the Berrie
lab successfully. The expected thicknesses, if the monolayer is standing perfectly upright without
any physisorptions, is calculated from the crystallography or the ChemDraw. Except stated
otherwise, a 2.00 A were added to the calculated thicknesses to account for the Au—C coordinate
bond formed during the monolayer.2° For mercaptoazulene derivatives, a 2.45 A was added to the
computed thicknesses instead, accounting for the formation of an Au-S bond.>* Unlike in Au-C
coordinates formed in isocyanide azulenic and biazulenic derivative SAMs, the Au-S formed in
the thiol azulenic and biazulenic derivative SAMs characterized using the FTIR does not have
detectable spectroscopic signatures to support the perceived interpretation of the monolayer.!*
Installation of a spectroscopic reporter on the thiol azulenic and biazulenic derivatives for SAM

formation strongly supports the concluding remarks on the upright orientation. Perhaps installing
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isocyanide that is excellent spectroscopic reporters on the mercaptoazulene SAMs will further aid
these conclusions. Moreso, a mercaptoisocyanoazulene SAM will involve both electron donating
and withdrawing groups which may be designed as a donor-bridge-acceptor. The alignment of the
isocyano and mercapto junction groups to the linear azulenic framework — a new designs for

molecular electronic applications, will be discussed in later chapters.

The application of azulene derivatives self-assembled on gold substrates provides useful
tools for molecular electronics. The design, synthesis, and characterization of the azulenic SAMs
on gold substrates can be studied using techniques like ellipsometry, spectroscopy, and microscopy
to probe interesting properties like the packing, orientation, stability, conductivity, and
topography. As outlined above, the packing and orientation of some azulenic SAMs have been
studied in our lab. My work aims to further understand monolayer formation useful for molecular
electronics. Chapter 2 introduces the techniques employed in this work. Azulene derivatives SAMs
featuring the cyano and isocyano functional groups were employed in this chapter to describe the
techniques. These techniques include ellipsometry, reflective absorption infrared spectroscopy,
and scanning probe microscopy. Also, the chapter describes the preparation and type of gold
substrates employed throughout this work. In chapter 3, linear azulenic linker asymmetrically
anchored using isocyano and mercapto junction groups were described. The SAMs were made and
proposed as new systems with high potential for molecular conductivity. An extension of the
azulene systems described in chapter 3 by connection of two azulenes at the 6 positions was
described in chapter 4 as a fulfillment of the complete model for molecular rectification. Chapter
5 describes the microscopy study of azulene derivative monolayers to understanding the
topography and periodicity of the monolayers and how they differ from the gold substrates to

which they are attached.
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Chapter I1I:

Azulenic SAM formation and analytical methods used in the characterization
of SAMs on Au (111) films

31



I1.1. Overview and the highlights of chapter |1

To elucidate the packing, orientation, periodicity, and stability of linearly functionalized
azulene derivatives self-assembled on Au (111) films, characterization methods including optical
ellipsometry, reflection-absorption infrared (RAIR) spectroscopy, and scanning probe microscopy
(SPM) are used throughout this project. Information on the molecular packing, binding mode,
molecular orientation, and stability are deduced from ellipsometry and RAIR studies. Resolved
atomic- and molecular-scale images of azulenic SAMs from SPM experiments aid discernment on
the packing geometry, molecular packing, stability, and periodicity of the molecules relative to the

gold substrates.

Azulene may be considered a molecular diode due to its permanent dipole moment (ca. 1
Debye) aligned along the molecular axis. The origin of this hydrocarbon’s polar nature stems from
an intramolecular charge transfer between the fused 5 and 7 membered rings.!® This property
makes azulene and its derivatives attractive in the design of materials for molecular electronics
applications. One of the research themes in the Barybin and Berrie laboratories encompasses the
design, synthesis, and assessment of physicochemical characteristics of m-conducting azulenic
molecular linkers equipped with junction groups the 2 and 6 positions of the azulenic scaffold (i.e.,
along the molecular axis). The most studied anchoring moieties connecting the azulene derivatives
to the gold substrates are isocyanides and thiolate groups.”® Typically, our key initial analyses of
azulenic SAMs involve RAIR spectroscopy and ellipsometry. The isocyanoazulenes, as discussed
in chapter one, adsorbed on gold give rise to characteristic v(CN) bands in their RAIR spectra. The
thiolate groups are very useful anchoring groups due to stable Au-S interactions,®*2 but the thiolate
junction unit does not provide an easily recognizable and interpretable vibrational signature.

Incorporating substituent(s) at the azulenic core that would offer distinctive IR characteristics,
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therefore, becomes imperative for facilitating qualitative analysis of the azulenyl thiolate SAMs
by RAIR spectroscopy. Nitrile groups (cyano groups) can serve as a particularly convenient remote
spectroscopic handle in the RAIR analysis of azulenyl thiolate derivatives adsorbed on gold
surfaces.'® Moreover, it has been recognized in theoretical studies that the nitrile moiety is well-
suited to fulfill the role of the electron-withdrawing junction group in the design of asymmetrically

anchored molecular rectifyers.'*

As discussed in chapter one, interactions between tail groups
within monolayers affects molecular packing in the SAMSs. The dipole-dipole interactions of the
ancillary cyano substituents may influence molecular packing which is critical to probe for fully
understanding the structure-property relationships function of new materials with potential
applications in organic electronics. Herein, nitrile functionalized isocyanoazulene SAMs of 6-
cyano-1,3-diethoxycarbonyl-2-isocyanoazulene (1), 2-cyano-6-isocyanoazulene (2), and 2-cyano-
4-isocyanoazulene (3) molecules on gold substrates are probed using ellipsometry and RAIR. The
techniques for investigating the systems are discussed in detail. The assumption is that for
isocyano/cyano-functionalized azulenic SAMs, the cyano groups would have much lower affinity
to bind to the Au (111) surface than the isocyanide groups and therefore, the cyanides would be
the cyano tail groups of the SAM not interacting with the metal surface. Therefore, the isocyanides
would serve as the head groups providing junction between the metal surface and the azulenic
scaffold. Interpreted results, for instance orientation, binding, stability, or molecular packing of

both the head and tail groups may reveal structural and mechanistic details for designing single

molecular junctions.
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11.2. Gold substrates and preparation of atomically flat gold substrates

Gold substrates remain among the most studied material in surface chemistry because of
its oxidative inertness.’>® Gold substrates are commonly used in monolayer formation of thiolate-
head group molecules, for biological and technical applications, due to the stable gold-sulfur
interaction formed.®>!2 Also, gold substrates are widely employed in many other types of
monolayers for molecular electronics.'? 118 Due to gold’s conductive properties, gold substrates
are used as an electrochemically active surface to analyze the behaviors of chemical or biological
samples.’? 8 Hence, in conducting electrochemical experiments, the quality of the active surface
is essential as it may influence the results obtained. As such, the preparation of gold substrates is
critical to avoid contaminants that may skew the conductive properties as well as the binding
kinetics of the monolayer substrates. The gold substrates assume a face cubic crystal structure (fcc)
with the most stable and adopted face being the (111) terrace.’? '8 The substrate employed
throughout this work is the Au (111) substrate. This Au (111) substrate is typical for a distinct

close packing plane of gold’s crystalline lattice as described by Miller indices seen in Figure 2.1b.18
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b)

Figure 2.1. a) Vapor deposition Chamber (Auto 306) employed. b) The top image is the closed
pack density of the 111 lattice diagram in an fcc crystal structure. Illustrated in the bottom
picture is the cutout 111 face shown on the x-, y-, and z- coordinates of the unit cell.*

Vapor deposition of gold under high vacuum, critical for high-quality substrates, was used
in the preparation of the Au (111) substrates There are two types of gold substrates used in this
work: the commercially available gold-coated silicon and the house-gold (gold-coated mica). The
gold substrates were prepared by either deposition directly on freshly cleaved mica or on silicon
substrates coated with a titanium adhesion layer underneath the gold. The thickness of the gold
film depends on the coating conditions. While the gold-coated mica substrate with a thickness of
about 50 - 100 nm was prepared in the Berrie Lab using Edwards Rotary Evaporator (Auto 306),
the gold-coated silicon substrates purchased from Platypus Technologies had a thickness of 100

nm.
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Thorough understanding of the slightest changes that may occur at the molecular level is
essential for advanced material technologies. Therefore, it is highly relevant to study the molecular
packing, orientation, packing geometry, and periodicity of SAMs for further application processes.
In other to study the packing and the periodicity of SAMs using SPM at a nanoscale level on Au
(111), atomically flat gold-coated mica substrates were employed. The quality and cleanliness of
the sample substrate used in this study are highly critical for excellent measurements, reproducible
results, and data quality. The gold-coated mica made in the Berrie Lab was very cheap compared
to commercially available gold-coated mica. The gold-coated mica substrates were prepared in the
lab using the Auto 306 instrument at pressures as low as 1.3 x 107 torr while the chamber was
heated up to temperatures of about 200 — 300 °C. A diffusion pump and a rough pump were used
to maintain vacuum condition while the traps above the pumps were kept at reasonable temperature
conditions using liquid nitrogen and a water-cooling system plumbed to the evaporator. The
cooling of these traps helps prevent pump oil from flowing into the vacuum chamber. With very
high temperature in the chamber and low pressure, current is run through the gold wire for it to
heat up and vaporize onto the freshly cleaved mica in the chamber until the desired thickness is
obtained. The deposition rate (1-3 nm/sec) and desired thickness are monitored and measured by
a quartz crystal microbalance (QCM). The QCM works as a sensor, accurately monitoring the
small variations in mass per unit area, by measuring the frequency of the sensitive quartz crystal
resonator. The gold substrates made were annealed for an hour in the chamber and immediately
stored in a desiccator. Additional treatment to improve the substrate quality is usually done by
flame annealing using hydrogen flame for homogeneity. The annealing method is a crucial step in
achieving qualitative large Au (111) terraces which should result in atomically flat gold substrates.

Before the annealing step, the substrate was rinsed with large volume of milli-Q water and dried
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with a nitrogen gas stream. The annealing of the substrate was done by using a hydrogen flame
torch which was held at ca. 30 degrees angle with respect to the substrate and gently sweeping the
4 cm long flame torch back and forth at ca. 1 Hz across the gold substrate. The 4 cm long flame
touch was placed 3 cm away from the substrate during the annealing process which lasted for about
30-50 secs.'® Figure 2.2.b shows the Atomic Force Microscope (AFM) image of a freshly annealed
gold-coated mica film made in this work. The cross-section analysis shows that the gold-coated
mica, for a randomly selected grain, was ca. 150 nm and this is bigger and flatter than the observed
50 nm grain size of gold-coated silicon purchased from Platypus Technologies (Figure 2.2 a). The
atomically resolved image of the gold-coated mica in Figure 2.2d is typical for an annealed gold

film. The z scale rangeof the images in Figure 2.2a indicates flatness of the substrate.

The commercially available gold-coated silicon substrates from Platypus Technologies
were prepared using a similar process except a titanium adhesion layer was utilized. Titanium
adhesion layer was first uniformly deposited on the silicon before the gold deposition for proper
formation of the substrates. Although gold-coated mica substrates formed flatter and wider grains
than the gold-coated silicon substrate, optical interference from the thin mica substrate below the
gold-coated mica films causes difficulties in measuring monolayer thickness under the optical
ellipsometer. Therefore, it is necessary to use the gold-coated silicon substrates for measuring the
monolayer thickness on an optical ellipsometer, even though the gold-coated silicon may have

smaller grain sizes.
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Figure 2.2. AFM images of a) commercial gold-coated silicon substrate and b) gold-coated mica
made in the Berrie Lab. Scan size - 1000 nm x 1000 nm at z scale range20 nm, Probe tip - DNPs,
applied set point - 1.892 V c) The width of the grain size measured for the top images. The width
of a) highlighted with the red arrows is 50 nm and b) is 150 nm. d) Atomically resolved image of
the annealed gold-coated mica. Set point - 0.3393 V spaced by 0.32 nm. All images were
collected in ambient conditions.

I11.3. Cyano and isocyano substituted azulenic derivatives on Au (111)
Substrate

The studies discussed herein are cyano functionalized isocyanoazulene derivatives
coordinated on Au (111) substrates. This interesting cyano substitution may aid molecular packing
due to the dipole-dipole interaction of the tail ends. Also, the cyano groups may provide useful
complementary vibrational data that facilitates physicochemical interpretation of azulenic film
self-assembly. To understand the structural formation and molecular arrangement of nitrile

substituted isocyanoazulene derivatives in molecular films, the rest of this chapter describes the
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analysis of these SAMs using the optical ellipsometry and Fourier transform infrared spectroscopy.
Perhaps, understanding the stability and influence of cyano groups on the azulenic SAMs, as well

as influence of cyano groups on conductance characteristics for organoelectronics is necessary.

11.4. Introduction

The electronic properties of azulene make it attractive for applications in nanoelectronics.
The bluish non-benzenoid aromatic hydrocarbon, azulene, has a dipole moment of ca. 1.1 Debye.
The azulenic scaffold, due to the dipole moment, can in principle behave as molecular-diode
with/without incorporating any substituents along its molecular axis which makes it a useful tool
in organoelectronics.t 222 Hence, the influence of donor/acceptor substituents on azulene with
focus on charge transport properties, when bound to a conductive substrate, will be interesting to
investigate. Suitably, understanding the charge transport property of the azulenic derivative SAM
is achievable by varying the substituents along the azulenic molecular axis.'! 212 The nature of
the substituent group may affect the electronic properties of the azulene in different ways, by either
widening or shrinking its frontier energy gap. The frontier energy gap (HOMO-LUMO gap) can
be adjusted based on electron donating or withdrawing groups incorporated on the azulene.l 20
2425 Electron withdrawing groups (EWG) at the 2, 4, or 6 positions carbon atoms stabilize the
LUMO energy, but EWG at the 1, 3, 5, or 7 positions destabilizes just the HOMO energy level .>®
This observation affirms the complementary orbital density distribution of azulene’s frontier
orbitals as seen in Figure 2.3. The most studied junction groups used in assembling azulene
derivatives on a conductive substrate like gold substrate are the isocyano and mercapto-anchoring
groups.t 4 20 2425 Apglyses of the monolayer properties such as molecular packing, coverage,
stability, orientation, anchoring groups, and defects are highly crucial towards understanding

conductivity and charge transport properties of the SAM films. These analyses in this work involve
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the use of optical ellipsometry, reflective absorption infrared spectroscopy (RAIR), and scanning

probe microscopy (SPM).

LUMO

Figure 2.3. An Illustration of Azulene’s frontier orbital density distribution.®

Several studies of isocyanoazulenes SAM in our work involves the use of isocyanide as
junction group to the gold substrate which influences the dipole property of the parent azulene.
The dipole moment of five different isocyanoazulenes calculated in our previous work (Robinson
et al.) showed that 2-isocyanoazulene has the highest dipole moment (5.40 Debye) while 6-
isocyanoazulene has the lowest dipole moment (3.14 Debye) as influenced by the position of the
isocyano substituent on the aulenic framework.®> Therefore, the interest to probe the electronic
behavior of SAM with isocyanide junction groups at the positions 2, 6 or both positions arise as
the electronic environment is changed. Two possible bonding interactions of organic isocyanide
with a metal atom or ion are known, a 6 bond in which the isocyanide donates its electron pair to
the metal and a m-backbonding in which the metal donates to the isocyanide empty 7*-orbital as

seen in Figure 2.4.2% The isocyanide junction group experiences an increase in bond strength upon
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SAM formation on the gold substrates.’® This increase in bond strength is indicative of the o-
bonding via donation of the isocyanides carbon atom’s lone pair to the gold substrate.!® The
donated lone pair occupied antibonding energy with respect to the C=N bond and became more
energetically stable upon donation to the gold substrate. The SAM formation that occurs via
coordination of isocyanide to gold (Au-CNAZz) reveals no n-backbonding from the gold substrate
to the junction group due to the observed blue shift in the v(C=N). Therefore, the coordination

solely occurs via 6-bonding.

a) b)
s bond nt back-bond
M > C=N—o-R c=— D_R
empty_ filled ’b
dor p-orbital  *_qpital flled empty

d-orbital  x*-orbital
Figure 2.4. a) The isocyanide’s lone pair forms o-bond with an empty orbital in the metal, b) =-
back bond from a filled metal d-orbital of m-symmetry to an empty n* orbital of the isocyanide.?

The thiol-headgroup azulene is also a common junction group used in our study. When the
thiolate azulene derivatives are coordinated to the conductive gold substrate, an Au-S bond is
formed. The SAM formation is confirmed using accessible analytical techniques, that is,
ellipsometry and RAIR spectroscopy. The vibrational bands from thiolate-headgroup azulene
SAMs are not spectroscopically interpretable using the RAIR spectroscopy due to the v(Au-S)
band (ca. 400 cm™) is unobservable in the IR window available on our spectrophotometer (4000
cm*- 600 cm™). This limitation in our spectroscopic technique can be circumvented by the use of

substituent groups that have observable IR bands on the RAIR employed in this work and taking
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advantage of the RAIR selection rule to interpret the relative intensities of the peaks in the
spectrum for information on orientation. Cyano groups have stretching frequencies in an
observable IR region, (2200 cm™ — 2300 cm™), therefore, incoporating cyano substituent to the

azulene would facilitate qualitative analysis of the monolayer.

The possible interactions between terminal ends of SAMs can affect molecular packing.
Cyano-terminated alkyl thiols have been studied using different techniques to understand their
influence on the monolayer formation.?82° The monolayers of cyano-terminated alkylthiolates
were compared to similar molecules of non-substituted alkylthiolates adsorbed on gold and silver
films. Zharnioff et al. suggested that strongly interacting nitrile entities may influence the packing,
orientation, and structure of the alkylthiol films.?® The non-substituted benzenethiol monolayer
films and cyano-substituted benzenethiol monolayer films adsorbed on gold surface were studied,
well-ordered and densely packed SAMs were observed more in the cyano substituted than the non-
substituted monolayers.?®2° In the cyano-substituted alkylthiol monolayer, only disordered
monolayers and rearrangements were observed due to strong electrostatic interactions from the
polar -CN moieties. The n-m interaction in the benzenethiol monolayer, as well as the cyano group,
aided the formation of the well-ordered monolayer than in the alkylthiol SAMs. The presence of
the nitrile group leads to significant increase in the density packing of the film as compared to the
analogous non-substituted SAMs.* Therefore, understanding the packing density in the azulene
derivative SAMs may be an interesting study which may be useful for systems like the
mercaptoazulene SAMs films. Also, the cyano moiety have been employed to study charge transfer
dynamics through the azulenic molecular backbone and head group substrates using Auger

electron spectroscopy.?’ In addition, electron withdrawing cyano groups have been suggested in
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theoretical studies as junction group in the design of asymmetrically anchored molecular

rectifiers.!

Extensive study has been done to elucidate the packing and orientation of
mercaptoazulene monolayer adsorbed on gold substrate in our lab. The measurements from the
ellipsometer has provided us with information about the molecular orientation. On the other hand,
mercaptoazulene SAMs’ orientation and binding properties are better interpreted with the RAIR
spectroscopy when substituent groups that can serve as a suitable spectroscopic marker are
attached to determine molecular orientation unambiguously. The RAIR is governed by a selection
rule that vibrational modes perpendicular to the gold substrate are enhanced on the RAIR. The
selection rule helps interpret the orientation of the monolayer on the gold substrate. The molecular
orientations in the isocyano-headgroup monolayer are deducible using both the FTIR and the
Ellipsometer. Additional techniques mentioned above may provide insight into monolayer packing

and orientation. In this work, FTIR and ellipsometry are employed.
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Figure 2.5. cyano substituted isocyanide molecules employed in SAM formation
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11.5. Experimental section

11.5.1. General procedures and starting materials

All compounds used in the preparation of the molecular films were synthesized in the
Barybin Lab by Jason Applegate, Nathan Erickson, and Zack Wood. Au (111) films used in SAM
formation were either purchased from Platypus Technologies or made in the Berrie Lab as

described in Section 1.2.

For ellipsometry and RAIR spectroscopic analyses, commercial gold-coated silicon
substrates from Platypus Technologies were employed in SAMs formation. Unless stated
otherwise, the gold substrates used were cut to a 1 x 1 cm? size, washed by soaking in chloroform,
acetone, and 200- proof ethanol for two hours in each solvent, and rinsed with a large volume of
ethanol before drying with nitrogen gas. The optical ellipsometric physical constants of the dried
gold substrates were recorded at a minimum of five different spots on each substrate. The gold
substrates were placed in a 2 mM solution of the azulene of interest in distilled dichloromethane
for ca. 24 hours for molecules to fully self-assemble on a gold substrate. The experiment was
performed without any protection from air or ambient laboratory lighting. Analytical methods for
characterizing the SAMs as well as results and discussions on the SAMs herein are detailed in

section 1.5.

The molecules studied herein are depicted in Figure 2.5. The first molecule has a cyano tail
group at the 6 position of the azulene and is expected to coordinate via the isocyanide-headgroup
at the 2 position of the azulene framework while the second molecule has the tail and head groupss
switched in this case. The main difference is the switch in the azulene molecular axis with respect

to the attached substituents though both molecules are expected to orient in an upright fashion
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when coordinated to the gold substrate. The third molecule, however, features the azulene oriented
partially parallel to the gold substrate. Therefore the RAIR result may give important information
about the molecular orientation. The cyano group is substituted on the position 2 while the
isocyanide-headgroup on the position 4 is expected to bind to the gold substrate. The packing
especially the third molecule may be influenced differently due to the orientation and position of
the cyano group.

11.5.2. SAM formation of 6-cyano-1,3-diethoxycarbonyl-2-isocyanoazulene on
Au (111) film (1)

The gold substrates were first cleaned with hot Piranha solution (Warning: extreme care
should be employed when using the solution due to violent reaction of the oxidant with organic
substances). The gold substrates were subjected to further cleaning using the described cleaning
method in general procedures and starting materials. The ellipsometric physical constants n and k
of the cleaned gold substrates were measured at five different spots on the substrates before
immersing the gold substrates into a 2 mM solution of 6-cyano-1,3-diethoxycarbonyl-2-
isocyanoazulene in distilled dichloromethane CH2Cl for ca. 24 hours to make SAMs-coated gold
substrates. Analyses using ellipsometer and the grazing incidence reflection absorption infrared
(RAIR) spectrophotometer were done to investigate the molecular orientation, packing, and
binding of the SAM. Prior to any analysis, the SAM-coated substrates were rinsed thoroughly with
distilled CH2Cl> to remove any loosely bound or physisorbed molecules, and the substrates were
dried in a flow of N2 gas. The SAMs of 1 were made in an inert, glovebox environment due to the

stability of the SAM films. Analyses of 1 were taken immediately after SAMs formation.
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11.5.3. SAM formation of 2-cyano-6-isocyanoazulene on Au (111) film (2)

The gold samples were cleaned as described in the section on general procedures and
starting materials. The cleaned bare gold substrates were dried thoroughly under a nitrogen stream
and their ellipsometric optical constants n and k were measured at five separate spots on the
substrates. The freshly cleaned substrates were placed into a 2 mM solution of 2-cyano-6-
isocyanoazulene in chloroform CHCIz for ca. 24 hours to afford the SAM formation of the
compound. Investigation of the molecular orientation, packing, and binding of the SAM was
analyzed using ellipsometry and a grazing incidence reflection absorption infrared (RAIR)
spectrophotometry. Prior to any analysis, the SAM-coated substrates were rinsed thoroughly with
CHClsand dried in a flow of N2 gas to remove loosely bound molecules. There were no precautions

to exclude air or ambient laboratory lighting exercised during these SAM preparations.

11.5.4. SAM formation of 2-cyano-4-isocyanoazulene on Au (111) film (3)

The ellipsometric physical constants n and k of the thoroughly cleaned, dried bare gold
substrates were measured at five different spots on the substrates. The gold substrates were cleaned
using the methods described in general procedures and starting materials. SAM films of these
compounds were formed by placing the freshly cleaned ca. 1 x 1 cm? gold substrate into a 0.02
mM solution of 2-cyano-4-isocyanoazulene in CHCIs for ca. 24 hrs. Analysis using ellipsometer
and the grazing incidence reflection absorption infrared (RAIR) spectrophotometer was done to
investigate the molecular orientation, packing, and binding of SAM. Before any analysis, the
SAM-coated substrates were rinsed thoroughly with CHCIs and dried in a flow of N2 gas. There
were no precautions to exclude air or ambient laboratory lighting exercised during these SAM

preparation experiments.
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11.6. Method of Analysis
11.6.1.Optical Ellipsometry

Ellipsometry is primarily used to determine optical constants and structural characteristics
information such as film thicknesses and density distribution. This technique affords the
investigation of optical properties and physical structure of thin film by measuring the polarization
change as light reflects through the material structure.! The technique does not directly measure
the thickness or the optical properties of the film, instead the technique measures the change in
polarization of the light. The polarization change is represented by two parameters, the amplitude
ratio ¥ and the phase change A, which determines the differential change in amplitude and phase
thereby measuring the degree of elliptical polarization.®® This provides information about the
optical constants of the bare gold substrate. The optical constants include the refractive index n
and the extinction coefficient k and are used in the determination of the thickness of the film. This
work uses the single-wavelength ellipsometry method to determine the thickness of self-assembled
monolayer (SAM) of organic films. The technique is non-destructive and has been used

extensively over the years.!? 3134

Ellipsometer consists of a light source, a polarizer, compensator, sample, analyzer, and
detector as shown in Figure 2.6.3* The rotation of the polarizer, compensator, and analyzer during
the analyses majorly provide information on the optical properties of the thin film or sample
substrate.®® The light source employed throughout this work is a HeNe laser which passes through
the polarizer and a compensator before getting to the substrate as elliptically polarized light. A
change in polarization occurs as the light passes through the film and enters an analyzer which is
rotated until a null or minimum signal is detected, aiding the required measurements.3* The optical

constant of the gold film is vital for analyses of the monolayer thickness using ellipsometry.
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Figure 2.6. Schematic representation of an ellipsometric experiment.

11.6.1.1. Method

The Ellipsometer was first calibrated using a freshly cleaned silicon wafer control sample.
The silicon wafer was cleaned by first wiping the wafer with a soap solution using a Kimtech wipe,
rinsed with deionized water, dried with nitrogen stream before washing with 50:50 ethyl ether and

methanol followed by drying with a nitrogen stream.3*

The film thickness values were determined using an Auto EL IIl fixed wavelength
ellipsometer (Rudolph Research). All measurements conducted was with a HeNe laser at a
wavelength of 632.8 nm and an incident angle of 70° to the surface normal. The optical constants
n and k were obtained for each sample individually by measuring these parameters for the
corresponding freshly cleaned bare gold substrates at a minimum of 5 different spots before the
SAM formation as seen in Table 2.1. These optical constants were used as input in determining
thicknesses of the adsorbed thin layers of 6-cyano-1,3-diethoxycarbonyl-2-isocyanoazulene (1),
2-cyano-6-isocyanoazulene (2), and 2-cyano-4-isocyanoazulene (3). A refractive index of 1.45

was assumed for all organic thin films described herein.®>-" For each SAM sample, the reported
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thickness value constitutes an average of those derived from ellipsometric measurements at five

different spots of the SAM substrate.

11.6.1.2. Result and Discussion

The resulting thicknesses from the ellipsometry measurements (Dobs.) are found in Table
2.1 and are compared to the theoretical/calculated thicknesses (Dcaic.). The theoretical thicknesses
for a monolayer assuming a completely upright orientation without any physisorption were
calculated using the MM2-optimized model in ChemBio3D Ultra 15.1. The expected result from
the SAM formation was that 1, 2, and 3 will coordinate to the gold film via the formation of an
Au-C bond. The addition of the Au—C coordination bond length of 2.04 A to the results calculated

from ChemBio3D gave the overall theoretical thickness values of the monolayer.

Table 2.1. Ellipsometry data showing the averaged n and k values of the bare substrates,
observed thicknesses, and calculated thicknesses for SAMs of 1, 2, and 3, respectively.

Compounds n Kk Dobs. (A)  Deaic.(A)

1 6-cyano-1,3-diethoxycarbonyl-2- 0.147 3.459 9.2+0.8 11.9
isocyanoazulene

2 2-cyano-6-isocyanoazulene 0.174 3.508 10.7+£0.3 11.9

3 2-cyano-4-isocyanoazulene 0.152 3.455 8.6x0.2 8.5

The reported n and k values for the specific gold films used in these experiments (as seen
in Table 2.1) were used as input in the modeling to obtain the corresponding observed thicknesses
(Dobs). The observed thickness of 1 (9.2 + 0.8 A) is comparable to the calculated thickness (11.9

A) signifying formation of an upright monolayer. Similarly, Dqps in 2 were closely related to Deaic.
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indicative of the creation of a monolayer. Although the Dobs in 1 is somewhat shorter than the Deac.
for completely upright coordination of 1, probably due to less packing monolayer of 1 than 2, the
results are comparable. The less packed monolayer is as a result of the bulky substituent
diethoxycarbonyl, in the 1 and 3 positions in 1. These bulky groups can affect the intermolecular
interactions of the monolayer, simultaneously changing the density packing of the monolayer. In
1 and 2, Dcaic. is in reasonable agreement with Dops, Signifying an upright orientation of the
monolayer and the formation of an Au—C bond accounted for in the Dcac. Since the assumption is
that the coordination to the gold substrate is via the isocyanide group, accounting for an Au-C
bond of 2.04 A was done. Confirmation of the observed interpretation is further supported by the

RAIR spectroscopic data.

In 3, the Dcalc.is 8.5 A for a monolayer formed via the creation of the Au—C bond. The Dops.
and Dcaic. agree with the assumption that the isocyanide at the position 4 of the azulene coordinates
to the gold film. The coordination of this molecule to the surface will be further confirmed using
the FTIR. The cyano substituent may serve as an additional spectroscopic characterization of these

molecules.
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Figure 2.7. lllustration for the SAM formation of 1, 2, and 3 linearly coordinated on the gold
substrate via the isocyanide junction group.

11.6.2. Fourier-Transform Infrared Spectroscopy

Fourier Transform Infrared Spectroscopy FTIR, which measures the absorption of infrared
radiation resulting in vibrations of ensembles of chemical bonds present in a molecule.® Infrared
radiation directed at a sample is absorbed due to the vibrations of chemical bonds present in the
molecule. The IR spectrum gives information on molecular components and structures present in
a sample.® Infrared spectrum can be collected using different methods depending on the sample’s
properties and the information required. For analyses of materials deposited on a surface, the FTIR
method could be absorption, attenuated total reflectance, diffuse reflectance, or reflection

absorption spectroscopy.
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For SAMs on reflective substrates like gold, reflection absorption infrared (RAIR)
spectroscopy is usually employed. This method is also called the grazing incidence reflection
absorption FTIR.3® 38 The area of the substrates analyzed is relatively large, increasing the signal
for direct measurements of a bulk average of the substrate. RAIR follows a selection rule which
polarization of the incident radiation and molecular orientation are essential for IR spectrum
collected. The polarizer is useful in the enhancement of sensitivity in the grazing angle
measurements as it monitors molecular orientation in the film. The selection rule as described in
Figure 2.8 shows two orientations, a parallel and a perpendicular polarization with respect to the
substrate, for the changing instantenous dipole moments in the molecules. Only the vertical
polarization enhances the dipoles on the substrate and, therefore, is IR-active. The parallel dipoles

are reduced and may not be detected on the metallic substrate, hence IR-inactive.
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Figure 2.8. lllustration showing RAIR selection rule, describing the parallel and perpendicular
dipole observed on a reflective substrate with reduced and enhanced dipoles, respectively.

Cyano groups have been employed as substituents at the azulenic framework due to the
vibration frequencies of the cyano group are observable on the RAIR spectrum. For comparisons,
monolayers of 1,3-dicyano-2-azulenylthiolate and 1,3-dicyano-2-isocyanoazulene on gold films
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made by Dr. Brad Neal, a previous member of the group, were studied using both ellipsometry and

RAIR spectroscopy.! The presence of the cyano groups helps to qualitatively interprete the results

obtained from the RAIR as seen in Figure 2.9.
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Figure 2.9. Left: (1A) FTIR spectrum of 1,3-dicyano-2-isocyanoazulene dissolved in CHCl3z and
(1B) RAIR spectrum of 1,3-dicyano-2-isocyanoazulene adsorbed on Au (111). Right: (2A) FTIR
spectrum of 1,3-dicyano-2-mercaptoazulene dissolved in THF and (2B) RAIR spectrum of 1,3-
dicyano-2-azulenylthiolate adsorbed on Au (111). The images beside each spectrum represent
how the molecules orient on the surface upon adsorption via the isocyanide or thiolate junction

groups.t

Incorporating the nitrile reporters into the 2-mercapto- and 2-isocyanoazulene scaffolds

helped to facilitate probing the self-assembly of the corresponding azulenic SAM films.Figure 2.9

shows the IR spectra of 1 and 2 in the solution phase (1a (in CHCI3) and 2a (in THF)) and bound

to the gold surface.In the recorded data in Figure 2.9(2), only one band is present in 2a and 2b

spectra which is indicative of a cyano stretching frequency v(N=CR). The energy of the IR band

attributed to v(N=CR) in 2a and 2b remains the same since the cyano group environment IS

unchanged. Therefore, coordination of the molecule to the gold film is via the thiolate-headgroup

present within the molecule. But in the case of Figure 2.9(1), two distinct bands attributed to cyano

54



v(N=CR) and isocyanide v(C=NR) stretching frequencies are observed in solution FTIR (1a) and

RAIR (1b).

In the solution IR (Figure 2.9 (1a)) for molecules in 1, the band at 2224 cm™ is indicative
of a V(N=CR) and compared to RAIR in Figure 2.9 (1b), the v(N=CR) band occurs at higher
wavenumber due to the electron withdrawing ability of the isocyanide on the position 2 of the
molecule. Donation of the isocyano carbon lone pair to the gold substrates strengthens the isocyano
bond, leading to the blue shift of the isocyanide v(C=NR) band by 42 cm™ upon coordination.!
The isocyanide v(C=NR) band at 2114 cm™* corresponding to the uncomplexed isocyanide group
in the solution IR spectrum moved to 2156 cm™ upon adsorption of the molecule to the gold surface
while the cyano v(N=CR) band observed at 2224 cm™ in the solution IR spectrum undergoes a red
shift upon SAM formation. The IR data described above suggest that both 1 and 2 are coordinated
to the gold surface in an upright orientation. This conclusion is consistent with the ellipsometric

thickness measurements obtained for the SAMs of 1 and 2.1

11.6.2.1. Method

The grazing incidence Reflection Absorption Fourier Transform Infrared (RAIR) spectra
for the SAMs of 6-cyano-1,3-diethoxycarbonyl-2-isocyanoazulene (1), 2-cyano-6-
isocyanoazulene (2), and 2-cyano-4-isocyanoazulene (3) on gold were collected using a Thermo
Nicolet Nexus 670 FTIR spectrometer with a VeeMax grazing angle accessory set at an angle of
70°. A background spectrum was obtained using a freshly cleaned bare gold substrate before
acquiring the spectrum of each sample. The bare gold used for calibration was cleaned using the
same cleaning method of SAM preparation. Ten thousand or one thousand scans from 600 to 4000

cm? at 2 cm™ resolution were obtained for each background/sample combination. The MCT
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detector of Thermo Nicolet Nexus 670 was constantly cooled with liquid nitrogen, and the

instrument was connected to an air purifying system to purge out CO, and H2O continually.
Solution phase (in CHCIz) FTIR spectra were recorded for samples enclosed in 0.2 mm

NaCl cells using Thermo Nicolet Nexus 670 FTIR spectrometer A background spectrum of the

CHCl3 solvent was recorded prior to each sample run.

11.6.2.2. Result and Discussion

Freshly prepared 1, 2, and 3 SAMs were analyzed using RAIR spectroscopy. The spectra
suggest that all molecules adsorbed on the Au surface are oriented vertically, particularly for 1 and
2, and no free (i.e., unbound) molecules are incorporated in the films. Two IR bands are present in
the solution IR and in the RAIR spectra of 1. In the solution IR, the weak band at 2225 cm™ is
indicative of a cyano stretching frequency while 2123 cm™ represents the isocyanide stretching
frequency on the position 2 of the azulene molecule. After the monolayer formation, one thousand
scans of 1 were collected using the RAIR instrument (Figure 2.10 (2b)). The coordination of 1 to
the gold substrate resulted in isocyanide v(C=NR) blue shift to 2173 cm* due to the formation of
the Au-C bond. The shift of the isocyanide band to a higher energy is indicative of the donation
of the isocyanide carbon’s lone pair, which is antibonding with respect to the C=N bond, to the
gold film. The cyano on the other hand experiences little or no change from the solution to the
RAIR spectrum, therefore, the gold substrates predominantly withdraw electron densities from the
isocyano junction group and less conjugation between the m-system of the cyano moiety and the
azulene backbone is present. The broadness of the isocyanide v(C=NR) band at 2173 cm™ in the
RAIR spectrum of 1 may be due to inhomogeneity in the adsorption sites on the gold substrates
and it almost buries the weak cyano peak. Although the peak intensity of the cyano band in the

RAIR spectrum is small, the peak is observed based on the selection rule. The cyano peak intensity
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in both the solution IR and the RAIR is small but the relative peak intensity of the cyano group
with respect to the isocyanide group in both the solution IR and the RAIR are similar. The relative
peak intensities are similar though the RAIR cyano peak is broader which may be due to
inhomogeneity in the gold substrates. However, in a similar analogous system with thiolate
junction group as seen in Figure 2.11(b), the RAIR for SAMs of 6-cyano-2-mercaptoazulene
shows only one intense peak at 2213 cm™ attributed to the cyano v(N=CR) band. As mentioned

earlier, the Au-S peak around 400 cm™ is not observable in the IR window available on our

spectrophotometer.
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Figure 2.10. Solution IR (A) and RAIR (B) spectra of 1,3-ethoxycarbonyl-6-cyano-2-
isocyanoazulene (1) and an illustration showing the upright orientation of the molecule
coordinated via the isocyanide junction group.
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Figure 2.11. RAIR spectra of (A) 1 and (B) 6-cyano-2-azulenylthiolate and the illustrations
showing the upright orientation of the molecules coordinated via the isocyanide and thiolate
junction groups.

SAMs 2, an analogue of 1, featuring the inverse orientation of the attached groups in the
molecule with no substitutions at the 1 and 3 positions, were analyzed using the RAIR. One
thousand scans were collected for the RAIR spectrum. In the solution IR, two IR bands as seen in
Figure 2.12a at 2113 cm™ and 2227 cm™ were observed for the isocyano v(C=NR) and cyano
v(N=CR) stretching vibrations respectively. Both bands experienced shifts in energy upon
coordination of 2 to the gold substrates (see Figure 2.12b). The isocyano v(C=NR) band shifted to
higher energy indicating the donation of the isocyano carbon’s lone pair to the gold substrate while

the cyano v(N=CR) band shifted to lower energy due to the reduction in electron density of the
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cyano group exerted by coordination of the isocyano group to the gold substrate. Due to the
coordination of the isocyano junction to the gold substrate and conjugation between the n-system
of the cyano moiety and the azulene backbone, m-electron density in the cyano group reduces
causing a redshift of the band by 4 cm™. The RAIR result support the ellipsometric thickness of 2
which signifies that a layer is self-assembled in an upright orientation on the gold film. Both the
isocyano v(C=NR) and cyano v(N=CR) band in the RAIR spectrum are broader; this may be due
to the inhomogeneity in the adsorption sites on the gold substrates. The result did not signify any
oxidization of either the cyano and isocyano groups which would give characteristic stretching

band at 2250 cm™ - 2275 cm™.
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Figure 2.12. Solution IR (A) and RAIR (B) spectra of 2-cyano-6-isocyanoazulene (2) and an
illustration showing the upright orientation of the molecule coordinated via the isocyanide
junction group.
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Similarly, in 3, two major bands for the isocyano v(C=NR) and cyano v(N=CR) at 2119
cm™ and 2228 cm™ respectively were observed (see Figure 2.13). The shifts of these bands in the
RAIR spectrum compated to the solution spectrum of 3 are indicative of the coordination of the
molecule to the gold substrate. The coordination of 3 occurs via the isocyanide junction group
where the lone pair of the carbon with respect to the C=N, which is somewhat antibonding, is
donated to the gold substrate resulting in the isocyano oscillator shift to 2162 cm™. Consequently,
the cyano v(N=CR) band at 2228 cm experienced a red shift due to the reduction of the n-electron
density on the cyano group. The difference between the solution IR and the RAIR cyano bands is
about 7cm™. Two possibilities are proposed for the weak band seen on the major contributing band
at 2221 cm™ for the v(N=CR) in the RAIR spectrum. The first possibility is that physisorbed
loosely bound molecules intercalated between the SAMs appear in the spectrum. The isocyano
v(C=NR) band is very broad, which may be due to inhomogeneity of the gold substrate and might
lead to the other possibility. The cyano does not form a strong covalent bond with the gold substrate
but might weakly interact with the inhomogenous gold substrate. There might be interactions of
the cyano group with an adatom or other clusters in the gold surface, therefore, the second

possibilty for the peak.
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Figure 2.13. Solution IR (A) and RAIR (B) spectra of 2-cyano-4-isocyanoazulene (3) and an
illustration showing the upright orientation of the molecule coordinated via the isocyanide
junction group.

I1.7. Conclusions and Outlook

Substituents with distinct IR signatures such as cyano groups provide useful
complementary vibrational data to facilitate physicochemical interpretation of azulenic film self-
assembly. Self-assembled monolayer SAM of new azulene derivatives featuring cyano-substituted
isocyanoazulene adsorbed on Au (111) has been described in this chapter. Ellipsometry ad RAIR
were employed in the analyses of the SAMs. The varied isocyano junction group on the azulenic
framework significantly controlled the binding orientation of azulene molecules adsorbed on the
gold film. The azulene motif in 1 and 2 orients vertically with respect to the gold surface and solely
binds to the gold surface via the isocyanide junction group, forming an Au-C bond. The azulene
motif in 3 orients almost parallel with respect to the gold surface, binding through the isocyanide

group as well. The cyano group has a tendency to weakly interact with the gold surface depending
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on its proximity from the surface. The cyano group have a much lower affinity to interact with the
gold surface but serve as remote spectroscopic handles. The remote cyano vibrational reporters are
sensitive to electronic perturbations exerted by the coordination of the isocyanoazulenic motif to

the gold surface.

The use of other remote vibrational reporters that may serve as spectroscopic reporters to
facilitate physicochemical interpretation of azulenic SAM films may be useful to expand our tools.
The tail end of the azulene SAMs complexed to a zero-valent chromium center of the Cr(CO)s
motif, due to the vibrations from the carbonyl, will serve as a remarkable spectroscopic reporter
and may be very interesting due to different possible vibration frequencies present in a Cay-
symmetric[(-CN) Cr(CO)5] moiety. This expansion of our system will be discussed in the next
chapter. Further investigation of azulenic SAMs using Atomic Force Microscope (AFM)
techniques may provide information on the packing geometry, molecular packing, and periodicity
of the azulene molecules relative to the gold film. AFM studies will be discussed in detail in

chapter V.
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Chapter I11I:

SAMs of azulene scaffolds featuring mercapto and isocyano anchoring groups
within the same molecule adsorbed on Au (111) substrates

Portions of this work have been published in:

Applegate, J. C.; Okeowo, M. K.; Erickson, N. R.; Neal, B. M.; Berrie, C. L;
Gerasimchuk, N. N.; Barybin, M. V., First n- linker featuring mercapto and isocyano anchoring
groups within the same molecule: synthesis, heterobimetallic complexation and self-assembly on

Au( 111). Chem. Sci. 2016, 7 (2), 1422-1429.
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I11.1. Linear azulenic linker asymmetrically anchored using isocyano and
mercapto junction groups, a new paradigm for molecular rectification

Isocyanide and thiolate anchoring groups are commonly employed in molecular self-
assembly on metal surfaces. This chapter focuses on the surface chemistry of linear azulenic
linkers equipped with an isocyano (-N=C) junction group at one terminus, and a mercapto (-SH)
junction group at the other end, compared to the symmetric analogue where only isocyanide
junction groups are attached to both ends of the azulenic bridge. In each case, the isocyano
terminus is complexed to the zero-valent chromium center of the Cr(CO)s motif; whereas, the
mercapto terminus serves to form the thiolate-gold junction upon self-assembly of the resulting
organochromium scaffold on the Au(111) surface. Characterization of the above azulenic
monolayer films using Reflection-Absorption Infrared (RAIR) spectroscopy and optical
ellipsometry will be discussed in detail. The Ca-symmetric[(-CN)Cr(CO)s] moiety provided
highly informative v(C=N) and v(C=0) infrared signatures indicating right-side up molecular
orientation and “hollow-linear” coordination mode of the 2-isocyano-6-azulenylthiolate platform
self-assembled on metallic gold. This chapter describes the design, formation, properties, and
stability of self-assembled monolayers of isocyanoazulenylthiolate derivatives linearly terminated

with the junction units, for molecular conductivity and, possibly, rectification applications.

111.2. Introduction

An area of considerable research interest is molecular electronics. In molecular electronic
devices, charge transfer can be studied in terms of electron hopping or tunneling when a molecule
is connected to electrodes at both ends, as depicted in Figure 3.1 below. Molecular rectifiers,
molecular wires, molecular switches, and molecular transistors are types of molecular electronics
components.! Molecular rectification, as proposed by Aviram and Ratner, can be exerted by a

single donor-bridge-acceptor (DBA) molecule with a c-sigma decoupling bridge.* The bridge is
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known to induce high barriers during tunneling which significantly affect the electron transfer rate.
More recently, m-conjugated molecules have been used to replace the bridge thereby leading to
higher molecular conductance.?® Azulene, due to its inherent dipole along the molecular axis that
arises from charge separation between the electron-poor 7-membered ring and the electron rich 5-
membered ring, may be viewed as a “molecular diode” and, therefore, is an appealing building

block in the design of molecular electronics devices. bt 12-14.15

The azulenic scaffold can be derivatized to enhance its dipole moment, which may lead to
improved rectification depending on the nature of the junction groups and the positions of their
attachment. One can study how the electronic property of the azulenic framework changes when
electron donating or withdrawing substituent groups are aligned along the azulenic molecular axis.
As previously mentioned, EWG and EDG are known to influence the energies of the frontier
molecular orbitals of azulene by independently raising or lowering either the HOMO or LUMO

energy when substituted at the odd or even positions, respectively. 611

The use of donor-acceptor terminated molecular linkers to facilitate connection of the
molecule to the metal and provide stable junctions is an important design feature to conductivity.
The proposed method of rectification was improved to result in a D-z-A molecule, linked to a
conductive metal.}® Figure 3.1 describes the molecular electronic assembly connected to two
electrodes at both ends through head and terminal groups. The measure of the conductivity along
the m-conjugated linker may give insight into tunneling across the film. Mercapto (-SH) and
isocyano (—NC) substituents are among particularly popular anchoring groups in coordination and
surface chemistry for being known to provide stable junctions at metal/organic interfaces.¢-’
Literature shows that theoretical and experimental studies of isocyanides and mercaptans, as stable

molecular electronic junctions, have been achieved.'®3* Consequently, several symmetrically
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junctioned dimercapto or diisocyano derivatives have been studied on gold substrates to probe
their electron transport behavior.?%3* Yet, there have been almost no studies of both isocyano and

mercapto junction groups within the same molecule due to synthetic challenges.®
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Figure 3.1. A scheme illustrating a conductive probe in molecular electronics through X and Y

electrodes. The conductivity could be limited by charge transport from the probe tip and the Y

electrode labeled as A, via the molecular linker labeled as B, or the X electrode and the surface
labeled as C.

A recent theoretical study by Ratner et al. in 2015 concluded that asymmetrically
junctioned nt-linkers are attractive candidates for improving molecular rectification.®® The design
of potentially efficient molecular rectifiers involved two m-conjugated units asymmetrically
anchored to metallic electrodes and separated by a saturated (-CH2-)n decoupling bridge.*® Their
intriguing theoretical study suggested mercapto and cyano (—CN) junctions for accommodating

the asymmetric anchoring on the premises that the —SH and —CN termini would facilitate
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alignments of a linker's HOMO (Highest Occupied Molecular Orbital) and LUMO (Lowest
Unoccupied Molecular Orbital), respectively, through Fermi level pinning.*® However, from an
experimental standpoint, the model presents severe drawbacks since the n-decoupling unit would

significanlty dampen the extent of conductivity.

Very few organic linkers with asymmetrical junctioning have been experimentally studied
¥ in the quest for efficient organoelectronic materials. More specifically, SAMs of species
containing both free mercapto and isocyano functionalities in the same molecule are presently
unknown, and such systems constitute a formidable synthetic challenge. In 2009, Yu et al.
described a molecule terminated with free isocyanide on one end and a thiol protected with a bulky
group on the other, as shown in Figure 3.2 (right), with the goal of exerting molecular rectification
behavior. A mixed monolayer system was formed with dodecanethiolate as a matrix and the 1/V
curve of the substrate was studied using STM.** The monolayer formation involved anchoring the
isocyanide terminus to the gold surface. The I/V curve for the molecular film involving isocyano
anchored linker showed opposite rectification with a meager rectifying ratio of 1.9 when compared
to the rectification ratio of 7.4 documented for the analoguous system featuring the thiolate
anchoring group (Figure 3.2, left).>® The observed reverse rectification was caused by differences
in the induced bond dipole at the surface for the otherwise similar molecules. The thiolate
anchoring group supported higher rectification while the isocyano anchoring group in their studies

had very low rectification.
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Figure 3.2. lllustration of molecules assembled on Au (111) for exerting molecular diode
behavior. Reprinted with permission from Ref. 35. Copyright (2009) American Chemical
Society.

More recently, a 2017 publication with our collaborator, Michael Zharnikov, featured
azulene terminated with cyano and thiolate groups for potential conductance and maybe
rectification purposes.*? Importantly, only the thiolate group can act as a junction unit in this design
due to the fact that the cyano group has a very low affinity for binding to the gold substrate.®” Their
goal for the study was to discern the dynamics of electron transfer along azulenic molecular axis.
Figure 3.3 shows the assembled molecule on the gold substrate with cyano group attached as the
terminal substituent and thiol as the head group. The SAMs of this system on gold films were
analyzed using near-edge X-ray photoelectron spectroscopy (NEXAFS) and high resonant XPS.
The SAMs were reported to orient upright with respect to the gold film with tilt and twists to the
gold surfaces.’® The electron dynamics of the framework were studied using Auger electron

spectroscopy. From the NEXAFS result, two well-defined resonances were observed.!? This
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observed resonance is due to conjugation of the 7* orbitals of the seven membered-ring of azulene
and the cyano unit, hence the splitting of the degenerate m(C=N*) orbital, leading to the two
observed resonances at different energies (that is m1* and ns*). The mz*, solely localized in the
cyano group, and the n1*, delocalized across the seven membered ring and the cyano group, were
used for studying resonant excitation during the Auger spectroscopy analysis.'? The strongly
conjugated orbital (m1*) between the cyano and the azulenic framework, showed electron transfer
time of ca. 22 fs while the localized orbital on the cyano group (ms*) showed ca. 120 fs.*?
Importantly, it was observed that the electron transfer pathway across the azulene backbone to the
gold substrate showed that the nitrile groups were electronically perturbed when the azulene
molecule was coordinated to the gold substrate. Therefore, both the molecular backbone length

and strong conjugations play a vital role in controlling the dynamics of electron transfer.
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Figure 3.3. Dynamics of electron transfer in 2-mercapto-6-cyanoazulene assembled on Au (111)
using Auger electron spectroscopy.*? An illustration of core de-excitation routes for the nitrile
group in NC-AzuS/Au upon the resonant excitation. The red and blue colors represent electron
and hole, respectively. The excitation by A) or B) Vs CB (conduction band of the substrate) is

close and electron transfer may occur. Reprinted with permission from Ref. 12. Copyright (2017)

American Chemical Society.



111.3. Molecular orientation, packing, and conductance

Understanding molecular packing, orientation and conductivity of SAM films are essential
for their use in electronic applications. Some of the established methods in interpreting SAM
packing, orientation, and charge transport properties are ellipsometry, infrared reflection spectra,
SERS, XPS, conductive probe atomic force microscopy (AFM), and scanning tunneling
microscopy (STM). The head group used as a junction between the conductive substrate and the
SAM influences packing, orientation, and charge transport behavior of the SAMs. This section
summarizes recent advances primarily focused on thiol and isocyanide head groups used in SAM
formation relevant to potential applications in molecular electronics. The molecular conductance,

assessed using a variety of techniques involving these head groups, is discussed as well.

Molecular packing and orientation of SAMs have been studied by many researchers mainly
focusing on their head groups and influences on the film formation and physicochemical
characteristics.3®-3® Although the intermolecular interaction between the molecules influences the
packing of the SAMs, the junction group (head group) plays a crucial role in the packing and
orientation of the SAMs. Several head groups have been studied in SAMs, but the isocyano and
thiolate head groups are the most studied using different techniques.*®*® Density functional theory
(DFT) analyses have been used to describe the packing of some SAMs on gold substrates. The
dominant, or most energetically favored, packing geometry of organothiolate SAMSs on gold films
is characterized by the (V3 A x V3 A) rotated 30 ° from the gold.1% 3% 484% Also, the tail groups are
known to influence molecular packing in SAM films. STM studies by Christopher B. Gorman et
al. focused on SAMs containing tail groups of alkene, cyano, and carboxylic acid- terminated

organothiol SAMs.*® A hexagonal (V3 x V3)R30 lattice with a spacing of 5 A and a c(4 x 2)
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superlattice was observed for alkene-terminated SAMs.*® The (V3 x V3)R30 has been reported in
alkanethiol by many researchers.!% 3% 48-4% The carboxylic acid-terminated and cyano-terminated
SAMs were indistinguishable and formed complicated zigzag head-to-tail geometries that lay flat,
and do not form well-packed monolayers. This was due to strong dipole-dipole repulsion in the
tail groups. In aromatic ring SAMs on gold, the n-n interaction may influence molecular packing
in SAMS. Diisocyanoarene assembled on gold film reported in a 2008 article had (2V3 A x V3 A)
herringbone pattern and densely packed SAMs were observed due to intermolecular attraction.>
In an attempt to probe the charge transport of the diisocyanoarene assembled on gold film,
theoretical calculations on spatial distribution of induced charge density was done. Their
observations showed that the induced charge density decays from the molecule-surface interface

in an oscillating mode.>°

Conduction mechanisms and charge transports in SAMs have been investigated by many
researchers for straight alkyl chains and in conjugated systems. Tunneling and hopping are the two
mechanisms that have been considered. While non-resonant tunneling occurs in monolayers
containing alkyl chains, resonant tunneling has been seen to happen in conjugated systems due to
relatively small HOMO-LUMO gaps.®* The STM measurements reported by Mallick Govind et
al. showed that the tunneling currents in conjugated molecules were approximately three orders of
magnitude higher than those in straight alkyl chains of hexadecanethiol and octadecanethiols.>
This implies that the nature of molecular backbone affects electron transport. Some researchers
have reported that the length of the molecular backbone affects the conductivity of the SAMs.3 5%
53 Another vital property for high conductivity is the alignment of the Fermi level of the gold
electrodes with the frontier molecular orbitals of the linker. Studies by many researchers indicate

that the nature of anchoring groups may induce dipole at the interface and internal polarization
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within the molecule that is essential in the alignment of the Fermi energy level of the gold electrode
with the orbitals of the linker.®> > The measured 1/V curve by Yu et al. showed that the Fermi
level of the gold electrode increased or decreased when an anchoring group formed a covalent
bond with the gold substrate and that this alignment made electron tunneling through the LUMO
or HOMO feasible.® Different anchoring groups, which include thiolates, isocyanides, nitriles,
carboxylates, amines, pyridines, and phosphoric acids have been reported. Thiols and isocyanides
are the most studied of these anchoring groups.

Kubiak et al. investigated four families of conjugated molecules with isocyano and thiol
junction groups on a gold substrate using RAIR, STM, SERS, optical ellipsometry, and contact
angle measurements.*® They compared the Fermi energy level to the HOMO energies of the
corresponding SAMs made on the gold substrates. They discovered that SAMs made using
isocyanide junction groups have larger conductance gap than the analogous SAMSs with the thiolate
end groups.® In the thiolate and dithiolate systems, the Fermi energy level was closer to the
HOMO energy level. As the number of phenyl rings increased, the Fermi-HOMO energy
difference lessened. In contrast, the opposite trend was observed in the isocyanide and diisocyanide
systems.*® Therefore, careful interpretation of data is important, and the results may differ
depending on the terminal groups present in the SAMs.*® The isocyanide showed an opposing
trend due to the electronic property of the isocyanide junction group. The increased n-conjugation
between the isocyanide and phenyl rings affected the conductivity of the SAMs. Therefore,
increasing the number of the phenyl rings resulted in increased m-conjugation resulting in increased
Fermi-HOMO energy. This is consistent with the bathochromic shifts of the stretching frequency

of isocyanide from the solution IR to the RAIR after SAM formation.*®
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In work done by Kiguchi et al., conductive properties of single molecule bridges of
phenyldithiol, phenyldicyanides, and phenyldiisocyanides were compared with a focus on the
effect of the anchoring groups on electron transport.> Electrical conductance of these molecules
was determined using STM in the study of the tunneling in these films. The conductance was
measured by applying a bias between the tip and the substrates. The authors’ investigation showed
that the dicyano SAMs had little or no conductance which may be attributed to the junction group
forming unstable SAMs.* No conductance for the dicyano was reported in the article. On the other
hand, the dithiolate and diisocyano junction groups gave comparable conductance range based on
experimental and theoretical calculations. They concluded that bond strengths played a crucial role
in conductivity. The thiolate formed a strong Au-S bond with the gold substrate leading to stable
interactions of the metal and molecular orbitals that is essential for high conductance. Though their
calculations demonstrated that the Au-CN bond has similar energy difference between the Fermi
level and conductance orbitals to that of the Au-S, the bond strengths are significantly different
with Au-S being stronger by almost a factor of two .> Even though they claimed that the Au-Au
bond strength is higher than the Au-NC, but lower than the Au-CN and Au-S bonds, no measured

conductance was reported for the monolayer formed from the dicyano analogue.

Head groups, like thiolate and isocyanide, will be useful in designing SAMs with the
purpose of molecular conductance in organo-electronics. Moreover, electron donating and
withdrawing anchoring groups have been reported to have ability in exerting molecular
rectification.®® The design and investigation of a diode-like molecule, azulene, featuring a thiol
and an isocyano anchoring groups is discussed herein. Perhaps, the symmetric analogue of this
system, with diisocyano anchoring groups, reported in Barybin et al. 2006 Langmuir paper will be

a suitable candidate for comparison to this new 2-isocyano-6-azulenylthiolate platform self
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assembled on Au (111). Reported in this chapter is SAM formation of the non-alternant fully
aromatic scaffold of azulene substituted at the 2,6- positions with isocyanide and thiol groups,
respectively. The design presents the first example, to the best of the author’s knowledge, of a -
linker equipped with uncomplexed mercapto and complexed isocyano anchoring groups.'® The
SAM described herein may be useful in designing and constructing molecular-scale equivalents of

solid-state conductors.
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Figure 3.4. Azulene molecules 1 and 2 used in SAM formation.

111.4. Experimental section

I11.4.1. General procedures and starting materials

The complexed azulene derivatives in Figure 3.4 used in this study were synthesized by
varous Barybin researchers. The synthesis of 1 may be found in Dubose, D. L.; Robinson, R. E.;
Holovics, T. C.; Moody, D. R.; Weintrob, E. C.; Berrie, C. L.; Barybin, M. V., Interaction of

Mono- and Diisocyanoazulenes with Gold Surfaces: First Examples of Self-assembled Monolayer
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Films Involving Azulenic Scaffolds. Langmuir 2006, 22, 4599-4606. The synthesis of 2 may be
found in Applegate, J. C.; Okeowo, M. K.; Erickson, N. R.; Neal, B. M.; Berrie, C. L
Gerasimchuk, N. N.; Barybin, M. V., First n-Linker Featuring Mercapto and Isocyano Anchoring
Groups within the same Molecule: Synthesis, Heterobimetallic Complexation and Self-assembly
on Au (111). Chemical Science 2016, 7, 1422-1429.

Throughout this experiment, commercially available gold-coated silicon substrates,
purchased from Platypus Technologies, featuring grains with Au (111) terraces made via
deposition, were employed. The silicon wafers used had been first coated with 5 nm Titanium
adhesion layer before ca. 1000 A of gold was deposited on the substrates.

Unless specified otherwise, all substrates were soaked in chloroform (CHCIs), acetone, and
200-proof ethanol for two hours in each solvent for cleaning purposes. All solvents were purchased
from commercial sources and used as received unless further solvent distillation was performed.
Chloroform was distilled over P2Os. Dichloromethane was distilled over CaH». Following the
purification, the distilled solvents were stored under argon. The substrates were thoroughly rinsed
again with 200-proof ethanol to remove any physisorbed materials left after the cleaning the
substrates and blow-dried with N2 gas. The ellipsometric physical constants of the cleaned
substrates were measured before immersing substrates in solutions of the azulenic compounds to
make the SAM-coated substrates.

The ellipsometric physical constants n and k values for each sample of the gold substrates
were measured at a minimum of five different spots using Rudolph research/Auto EL 11l fixed
wavelength ellipsometer. A cleaned bare silicon wafer was used to calibrate the ellipsometer
before collecting the n and k values. The bare silicon wafer was cleaned as described in chapter 11

with 50:50 ethyl ether and methanol followed by drying with a nitrogen stream.>® The ellipsometer
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employed a HeNe laser with a fixed wavelength of 632.8 nm and an incident angle of 70 ° to the
surface normal was used for all the measurements. The physical constant, incident angle, and
refractive index aided in determining the experimental thicknesses of the SAM-coated substrates.
The refractive index of 1.45 was assumed®”° for all organic thin films described herein. For each
film, the thickness value, including the corresponding standard deviation, was reported. The
reported value constitutes an average measurement derived from a minimum of five different spots
on the SAMs-coated substrates.

The grazing incidence Reflection Absorption Infra-Red (RAIR) spectra for the SAM-
coated substrates were collected with a Thermo Nicolet Nexus 670 FTIR spectrophotometer that
has a VeeMax grazing angle accessory set at 70°. The FTIR spectrophotometer is attached to a
Kaeser air purifying system to continuously dry the air and reduce CO2 and H;O in the background
spectrum. The detector employed in the FTIR spectrophotometer is an MCT detector, continuously
cooled with liquid nitrogen. Background spectra were collected using a freshly cleaned bare gold
substrate before acquisition of any spectra for each sample. Ten thousand scans from 600 cm™ to
4000 cm™ at a resolution of 4 cm™ were employed for each background/sample combination.

Automated background subtraction from the spectrum was done for all the samples.

111.4.1.1. SAM formation of a 2,6-diisocyano azulene capped with a Cr(CO)s
complex unit at the 2-isocyano terminal (1) on a gold film

SAM films of 1 were prepared following a procedure similar to that previously
described by Barybin, M. V. et al.}? Before use, approximately 1 x 1 cm? gold substrates were
cleaned with hot Piranha solution (Warning: extreme care should be used when handling Piranha
solution due to violent reaction of the oxidant with organic substances). The substrates were rinsed

with large volumes of Millipore water and dried with nitrogen gas. Further cleaning was done by
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sequential soaking of substrates in chloroform, acetone, and 200- proof ethanol for two hours in
each solvent. The substrates were rinsed with ethanol and dried with nitrogen gas before the
ellipsometric physical constants, n and k, were measured. The films were then immersed in a 2
mM solution of 1 in distilled CHCIs for ca. 24 hours. SAM-coated substrates were thoroughly
rinsed with distilled chloroform to remove unbound physisorbed molecules and blow-dried in a
flow of N2 gas before carrying out any analysis. No precaution to exclude air or ambient laboratory

lighting was exercised in the SAM experiments.

Surface IR (RAIR) and ellipsometry analyses were measured on SAM-coated film of 1.
The RAIR spectra were collected as described in the general procedures and starting materials
section, 10 000 scans were collected for three SAM-coated films at 4 cm™ resolution. The
ellipsometric thicknesses of the SAM-coated films of 1 were obtained at five different spots using
the average optical constants n = 0.143 (0.001) and k = 3.465 (0.004) while assuming a refractive

index of 1.45 for the organic thin films.
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Figure 3.5. Illustration showing how molecules of 1 are self-assembled on the gold substrate via
anchoring through the isocyanide junction in an upright orientation.
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111.4.1.2. SAM formation of 2-isocyano-6-mercaptoazulene capped with a
Cr(CO)s complex unit at the 2-isocyano terminal (2) on gold film

SAM films of 2 were prepared on the Au (111) surface using commercial gold-coated
silicon substrates. The bare gold substrates were cleaned, as described in the general procedures
and starting material section, using distilled chloroform, acetone, and 200- proof ethanol for two
hours in each solvent before SAM films were made. The bare gold substrates were thoroughly
dried under a stream of N> gas and their ellipsometric physical constants (n and k) values were
measured at five different spots. SAM films of the compound were formed by placing the freshly
cleaned gold substrate into a 2 mM solution of 2 in CHCIs for ca. 24 hrs. Prior to their analysis,
the SAM-coated substrates were rinsed thoroughly with CHCI3 and dried in a flow of N2 gas. No
precautions to exclude air or ambient laboratory lighting were exercised during these SAM

experiments.

Surface IR (RAIR) and ellipsometry for the SAM-coated films of 2 were measured. The
RAIR analyses were done following the general procedures and starting materials section. A
background spectrum was collected using a freshly cleaned bare gold substrate before acquiring
the spectrum of each sample. One thousand scans from 600 to 4000 cm™ for three samples at a
resolution of 4 cm™ were obtained for each background/sample combination. The ellipsometric
thicknesses were measured at five different spots using the average optical constants n = 0.146

(0.001) and k = 3.532 (0.002) while assuming a refractive index of 1.45 for the organic thin films.
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Figure 3.6. Illustration showing how molecules of 2 are self-assembled on the gold substrate via
anchoring through the thiolate junction in an upright orientation.

111.4.1.3. Experimental procedures pertinent to SAM displacement
investigations

Adsorption competition studies were conducted to compare the relative affinities of 1 and
2 to Au (111) substrates. The SAMs of 1 on Au (111) was formed as described earlier in this
chapter and characterized using both ellipsometry and RAIR spectroscopy to affirm the monolayer
formation. The preform SAM-coated substrates of 1 were immersed in a 2 mM CHCI3 solution of
2 for ca. 24 hours. The resulting films were thoroughly rinsed using CHCI3z and blow-dried in a

flow of N before being subjected to ellipsometric and RAIR spectroscopic analyses.
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Figure 3.7. An illustration of the competitive SAM displacement experiment.
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I11.5. Results and Discussion
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Figure 3.8. (A) FTIR spectrum of a solution of 1in distilled CHCls. (B) RAIR spectrum of 1
adsorbed on Au (111) film. (C) Hlustration of the upright coordination mode of 1 adsorbed on Au

(111) via the isocyanide junction group.

The solution FTIR spectrum before SAM formation and the Reflection-Absorption Infra-

Red (RAIR) spectrum after the monolayer formation for (1) are presented in Figure 3.8. In the

solution IR spectrum of 1 (Figure 3.8a), there should be five IR-active bands in the v(CO) and

Vv(CN) stretching regions although only four distinct bands are observed in the spectrum. The two
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bands occuring at 2113 cm™ and 2133 cm™ in the spectrum are indicative of the uncomplexed
isocyanide group and the Cr-bound isocyanide group, respectively. There should be three bands
arising from the vibrations of the carbonyl ligands attached to the Cr° center: two symmetric
vibrations of A1 symmetry and a degenerate vibration of E symmetry. Note that only two IR peaks
corresponding to these expected three v(CO) vibrational modes are seen in the spectrum because
the E band overlaps with one of the A; bands. Based on the literature precedent® and the DFT
calculations done in our group by Nate Erickson, the Cay-symmetry of the complex [Cr(CO)sCNR]
should give rise to four v(CO) stretching modes: two of A1 symmetry, as well as By, and E bands
as illustrated in Figure 3.9. The By v(CO) vibration is IR-forbidden while the A and E v(CO)
modes are IR-active. Therefore, the first and second A; bands labeled as A:® and A;® in the

solution IR spectrum of 1 shown in Figure 3.8 occur at 2041 cm™ and 1962 cm?, respectively.

A
> -
2059 cm! 1992 cm! 1975 cm’! 1969 cm™!

Figure 3.9. DFT-calculated v(CO) vibrational profile for (MeNC)Cr(CO)s in the gas phase. 1* &
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Upon preparation of the SAM of 1, its RAIR spectrum was recorded. The RAIR spectrum
of 1 adsorbed on Au(111) features four IR bands. Based on the selection rules of the RAIR
spectroscopy, only vibrations that have a non-zero component perpendicular to the surface would
be IR-active, whereas oscillators vibrating parallel to the surface would have IR-forbidden
vibrational signatures. Consequently, the E band overlapping with the A;® band in the solution IR
spectrum loses its intensity upon adsorption of the molecule on the Au(111) surface. The peak at
1996 cm™ in the RAIR spectrum shown in Figure 3.8b corresponds to the A;® stretching mode of
the [Cr(CO)s] unit, whereas the small shoulder at the lower energy is attributed to the E band not
disappearing completely due to the cis-CO ligands not being strictly parallel to the metal surface
(i.e., not a perfectly upright orientation of 1 with respect to the Au(111) surface). This is due to the
molecular packing within the film that may result in small tilts of the individual molecules within
the monolayer. Notably, upon adsorption of 1 on the gold surface, the A;® v(CO) band moves to
a higher energy compared to its position in the solution FTIR spectrum of 1. Also, the A;® v(CO)
band for the adsorbed 1 gains intensity and undergoes a blue shift (to 2051 cm™) compared to its
characteristics in the corresponding solution FTIR spectrum. The higher energies of the two v(CO)
bands of A; symmetry in the RAIR spectrum of the surface-bound 1 compared to the corresponding
values documented for the solution FTIR spectrum of 1 suggest reduction in the electron richness
of the Cr(0) center upon adsorption of 1 (i.e., lower extent of Cr(dr) — pn*(CO) back-bonding).
This is consistent with the gold surface functioning as an electron withdrawer and the 2,6-
diisocyanoazulenic bridge mediating electron polarization from the Cr(0) center to the Au(111)
surface. The lone electron pair of the free isocyanide carbon in 1 is donated to the gold atoms
upon SAM formation. Such coordination is reflected in the RAIR spectrum of 1 adsorbed on gold.

Indeed, the v(CN) band at 2113 cm™ for the 6-isocyano terminus in the solution IR spectrum of 1
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moved to 2172 cm™ upon adsorption of 1 on the Au surface via the 6-isocyano junction. The v(CN)
value of 2133 cm for the Cr-bound isocyanide group in the solution IR spectrum of 1 essentially
did not change (2132 cm™) upon adsorption of 1. Noticeably, the relative intensities of the v(CO)
bands in the RAIR and solution IR spectra are switched due to depletion of the intensity of the E
band as dictated by the surface IR selection rules. The findings discussed above suggest a nearly
upright coordination of the molecules of 1 within the self-assembled monolayer on the Au(111)
surface. The experimentally determined thickness of the SAM was also consistent with an upright
orientation of the molecules bound to the gold surface. The calculated thickness of the SAM, that
corresponds to a completely upright orientation of the molecular constituents, was estimated to be
ca. 17 A assuming a 2.05 A distance for the Au—C junction.5" 4"-® The observed SAM thickness

corroborates nicely with the calculated thicknesses, as summarized in Table 3.1.

Exposing ca. 1 x 1 cm? gold substrates to a 2 mM solution of 2 in CHCI3 without protection
from air and ambient lighting reproducibly afforded self-assembled monolayer (SAM) films
of 2 on the Au (111) surface. This chemisorption process is presumably accompanied by the
formation of the thiolate junction and the release of H2.52%* The solution FTIR and the Reflection-
Absorption Infra-Red (RAIR) spectrum of the SAM of 2 on Au(111) are illustrated in Figure 3.10.
The solution IR spectrum of 2 shows a weak v(SH) band at 2583 cm™ which goes away when the
monolayer is formed as depicted in the insets in Figure 3.10. In addition to the v(CN) absorption
at 2135 cm™, the RAIR spectrum of 2 adsorbed on gold features two v(CO) bands.
The v(CO) region in the RAIR spectrum and solution IR have peak intensities that are switched
and the energies experience blue shift. The lowest energy v(CO) band in the solution IR spectrum
of 2, which is primarily attributed to the v(CO) mode of E symmetry, practically vanishes upon

the SAM formation, while simultaneously uncovering the hidden A:® band of much lower
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intensity. This observation implies approximately parallel orientation of the cis-CO ligands with
respect to the gold surface. Indeed, surface IR selection rules® dictate that only vibrations
contributing to dipole changes perpendicular to the surface are IR-active. Consequently, any
vibrations occurring nearly parallel to the surface would have low IR intensity. Given that the C—
N-C—Cr unit in 2, as seen in Figure 3.10(c), is expected to be nearly linear, the appearance of the

RAIR spectrum in Figure 3.10(a) suggests upright orientation of the molecules in the SAMs of 2.
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Figure 3.10. (A) FTIR solution spectrum of 2 in CHCI3 (B) RAIR spectrum of 2 on Au (111)
film (C) Hlustration of the hollow-linear coordination of the SAM on gold film via thiolate
junction group.t®
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The “hollow-linear” coordination of organic thiolates in their SAMs on Au(111), akin to
that depicted in Figure 3.10(c), has been predicted to accommodate the strongest S—Au interaction
and induce S—Au(111) charge transfer via S(3p)-Au z-bonding.6’®® In the context of the
chemistry presented herein, this demonstrates that the gold surface would effectively function as
an electron-withdrawing “substituent,” thus, enhancing m-acidity of the 2-isocyanoazulene ligand
and, in turn, decreasing electron richness of the [Cr(CO)s] unit. The A:Y and A1 v(CO) bands at
2058 and 1995 cm in the RAIR spectrum in Figure 3.10(b) both exhibit significant blue shifts
compared to the corresponding v(CO) bands in the solution FTIR spectrum of the molecule which
showed bands at 2049 and 1958 cm™ (Figure 3.10(a)). The magnitudes of these shifts appear to
be too high, especially in the case of the Ai1® mode, to be attributed solely to differences in
intermolecular interactions within the SAM vs. solution of 2. The larger change in energy of
the v(CO) A1® mode compared to that of the A:™ mode upon chemisorption of 2 stems from the

greater contribution of the trans-CO stretch to the former.

The tilt angle of the aromatic moiety in SAMs of benzenoid mercaptoarenes on Au(111)
can be highly variable.®? We have recently shown that 2-mercaptoazulene, and several of its
derivatives, form monolayer films on Au(111) with the approximately upright assembly of the
azulenylthiolate constituents.!! Our optical ellipsometry measurements on multiple SAM samples
of 1 provided consistent SAM thickness values that nicely corroborate the monolayer nature of
these films and upright orientation of the molecules on the gold surface (Table 3.1). The calculated
thicknesses of SAMs of 2, derived from the crystallographic measurements documented for 2,3
are comparable to the measured thicknesses. In terms of their composition, the SAMs of 1 and 2 on

Au (111) differ only in the surface anchoring group (thiolate vs. isocyanide) and appear to exhibit

89



essentially identical thicknesses.® Notably, neither RAIR spectroscopic nor ellipsometric data
collected for the SAMs of 2 on Au(111) would be consistent with the “on-top-bent” % or any other
adsorption models of 2 invoking a bent C—S—Ausurface geometry. The ellipsometric measurements
on SAM films formed from our recently reported® 6-mercapto-1,3-diethoxycarbonyl-azulene and
6-mercapto-2-chloro-1,3-diethoxycarbonylazulene also corroborate that these 6-mercaptoazulenes

self-assemble on Au(111) surfaces in the upright fashion (Table 3.1).

Table 3.1. Observed ellipsometric (Dobs) and calculated (Deaic) film thicknesses (in A) of the

SAMs of 1,3-diethoxycarbonyl-2-isocyanochromiumpentacarbonyl-6-isocyanoazulene, 1,3-

diethoxycarbonyl-2-isocyanochromiumpentacarbonyl-6-mercaptoazulene, 6-mercapto-1,3-
diethoxycarbonylazulene, and 6-mercapto-2-chloro-1,3-diethoxycarbonylazulene

Compounds Dobs. Decalc.

1. 1,3-diethoxycarbonyl-2-isocyanochromiumpntacarbonyl- 18+3 17.1

6-isocyanoazulene

2. 1,3-diethoxycarbonyl-2-isocyanochromiumpntacarbonyl- 18+2 17

6-mercaptoazulene

3. 6-mercapto-1,3-diethoxycarbonyl-azulene 13+2 13.3

4. 6-mercapto-2-chloro-1,3-diethoxycarbonylazulene 15+2 13.3
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111.5.1. Results and discussion on SAM displacement studies involving 1 and 2
adsorbed on Au(111) either via isocyano and mercapto junction groups

The ellipsometric and RAIR measurements on SAM-coated Au (111) films containing
chemisorbed 1 were repeatedly taken to validate the quality of the films before their use in the
SAM displacement studies. As described earlier, four IR bands in the v(CN) and v(CO) region
were observed in the RAIR spectrum of 1 adsorbed on Au(111) as reproduced in Figure 3.11(a).
Two of the peaks were attributed to the symmetric v(CO) vibrational modes, labeled as A1Y) and
A:® while the other two peaks are due to the v(CN) vibrations of the Cr-bound and Au-bound
junctions on the films. Upon immersion of the SAM of 1 on the Au(111) substrate into a solution
of 2 in CHCIs, the SAM of 1 was completely stripped from the metal surface and a new SAM
formed, as indicated by ellipsometric and RAIR spectroscopic measurements. The new SAM
differs from the original SAM only in the junction group: instead of the gold-isocyanide bonding
it involves the gold-thiolate anchoring. The RAIR spectrum of the resulting new film featuring 2
adsorbed on Au(111) exhibits only three IR bands in the v(CN)/v(CO) region, two of which
correspond to the v(CO) vibrations of the [Cr(CO)s] unit labeled as A1 and A1 and the third
being the v(CN) band corresponding to the Cr-bound isocyanide group (Figure 3.11(b)). The
broader v(CO) band of A1® symmetry in Figure 3.11 (B) may also include contribution from the
v(CO) vibration of E symmetry due to a slight tilt in the molecular packing within the film. The
disappearance of the peak at 2170 cm™ indicates desorption of 1 from the gold surface upon
immersing its SAM on Au(111) into the solution of 2. This implies that the thiolate-bound
monolayers exibit a stronger gold-junction bonding than the isocyano-anchored monolayers. Aside
from the fact that the Au-S bond is approximately 20 kcal/mol stronger than the Au—CN bond *
071" researchers have speculated that thiolate anchoring groups are suitable junction groups for

molecular conductance.
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Figure 3.11. RAIR spectra from the displacement studies of the SAM of 1 before (A) and after
(B) its immersion into a solution of 2 in CHCls.

111.6. Conclusions and outlook

In this chapter, the formation and characterization of the first self-assembled monolayer
films involving isocyanoazulenylthiolate derivative SAMs have been presented. This asymmetric
non-benzenoid aromatic framework of azulene proved to be a convenient platform for accessing
the n-linker terminated with both thiol and isocyano junction moieties. The IR and ellipsometric

analyses suggest that the monolayer was adsorbed onto the gold surface and the monolayer was
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oriented in an upright fashion with respect to the gold film. In 2, the thiol group were converted
into thiolate junctions upon adsorption of the molecule to the gold surface. The Ca-symmetric
[Cr(CO)sCN-] moiety served as a distinctly informative infrared reporter, supporting an upright
orientation of the monolayers, for probing self-assembly of the 6-thiolateazulenic motif on the
Au(111) surface. The study of the competitive adsorption, between 1 and 2, emphasizes the

stronger binding affinity of the thiolate junction group in 1 to gold than in 2.

The monoazulenic system described in this chapter can be extended to biazulenic,
terazulenic, or possibly, polyazulenic derivatives with isocyano and thiolate junction groups self-
assembly. These extended systems may provide opportunities to designing potential molecular
wires. A biazulene linker, featuring both -N=C and -SH termini within the same molecule,
adsorbed on Au (111), utilizing the bi-6,6"-azulenic core, for the purpose of electron transport from
one electrode to the other will be discussed in chapter V. Atomic Force Microscope (AFM)
techniques may provide further information on the packing geometry, molecular packing, and
periodicity of the azulenic SAMs relative to the gold film will be discussed in detail in a later

chapter.
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Chapter 1V:

SAMs of biazulenic scaffolds featuring mercapto and isocyano anchoring
groups within the same molecule adsorbed on Au (111) substrates
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IV.1. Symmetric and asymmetric strategic anchoring of a 6,6'-biazulene
scaffold for molecular conductivity and possibly, molecular rectification

The surface chemistry of the SAMs of biazulenic linkers, equipped with asymmetric
anchoring, involving isocyanide and thiolate junction groups within the same molecule is
described herein. This chapter, featuring a biazulenic system, is an extension of the monoazulenic
systems, asymmetrically anchored to a gold substrate, described in chapter Ill. Here, two
molecules with 6,6'-biazulenic motifs have either thiolate or isocyanide junction group connected
to the Au (111) surface (see figure 4.1). Similar to the linear azulenic linker presented in chapter
I11, both molecules described in this work have an isocyanide terminus connected to the zero-
valent chromium center of the Cr(CQO)s motif. The frequencies and intensities of the IR bands
corresponding to the CO stretching vibrations of the chromium pentacarbonyl remote infrared
reporters provide indirect information about orientation of the adsorbed molecules with respect to
the gold surface. Both molecules, seen in Figure 4.1, chemisorbed to the gold substrate result in
perpendicular orientation to the surface. Though the influence of the junction groups, on SAM
formation, differs and may result in different conductance behavior, the junction groups aid the
upright orientation observed. The junction groups, either an isocyanide or a thiolate, form an
isocyano-gold or a thiolate-gold junction upon self-assembly of the organochromium biazulene
scaffolds on the gold substrate. While the isocyanide-anchored SAMs feature linear Au-C=NR
coordination, the thiolate-anchored SAMs involve a “hollow-linear’ Au-S-R coordination at the
gold-SAM interface. A competitive adsorption study was performed, in order to assess the relative
binding affinities, for the molecules with two different junction groups to the surface.
Ellipsometric and RAIR spectroscopic studies were conducted to elucidate the molecular packing,

including orientation within the SAMs.
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Figure 4.1. Biazulenic molecules used in SAM formation.

Azulene and its derivatives are attractive building blocks in the design of electronic
materials, particularly, because of the charge separation between the two rings.'®> The
intramolecular charge transfer from the 7-membered ring to the 5-membered ring of the azulenic
scaffold leads to Huckel aromaticity within both rings. The zwitter-ionic resonance structure,
depicted in Figure 4.2, exerts a ground state dipole moment of about one Debye. In addition to this
characteristic, azulene has frontier (HOMO and LUMO) orbital density distributions with
complementary features where the HOMO density is primarily centered on the odd-numbered
carbon atoms of the scaffold and the LUMO density is on the even-numbered carbon atoms.®

Independent tuning of the energies of the frontier orbitals is achievable via substitution at the
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azulenic core. Substitution at the odd- and even-numbered positions changes the energy of either
HOMO or LUMO, but not both, because of the complementary nature of the orbital density within
these molecular orbitals.> ” The Barybin and Berrie research groups explore functionalization of
the azulenic scaffold, along the molecular axis, in order to take advantage of azulene’s dipole
moment in molecular charge delocalization and transport settings. This is accomplished by
installing substituents at the 2 or/and 6 position(s) of the azulenic scaffold, such as isocyanide,
thiolate, cyanide or/and carboxylate, that can serve as junctions between the azulenic moiety and
metal atoms, ions, or surfaces. The coordination and surface chemistry of azulene-based
organometallics has been studied for more than a decade in the Barybin and Berrie labs due to

their tremendous potential applications in nanotechnology.?* -1

8
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Figure 4.2. The atom numbering scheme for azulene, its resonance structures, and the direction
of its molecular dipole.

Azulene has been considered useful in designing of organoelectronic materials due to its
electronic asymmetry.t % 12 Also, azulene derivatives are versatile building blocks for designing
functional materials and molecular wires.? 34 The connection of properly functionalized azulene
derivatives to a conductive substrate for developing advanced materials has been studied. The
junction group used in connecting the azulenic framework to a metal substrate like gold plays a
crucial role in conductance properties of the SAM films.*> 157 The theoretical study by Ratner et

al. predicted that a molecular rectifier should be comprised of donor and acceptor subunits and
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should include a wn-decoupling unit which enhances the rectification by separating the spatially
independent Fermi-level pinned HOMO and LUMO orbitals.® Also, the use of conjugated
molecules employed for designing the molecular rectifier should have two lateral fragments

connected, but no m-coupling of the fragments is advised.*®

Conjugated fragment Conjugated fragment
with HOMO aligning with LUMO aligning
anchoring group anchoring group

(1) o~ o~ s 22

n-decoupling
unit

Figure 4.3. An illustration of the proposed design for molecular rectification. At each end is a
donating (mercapto) and accepting (cyano) anchoring groups, the mercaptan promotes alignment
of the HOMO while cyano supports alignment of LUMO. Presence of two decoupled lateral
conjugated fragments complete the model for rectification. Reprinted with permission from Ref.
15. Copyright (2015) American Chemical Society.

The theoretical study by Ratner et al. in 2015 showed that importantly, the complete model
for rectification requires at least three components, illustrated in Figure 4.3.° The researchers

used cyano and mercapto termini as the electron donating and withdrawing groups, respectively,
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to connect the molecule of interest to a gold surface. The proposed molecule was a combination
of two hexatrienyls fragments separated by a saturated tetramethylene bridge.’® Ratner and
coworkers suggested that the rectification behavior is due to the opposition between resonant and
non-resonant tunneling, hence the use of a saturated bridge. The anchoring groups should be able
to aid alignment of either the HOMO or the LUMO to the Fermi level of the gold, as shown in
Figure 4.4., with the purpose of separating the spatially independent fermi-level pinned HOMO
and LUMO orbitals.'® The presence of appropriate frontier orbital energy levels in the transmission
region (dashed lines) lead to the significant resonant tunneling, in the negative bias region (Figure
4.4b), but in the positive bias (Figure 4.4a), transitions from the less efficient non-resonant
tunneling were observed. This difference in the tunneling by both positive and negative bias lead
to significant rectification.'® Ratner’s findings based on DFT calculations suggested an increase in
performance of rectification by two orders of magnitude. The calculations done on the model
showed that the rectifying ratio increased with increased bias, with a maximum of 150 as the
rectifying ratio at 1.2 V, surpassing existing literature values.’® Ratner’s theoretical study poses
significant drawback due to the lack of molecular rigidity, which would complicate experimental
probing. Moreover, the n-decoupling unit, tetramethylene, would significantly reduce the extent
of conductivity. The asymmetric anchoring, however, of the conjugated m-systems with electron
donating and withdrawing junctions at opposite ends, for the purpose of Fermi level pinning, as
previously mentioned, is important. The influence of electron donating and withdrawing junction
groups pose a substantial effect on rectification. A 2011 theoretical work by Wang et al. proposed
that azulenic or biazulenic linker anchored via suitable electron withdrawing and donating groups
to a conductive substrate may exert significant rectification ratio.! They suggested that linking one

or two azulenic units used as an electronic bridge may influence positively rectification.!
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Figure 4.4. Schematic representation of the Ratner’s proposed rectification mechanism showing
(a) the connection of the gold electrodes to the molecule, (b) mechanism for positive bias and
negative bias. The blue lines in the positive and negative bias show the electrostatic potentials.
Reprinted with permission from Ref. 15. Copyright (2009) American Chemical Society.

Increasing the number of azulene motifs, connected in a 2,2'-, 2,6-, and a 6,6'-moieties
along the molecular axis to make biazulenes, terazulenes, or polyazulenes can be useful tool for
molecular wires. The Barybin group has carried out extensive breakthrough investigations, as the
first research group, on the biazulenes derivatives via synthetic, computational, and surface
chemistry studies. The z-conjugation and frontier molecular orbital overlap between the azulenic

units decrease in the order 2,2'-, 2,6-, and a 6,6-biazulenes, allowing for less m-electron
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delocalization respectively with the 6,6'-biazulene as the least coupled. The torsional angles of
rotation are governed by steric interactions of the hydrogen atoms closest to the point at which the
azulenic units connect.!® The torsional angles, based on DFT studies with our collaborator
Thompson et al., for the 2,2'-, 2,6-, and 6,6'-diisocyanobiazulenes are 5°, 28° and 50°,
respectively.'® This torsional angle magnitude, between the azulenic units, is inversely related to
the m-conjugation and orbital overlap between the azulenic units. Therefore, the biazulenic
derivatives, specifically 6,6'-biazulenes, might be capable of separating the donor and acceptor

units of a molecular linker in the design without compromising the conductance pathway. 1°-2°

Figure 4.5. Structural drawings of three linearly functionalized diisocyanobiazulenes and the
corresponding DFT-calculated interplanar torsional angles.*®
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The coupling within any of the biazulenic units shown above, especially the 2,6- unit,
makes them good potential candidates for conductance which may be useful in designing
molecular wires. In 2010, a diisocyanobiazulene with connectivity at the 6,6'- was synthesized in
the Barybin Lab. The crystal structure of the molecule showed a torsional angle of 66.9°, DFT
calculations show that the 6,6'- connectivity are electronically coupled.'® In 2017, Chen et al.
described the function of our 2,2'-diisocyano-6,6'-biazulene in Figure 4.5 as a molecular rectifier.?:

Their conductive AFM analysis supported the potential use of this biazulene unit in rectification

based on a rectifying ratio of 6.5 as highest at 0.31V for the studied biazulene film. 2

The work described herein features SAMs of 6,6'- biazulene molecule with asymmetric
anchoring using isocyano and thiol groups 2 and are compared to the symmetric diisocyano
anchoring analogue 1 (see Figure 4.1). The molecules were synthesized in the Barybin lab by Jason
Applegate.?? The ethoxycarbonyl substituents at the 1-, 1'-, 3-, and 3'- positions of the biazulenic
scaffold are necessary for synthetic purposes and ensuring good solubility of the compound in
organic solvents. The molecules have complexed zero-valent chromium center of the Cr(CO)s
motif bound to the isocyanide and either a free mercapto or isocyano termini. The SAM formation,
molecular packing, the influence of junction groups, and stability characteristics are discussed.
Importantly, it is expected that 1 and 2 coordinates through the unbound junction groups to the
gold surface and that the molecules will approximately orient vertically on the substrates. Also,
competition studies on the isocyano and thiolate junction groups carried out provide information
on packing and stability of the films. Overall, the garnered information from this study present an
opportunity to experimentally probe the conductive behavior of the films relevant to organic

electronics.
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IVV.2. Experimental section

IVV.2.1. General procedures and starting materials

The syntheses of the biazulenes used in these studies were developed and performed by
Jason Applegate of the Barybin group and will be reported in Applegate, J. C.; Okeowo, M. K.;
Erickson, N. R.; Neal, B. M.; Berrie, C. L.; Gerasimchuk, N. N.; Barybin, M. V., Biazulenic n-
linker featuring isocyano and mercapto anchoring termini in the same molecule: Synthesis, self-
assembly on gold film, redox behavior, and heterobimetallic complexation, Manuscript in
preparation.??

Commercially available gold-coated silicon substrates featuring grains with Au (111)
terraces made via deposition were employed throughout this experiment. The gold substrates were
purchased from Platypus Technologies. The silicon wafers had been coated with 5 nm titanium

adhesion layer before ca. 100 nm of gold was deposited on the substrates.

Unless specified otherwise, all substrates were cleaned by soaking sequentially in
chloroform, acetone, and 200-proof ethanol for two hours in each solvent. All solvents were
obtained from commercial sources and used as received or distilled before use. Chloroform was
distilled over P,0s. Dichloromethane was distilled over CaH». Following the purification, the
distilled solvents were stored under argon. After being soaked, the substrates were rinsed with 200-
proof ethanol and then dried with a stream of nitrogen gas. The optical constants for bare gold
substrates were measured before immersing the substrates into ca. 2 mM solutions of the
biazulenic compounds to make the SAM-coated substrates. The values of the optical constants, n
and k, for each sample of the gold substrates were obtained at a minimum of five different spots
using Rudolph research/Auto EL I11 fixed wavelength ellipsometer. A standard calibration of the

ellipsometer was done with a silicon wafer control sample before collecting the n and k values. All
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measurements were conducted using a HeNe laser with a wavelength of 632.8 nm and an incident
angle of 70° to the surface normal. The optical constants, incident angle, and a refractive index
were used to determine the experimental thicknesses of the adsorbed SAMs. The refractive index
of 1.45 was assumed?32® for all organic thin films described herein. The average thickness values
and the corresponding standard deviations given in parentheses were determined from

ellipsometric measurements at a minimum of five separate spots on the SAM substrate.

The grazing incidence Reflection Absorption Infra-Red (RAIR) spectra for the SAM-
coated substrates were recorded using a Thermo Nicolet Nexus 670 FTIR spectrophotometer with
a VeeMax grazing angle accessory set at an angle of 70 ° and an MCT detector. The detector of
the FTIR spectrophotometer was cooled continuously with liquid nitrogen, and the
spectrophotometer was connected to Kaeser air purifying system to dry the air and reduce
background spectrum interference from CO, and H20. Background spectra were collected using a
freshly cleaned bare gold substrate before acquiring any spectra for each sample. Ten thousand
scans from 600 to 4000 cm™ at 4 cm™ resolution were obtained for each background/sample
combination.

IVV.2.1.1. SAM formation of 2,2'-diisocyano-1,1°,3,3’-tetraethoxycarbonyl-6,6'-

biazulene capped with a Cr(CO)s moiety at the 2-isocyano terminus (1) on Au
(111) film

Freshly cut 1 x 1 cm? gold-coated silicon substrates were cleaned with hot Piranha solution,
flushed with large volumes of Milli-Q water, and dried in a stream of N2 gas (Warning: extreme
care must be used when handling Piranha solution. The solution reacts violently with organic
substances and poses an explosion danger). The dried substrates were cleaned by soaking

sequentially in chloroform, acetone, and 200-proof ethanol for 2 hours each. The cleaned
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substrates were thoroughly dried in a stream of nitrogen gas before the optical characteristics (n

and k) of the film were measured.

Monolayer assembly of 1 was done by placing a freshly cleaned gold substrate into a 3 mM
solution of 1 in distilled dichloromethane for ca. 24 hours. SAM-coated substrates were thoroughly
rinsed with distilled dichloromethane to remove any physisorbed molecules and dried with N2 gas
before further analyses. Surface RAIR spectra of and ellipsometric measurements on the resulting
were then obtained. No precaution to exclude air or ambient laboratory lighting was exercised

during these SAM experiments.

The solution infrared spectrum of 1 used in SAM formation was recorded on a PerkinElmer
Spectrum 100 FTIR spectrometer with samples sealed into a 0.1 mm gas tight NaCl cell. A
background spectrum was first collected for the dichloromethane solvent before the sample
measurement. The surface IR (RAIR) spectra were obtained by collecting a background spectrum
followed by that of the sample film as described in the general procedure and starting materials
section. One thousand scans were collected for three SAM-coated films at a resolution of 2 cm™
while the instrument was cooled continuously with liquid nitrogen. After each sample exchange,
the water and CO peaks were monitored as they decreased while the system was purged with dry
air to reduce these peaks as much as possible. Analyses to determine the ellipsometric thickness
of 1 were done as described in the general procedures and starting materials section. The average
of optical properties of the bare gold substrate used to determine the thickness of 1 were n =0.141

(0.003) and k = 3.435 (0.024).
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Figure 4.7. lllustration showing how the molecules of 1 bind to the gold substrates via anchoring
through the isocyanide junction group in an upright orientation.

Iv.2.1.2. SAM formation of 2-isocyano-2'-mercapto-1,1°,3,3’-
tetraethoxycarbonyl-6,6'-biazulene capped with a Cr(CO)s moiety at the 2-
isocyano terminus (2) on Au (111) film

The gold-coated silicon substrates were cleaned and SAMs of 2 were formed following the
protocol described in the general procedures and starting materials section. The SAM-coated
substrates were rinsed with chloroform to remove any physisorbed molecules on the films, dried
with a stream of nitrogen gas and stored in a clean vial for analyses. No precaution to exclude air

or ambient laboratory lighting was exercised during these SAM experiments.

Surface IR (RAIR) and ellipsometry analyses were performed on the SAMs of 2. The
surface IR measurements were conducted as described in the general procedures and starting
materials section’ 10,000 scans of the spectrum were collected at a resolution of 2 cm™. The

ellipsometric thickness of the SAM was obtained at five different spots using average optical
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constants n = 0.151 (0.007) and k = 3.420 (0.006) for 2 while assuming a refractive index of 1.45

for the organic thin film.
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Figure 4.8. Illustration showing how molecules of 2 bind to the gold substrates via anchoring
through the thiolate junction in an upright orientation.

IV.2.1.3.  Experimental procedures for SAM Displacement

An adsorption competition study aimed to analyze the relative stability and binding affinity
of 1 vs. 2 on gold substrates was carried out. The SAMs of 1 were formed by immersing gold
substrates into a 2 mM solution of 1 in chloroform. After the SAMSs of 1 were made, the films were
thoroughly rinsed with chloroform to remove any physisorbed molecules, dried with a stream of
nitrogen gas, and characterized by both optical ellipsometry and RAIR spectroscopy to affirm the
monolayer formation. After these analyses, the SAMs of 1 on gold were placed in a 2 mM solution
of 2 in chloroform for ca. 24 hours to determine if the SAM of 1 would undergo displacement with

the molecules of 2. The resulting films were thoroughly rinsed with chloroform, blow-dried with
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a stream of nitrogen gas, and characterized using ellipsometry and RAIR. A trial to reverse the
new monolayer of 2 on the substrate back to that of 1 was performed to check if the displacement
of the molecules on the film were reversible. A SAM film of compound 2 on Au (111) was
immersed back into ca. 2 mM solution of 1 in chloroform for 48 hours followed by the RAIR

spectroscopic analysis.
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Figure 4.9. An illustration of the competitive displacement experiment.
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IV.3. Results and Discussion

SAMs, made using a 3 mM solution of 1 in distilled dichloromethane and a 2 mM solution
of 2 in chloroform without protection from air, were observed to have average thicknesses of
23.8(2.5) A and 20.12(3.7) A, respectively. The calculated SAM thicknesses for 1 and 2 binding
in the upright orientation, are 23.7 A and 23.3 A; well within the error of the experimental results.
The theoretical thicknesses were calculated based on X-ray crystallographic measurements. For
the calculations, 2.45 A was added to the computed thickness to account for an Au-S bond length
while for the Au—C bond length, 2 A is included to account for the Au-C bond. The calculation
supports that the film is a single layer thick on the surface indicating no formation of multilayers.
But assessing binding, packing, and orientation of our molecules on the substrate through
ellipsometric thickness alone is impossible. The use of infrared spectroscopy provides further
information on the molecular binding, packing, and orientation of the molecule on the gold
substrate. IR provides information about the binding groups used to make junctions at the surface

and about the orientation of the molecules on the substrate.
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Figure 4.10. (A) FTIR spectrum of 1 in dichloromethane solution; (B) RAIR spectrum of 1
adsorbed on Au (111) film. (C) Hlustration of the upright coordination of 1 adsorbed on the gold
substrate via the isocyanide junction group.

The solution IR spectrum of 1 and the RAIR spectrum of 1 adsorbed on Au(111) film are
shown in Figure 4.10 and illustrate the vibrational signatures of 1 before and after SAM formation.
These IR spectra focus on the v(CN) and v(CO) vibrational regions and appear quite different from
each other because of the fundamental differences in the bulk versus surface. Similar to the
observed RAIR of 1 in chapter 3, there should be five IR-active stretching vibrations for 1 in the
v(CO) and v(CN) IR regions, but the peaks are not resolved due to broad overlapping band, hence

four bands are seen. Two of the bands correspond to the v(CN) stretching vibrations of the
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uncomplexed isocyanide group and the Cr-bound isocyanide group. Whereas the Cr-bound
isocyanide stretching frequency does not change much upon adsorption of 1, the v(CN) value for
the uncomplexed isocyanide shifts dramatically upon the SAM formation on Au(111). Indeed, in
the solution-phase FTIR spectrum, the Cr-bound isocyanide stretching frequency is 2135 cm™
while the uncomplexed isocyanide group’s v(CN) is at 2123 cm™ (see Figure 4.10). Upon
adsorption of 1 on the gold surface, the v(CN) band for the Cr-bound isocyanide group is at 2137
cm™ and the v(CN) band for the gold-bound 2-isocyano terminus undergoes a blue shift to 2175
cm indicating chemisorption of 1 on the gold substrate. The free isocyanide’s carbon lone pair is
donated to the gold upon SAM formation, thereby strengthening the junction’s C=N bond. If the
molecules of 1 are oriented upright within the SAM on gold, the four cis-CO ligands of the
[Cr(CO)s] moiety would be positioned approximately parallel to the Au surface and, therefore, the
v(CO) vibration of E symmetry would be forbidden according to the surface IR selection rules. As
a result, only two v(CO) vibrations of the [Cr(CO)s] unit, both of A symmetry, would be surface
IR allowed. The E v(CO) band at 1962 cm™* overlapping with the A1® v(CO) band in the solution
IR spectrum of 1 loses its intensity upon the SAM formation of 1, which uncovers the significantly
blue-shifted A;® v(CO) band. The other symmetric v(CO) vibration, A1), that corresponds to the
band at 2044 cm™ in the solution IR spectrum of 1, also undergoes a blue shift and gains intensity
with respect to other v(CN)/v(CO) bands upon adsorption of 1 on the gold surface. This indicates
reduction in the dn(Cr) — pn*(CO) backbonding and suggests the electron-withdrawing effect of
the gold surface that is communicated through the 6,6’-biazulenic linker. Therefore, the
[Cr(CO)sCNR] fragment is sensitive to electronic perturbation induced by the adsorption of the

isocyano anchoring group of 1 to the gold surface. The RAIR spectroscopic and ellipsometric data
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discussed above suggest an upright orientation of the molecules of 1 upon their adsorption to the

Au(111) surface via the isocyanide anchoring groups.

The FTIR spectrum of 2 in solution features four distinct bands in the v(CN)/v(CO)/v(SH)
regions as shown in Figure 4.11a. The IR band at 2587 cm in the solution FTIR spectrum of 2
corresponds to the stretching vibration of the thiol group (see inset in Figure 4.11a), whereas the
band at 2137 cm™ reflects the v(CN) vibration of the Cr-bound isocyano group. The group
theoretical analysis predicts three v(CO) bands for the Cay-symmetric [Cr(CO)s] unit if no overap
occurs: two symmetric vibrations of A: symmetry and a degenerate v(CO) vibration of E
symmetry. Similar to the case of compound 1, one of the v(CO) bands of A1 symmetry (A:?)
overlaps with the intense E-band in the solution FTIR spectrum of 2. These overlapping A;® and
E v(CO) bands for 2 occur at 1960 cm™ while the remaining A1® v(CO) peak is at 2046 cm™.
Figure 4.11b illustrates the RAIR spectrum of 2 adsorbed on Au(111). This RAIR spectrum shows
no v(SH) band since the chemisorption of 2 involves formation of the thiolate junction and,
presumably, release of Hz. 272 As in the case of 1 adsorbed on Au(111), the gold surface in the
SAM of 2 on Au(111) exerts an electron-withdrawing effect, thereby increasing the n-acidity of
the 2-isocyanoazulene junction at the opposite end of the biazulenic linker. This decreases the
electron richness of the chromium(0) center, which is manifested via blue shifts of both v(CO)
bands of A: symmetry upon formation of the thiolate-anchored SAM. The SAM formation
involves a hollow-linear coordination of the thiolate junctions to the gold surface, inducing an
S—Au(111) charge transfer via S(3p)—Au(z) bonding.23! Only one v(CN) band is observed in
both the solution IR and the RAIR at ca. 2138 cm™ implying that there is no change in v(CN) upon
chemisorption. The v(Au-S) vibration expected at ca. 400 cm™ would be impossible to document

using the FTIR spectrometer’s frequency window (600 cm™ — 4000 cm™) employed in this study.
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The chromium pentacarbonyl moiety, however, is an excellent infrared reporter, and the observed
v(CO) bands clearly indicate an approximately upright orientation of the molecules of 2 (minus
He) on the gold film. In the RAIR spectrum shown in Figure 4.11b, the two v(CO) bands are
labeled as A1 and A1 and occur at 2052 cm™ and 1986 cm, respectively. The v(CO) vibration
of E symmetry would be IR-forbidden in the RAIR spectrum of 2 on Au(111) if the cis-CO ligands
are positioned strictly parallel to the gold surface. The weak shoulder at the lower energy side of
the v(CO) A:® band likely to corresponds to the v(CO) vibration of E symmetry. This E v(CO)
band would not vanish completely upon chemisorption of 2 if the molecules within the SAM are
even slightly tilted with respect to the gold surface. Another key observation is the blue shifts in
energy for the A1® and A1 v(CO) bands upon going from the solution IR spectrum of 2 to the
corresponding RAIR spectrum. The larger shift the A1® v(CO) band compared to the A1Y v(CO)
band is due to greater contribution of the trans-CO stretch to the former.®2*® Both the RAIR
spectroscopic and ellipsometric data support the conclusion that 2 adsorbs on the Au(111) surface
via anchoring of the thiolate junction and the molecules within the resulting SAM are oriented

nearly perpendicular to the gold surface.
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Figure 4.11. (A) FTIR spectrum of 2 in CH.ClI: solution. (B) RAIR spectrum of 2 adsorbed on
Au (111) film. (C) Hlustration of the hollow-linear coordination of SAM of 2 adsorbed on the
gold substrate via the thiolate junction.

Analyses of SAM of 1 were done to verify the quality of the film before using the film for
the displacement competition. Ellipsometry and RAIR analysis showed that the molecules on the
film were a layer thick and are coordinated vertically on the gold substrates. The four IR bands in
the RAIR spectrum depicted in Figure 4.12a indicate v(CN) stretching frequencies for the Cr-
bound isocyanide group and the Au-coordinated isocyanide group at 2137 cm™ and 2175 cm*

respectively, and two symmetric v(CO) stretching frequencies for A1®® and A1 at 2049 cm™ and
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1992 cm? respectively. Note that the peak at 2175 cm™ represents the formation of v(C=N) bond
when the isocyanide coordinate to the gold substrate. The SAM displacement analyses done
suggested that SAM of 1 was entirely displaced by 2, forming a layer thick SAM of 2 on the gold
film. The ellipsometry and the RAIR were used to analyze the new film. The disappearance of the
peak at 2175 cm is indicative that no v(C=N) bond is present in the film. The RAIR results of the
new film (Figure 4.12b) reveal only three IR-active bands in the v(CN)/v(CO) region,
corresponding to the vibrations from the Cr-bound isocyanide group and the [Cr(CO)s] fragment.
Hence, a Au-S bond must have been formed during the displacement of 1 by 2 on the gold film.
The observed results imply that desorption of isocyano-bound monolayers and formation of
thiolate-bound monolayers occurred upon immersing the SAM of 1 in 2. When the SAM of 2 was
immersed back into a solution of 1, no spectroscopic evidence of 1 displacing 2 was observed even
after 48 h. The Au-S bond energy is about 20 kcal/mol stronger than the Au—C bond32-3 which
corroborates the above findings. The RAIR spectrum shows almost no shoulder peaks at the lower
energy side of the v(CO) band of A:1® symmetry as compared to Figure 4.11b. When the SAM
films of 1 were immersed in the solution of 2, the molecules in the solution vertically attach
themselves to the gold film, displacing 1 and better ordered monolayer (see Figure 4.11b) is

observed for the newly formed SAMs resulting in better molecular packing of the film.
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Figure 4.12. RAIR spectrum from the displacement studies of the SAM of 1 (A) before
immersion and (B) after immersion into a solution of 2 in chloroform.

IVV.4. Conclusions and outlook

In this chapter, the molecular packing, orientation, thickness, the influence of junction
groups on SAM formation, and stability using SAM displacement analysis were studied. The first
SAMs involving biazulenic scaffolds, with asymmetric anchoring on gold film, using isocyano
and thiolate junction groups have been presented. The infrared results suggested that either
coordination via the isocyano or thiolate junction group would result in upright orientation of the

adsorbed molecules on the gold surface. Moreover, the Ca-symmetric [Cr(CO)sCN-] moiety
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served as a remote informative infrared reporter supporting the upright orientation of the
monolayers. The ellipsometric thicknesses corroborate with the conclusions, that the molecules
are uprightly oriented, derived from infrared spectroscopy. Both junction groups employed in this
work form stable SAM films although the displacement competition supports that thiolate-
anchored monolayers show stronger gold-junction bonding/interaction than the isocyano-anchored
monolayers. The findings in this work show that SAM displacement route will influence the
molecular packing. Carrying out imaging studies using microscopy techniques, AFM, to
investigate the molecular packing of SAM films made via SAM displacement method may help
probe the topography images in AFM analysis. Athough the ethoxycarbonyl substituents present
in 1 and 2 may be undesirable due to steric hindrances exerted in the vicinity of the junction groups
which may affect the molecular packing of the films made, the measured ellipsometric thickness
and RAIR spectroscopic data showed any influence of the substituents on the SAM film does not
affect the binding of the molecule to the gold. Perhaps it will be interesting to qualitatively analyze

the packing density of the SAM films.

The well-defined molecular films described in this work may open opportunity to
experimentally probe the conductive behavior of an asymmetrically anchored biazulenyl
framework for molecular electronics. Hence, the use of STM to study charge transport may be
considered since topography and conductivity can be simultaneously addressed during an

experiment.
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Chapter V:

Assessment of periodicity and packing of self-assembled monolayer films of
isocyano- and mercaptoazulenes adsorbed on Au (111) using atomic force
microscopy (AFM)
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V.1. Structural arrangement and topography of azulenic self-assembled
monolayer films on the Au (111) surface

Isocyano- and mercaptoazulene self-assembled monolayers (SAMs) on metal substrates
with potential use in organic electronics were investigated using atomic force microscopy (AFM)
techniques. Information on molecular packing, stability, and molecular orientation of azulenic
films on gold have been studied using different analytical techniques, such as ellipsometry, RAIR,
AES, and XPS, but experimental information on either the topography, packing geometry,
or periodicity has been hitherto unavailable. Resolved molecular-scale images of azulenic SAMs
from microscopy experiments may facilitate assessment of the packing of the azulenic molecules

within the films.

Contact mode AFM measurements in ambient conditions were conducted to investigate the
packing of the azulenic molecules relative to the Au(111) lattice of the substrate. Molecular layers
formed from molecules with both isocyanide and thiol linkers were investigated to determine the
influence of the linker’s nature on packing. Ordered arrays of the azulenyl thiolates were obtained
using a two-step displacement procedure to improve the ordering of the film and reduce the number
of defects. Specifically, the first molecular resolution images of 2-isocyanoazulene and 2-
mercaptoazulene adsorbed on the Au (111) using contact mode AFM were obtained with an
emphasis placed on the structural arrangement, molecular packing, stability, geometry, and

periodicity.

V.2. Introduction to scanning probe microscopy

Scanning probe microscopy (SPM) refers to a range of techniques in which scanning probe
tips are used to spatially resolve different materials’ properties including topography, conductivity,

friction, adhesion, magnetization, etc. 1> Atomic force microscopy (AFM) is a type of SPM
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technique employed in this study. In AFM, a sharp probe tip is raster scanned across the surface
to build a topographic image of the sample with angstrom resolution. Other types of SPM are
scanning tunneling microscope STM, conductive AFM, lateral force microscope LFM, force
modulation microscopy, magnetic force microscopy MFM, electric force microscopy EFM, and
surface potential microscopy, etc.® Different surface physical properties can be investigated using
a combination of these techniques. Features like the electrostatic potential, surface roughness,
nanomechanical properties or molecular geometry may be evaluated depending on the

experimental set-up employed. 1

The technique used in an experimental analysis depends on the type of sample surface and
the desired information required from the analysis. The most popular methods for analyzing
surface roughness and morphology are the STM and AFM. STM and AFM were invented in 1982
(by Binning, Rohrer, Gerber, and Weihel) and 1986 (by Binning, Quate, and Gerber), respectively,
at IBM (STM) and Stanford University (AFM). In STM, a conducting or semiconducting sample
is required. Tunneling current under an applied bias or tip-sample distance as a function of constant
current is measured.® AFM is based on the interaction forces between the tip and sample, therefore
it does not rely on measuring current. One of the most powerful characteristics of AFM is its
flexibility in the types of substrates that can be investigated and the environmental conditions in
which it is operated. Also, AFM can be used in both liquid and gas environments. AFM sharp
probe tip is made of silicon or silicon nitride on a cantilever. The probe movement reveals surface
topography. Figure 5.1 is a diagrammatic representation of an AFM experiment. In general, two

main components are involved in AFM: a piezoelectric scanner and AFM detection system.
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Figure 5.1. Diagrammatic representation of an AFM experiment. (Courtesy of Dr. Jill Headrick).

The general operation of AFM involves monitoring the interaction forces between the tips
and sample.”® The sample is placed on a piezoelectric scanner and a voltage is applied to the piezo
material.® The piezoelectric material can change shape and move in a controlled way due to the
application of different voltages. Thus, scanning the applied voltage allows precise angstrom level
motion of the sample on the scanner. A setpoint force is chosen, and as the tip scans over the
sample, the voltage on the z-piezo is adjusted to move the sample up or down to keep the force
constant. Monitoring the z-piezo voltage allows the topography of the surface to be mapped. The
laser is focused on the reflective cantilever tip and the movement of the laser. As the sample is

scanned across, the response is monitored by a position-sensitive photodetector (PSD).® The
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signals obtained are then sent to the computer control feedback loop as illustrated in Figure 5.1.
The feedback loop keeps the cantilever deflection constant by adjusting the applied voltage to the
Z scanner while the cantilever tip is in contact with the substrate. The cantilever tip used in this
work is a robust silicon nitride AFM probe. Different cantilever lengths, materials, and shapes
allow for varied spring constants and resonant frequencies. The spring constant and resonant
frequencies employed during AFM imaging are determined by the kind of surface/sample being

imaged.

spring

—> tip

Figure 5.2. a) SEM image of a typical probe tip employed. DNP tip (top) and MSNL tip
(bottom).2® b) Spring depiction of the cantilever.

Figure 5.2 (a) shows a scanning electron microscope image (SEM) of the probe tip used in
this work. The MSNL tip is made sharper than the DNP tip. The force exerted between the probe
tip and the sample is dependent on the probe-sample distance and the spring constant of a flexible

cantilever that supports the probe. The force is governed by Hooke’s Law F = - kx, where k
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represents the spring constant (N/m) and x is the cantilever deflection from its rest position.
Typical spring constants of the tip used range from 0.01 N/m - 14 N/m. The quality of AFM
cantilevers is dependent not only on the spring constant but also the resonant frequency and tip
radius of curvature. The resonance frequency at which the tip oscillates usually ranges from 7 kHz
- 400 kHz, depending on its stiffness. The tip shape and radius of curvature affect the image
resolution. The tip radius usually ranges from 5 nm - 50 nm. The sharper the tip, the better the

image resolution.

A force curve is usually employed to set the imaging force in contact mode and measure
the surface mechanical properties, like stiffness and tip-surface interaction. The force curve graph
shown in Figure 5.3 represents the tip-sample interaction plots, for both approach and retract
curves, where the vertical axis is the cantilever deflection while the horizontal axis is the distance
of the scanner movement. The force curve reflects tip-sample attractive, repulsive, and adhesive
interactions. The tip deflects upward or downward before making contact with the sample
whenever the tip experiences long-range attractive or repulsive interactions, as shown in Figure
5.3. As the cantilever tip approaches the surface (A), it may experience enough attractive forces
that cause the tip to bend and contact (B) the substrate. Once the tip is in contact (C) with the
substrate, the fixed end of the cantilever moves closer to the surface, causing an increase in the
cantilever deflection until it is retracted. When the cantilever reaches a maximum predefined force
value, the approach curve ends and the retract curve begins. Due to adhesion (D), the cantilever
oftentimes remains in contact with the surface beyond the point of jump-to-contact in the attract
curve. As the cantilever is withdrawn, the restoring force in the cantilever overcomes the adhesion
force between the tip and the sample and the tip pops off the surface and returns to its free

deflection position (E), possibly causing the cycle to restart.
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Figure 5.3. Schematic depiction of a Force calibration plot. The horizontal axis, describes
Distance Z (nm), is the distance of the scanner movement, and the vertical axis refers to the
vertical deflection (V) of the cantilever tip.°

The AFM instrument scans in three modes: contact mode, non-contact mode, and tapping
mode as illustrated in Figure 5.4.%1° The contact mode AFM operates with the AFM tip in contact
with the surface through the adsorbed fluid layer. The contact mode is heavily influenced by
adhesion and frictional forces. There are possibilities of distorting the image data or damaging the
sample due to the applied force. In the non-contact mode AFM, the tip does not make contact with
the sample surface, but rather oscillates above the adsorbed fluid layer on the surface during
scanning. 111 |_ow resolution and high resolution topographic images are possible in non-contact
mode and the contaminated fluid layer can interfere with the oscillation during scanning.® 101!

The tapping mode AFM operates by the probe tip lightly “tapping” the sample surface during

132



scanning, contacting the surface according to the changes in amplitude.® the tapping mode may
prevent the drawbacks associated with both contact and non-contact modes when the cantilever is
oscillating with sufficient amplitude.® The contact mode AFM is employed throughout this work

to scan substrate surfaces with high resolution under ambient conditions

F 3
repulsive regime- tip is in hard contact with the surface
= :
%é Tapping mode
Repulsivel] = :
cprisive 4 TIP-SAMPLE DISTANCE
Attractive 7
attractive regime- tip is pulled toward the surface
— Non-contact mode
[ 3
Contact mode

Figure 5.4. Schematic representation of scanning modes in AFM. °

The AFM mode employed in this work is the contact mode AFM where the probe tip is in
contact with the surface of the sample. The AFM is used to analyze topographic atomic and
molecular-scale images of the azulenic SAM films to elucidate the packing, geometry, and
periodicity of the azulenic molecules relative to the gold film. The AFM study provides the first

molecularly resolved images of SAMs of azulene derivatives which are discussed in detail herein.

133



V.3. Molecular packing and orientation

Understanding molecular packing, stability, and orientation of SAMs on Au (111) is crucial
in organo-electronic designs, reactivity, surface energy, robustness, and many other surface
applications. Many analytical methods have been used to monitor the molecular packing, stability,
and orientation of SAMs. Some of the analytical methods include FTIR, grazing angled attenuated
total reflection IR, mass spectroscopy, X-ray diffraction (XRD), thermal desorption spectroscopy
(TDS), AFM, STM, ultraviolet photoelectron spectroscopy (UPS), and X-ray photoelectron
spectroscopy (XPS).1218 The junction group plays a crucial role in how the molecules are arranged,
packed and oriented. Information on the molecular packing influenced by the isocyanide and
mercapto junction groups with the gold substrate is essential for designing molecular electronics.
Insights on molecular packing and orientation of thiolate- and isocyano-azulene d SAMs on gold
substrates have been obtained through studies in our group using both ellipsometry and RAIR
spectroscopy. The molecular packing of SAMs on gold substrates is dependent not only on the
junction group but also the type of the organic moiety involved in the SAM formation. Figure 5.5
below represents Au (111) (nonpatterned circles) while the positions of the isocyanide and thiolate
junction groups are described in patterned circles. The isocyanides are known to form a »* linear
coordination bond with one gold atom while the thiolate junction coordinates in a hollow fashion
with three gold atoms, as depicted in Figure 5.5. The optimum adsorption geometry suggested by
the ab initio calculations of Ulman et al. for CHsSH adsorbed on Au(111) involves binding of the
sulfur atom in triple hollow sites of the Au(111) face.!’” The hexagonal close-packed configuration
of gold gives an interatomic gold spacing of ca 2.88 A. The isocyanides and thiolates junctions
have wider spacings than the those between gold atoms. The periodic spacing in alkylthiolates
SAM s have been measured to have spacings ca. 5 A with a (V3 x V3)R30" geometry.}”?! The DFT

calculations for the p-phenyldiisocyanide (PDI) SAMs on gold adopted a (2v3 x V3) ordering.??
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Figure 5.5. Schematic illustration of the structure of SAMs of a) organic isocyanide on gold b)
organic thiolate on gold showing molecular packing. The bigger circles represent the isocyano
and thiolate groups in a and b, respectively, while the small circles are the Au atoms in the close-
packed Au (111) face.

Aside from Au (111), other faces of a golf single crystal have been utilized in SAM
formation.?*?> The investigation of docosylthiol SAMs adsorbed on Au (100), (110), and (111)
surfaces by GangYu et al. shows that the crystal face of gold substrate influences the structure and
packing of SAMSs. 2° The study employed low-energy electron diffraction (LEED) technique. The
SAMs of docosylthiol adsorbed on Au (111) and (110) showed a commensurate relationship of
the thiolate molecule with respect to the surface, while (100) produced incommensurate structures.
The sulfur atoms adsorbed on Au (100) showed a (5.97 x 5.97) unit mesh, consistent with the 4-
fold symmetry of the underlying gold.?® This implies that the lattice parameters of the unit cell a
and b are equal (Figure 5.6). The result was consistent with the ¢(2 x 2) unit mesh observed for
the methyl thiolate SAMs adsorbed on the Au(100) surface. 2° Figure 5.6 illustrates the molecular
packing of docosylthiolate film, self-assembled on the Au (100) and Au (110) substrates. The Au
(110) surface had a rectangular lattice with a unit mesh of 4.07 x 2.88 A, while the Au (100) has a
square symmetry unit mesh of 2.88 x 2.88 A, different from the hexagonal Au (111). It was
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observed that SAMs made on Au (110) experienced more significant tilt of the molecular
constituents as compared to those on Au (111), forming a 4-fold ¢(2 x 2) arrangement of the sulfur
atoms as opposed the 3-fold hollow unit (V3 x V3)R30° on Au (111).%° The 4-fold symmetry of the
monolayer was due to the missing row in the Au (110) face as shown in Figure 5.6. Therefore,

molecular packing is influenced by different junction group-substrate interaction.

Au (100)

Figure 5.6. Illustration of the structures of SAMs on different gold substrates. Top image: Au
(100) showing oblique incommensurate structure with a=b =5.97 A and a = 95°. Bottom
image: Au (110) sowing commensurate c¢(2 x 2) unit mesh with a =b=4.99 A and a = 109.5°.
Reprinted with permission from Ref. 25. Copyright (1993) American Chemical Society.
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One of the first studies on molecularly resolved images were performed by Gang-yu and
coworkers. The long alkanethiol chains adsorbed on Au (111), in ambient conditions, using contact
mode AFM were studied. The AFM images were collected using a silicon nitride (SisN4) cantilever
tipand a force of 100 nN during the image collection. Gang-yu et al. suggested that the alkylthiols
adsorbed on Au(111) formed reproducible stable (3 x V3)R30° periodicity with the tilt angle 30°
to the surface of the normal.?® The measured gold hexagonal spacings had an average of ca. 0.29
nm.?® The image of the thiol molecules observed had hexagonal unit spaced by ca. 0.5 nm (Figure
5.7) which was consistent with the proposed model from atomic, electron, and X-ray diffraction
experiment for thiolate-bound SAMs.?® The resolved molecular images of the raw data shown in
Figure 5.7 were improved using Fourier transformation which filtered out the noise seen in the
images. The experiments were conducted at room temperature and atmospheric conditions.
Higher resolution images could possibly be obtained at low temperature in vacuum. Experiments
at low temperatures, when the molecules are less prone to mobility on the surface, may result in
better resolved images. More recent AFM studies have been carried out under ultrahigh vacuum
conditions to avoid significant contamination by background gases, to reduce molecule movement

during imaging, and to better understand tip-sample interaction. 4 18.27-28
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Figure 5.7. AFM images of Left: Topography images of (CH2)sS (top image) and (CH>)17S
(bottom image) on Au (111) and Right: corresponding frictional force images collected
simultaneously. Reprinted with permission from Ref. 26. Copyright (1994) American Chemical
Society.

In more recent studies, different phase structures have been reported suggesting that the
observed structures can depend on the type of molecular junction, type of molecular interaction,
temperature, substrates, coverage to mention a few.?*3! G.E Poirier et al. showed that the
decanethiol could have six distinct phases present which could be (23 xV3), (19 x V3), (\3 x
V3)R30°, and (3 x 2V3) geometries, depending on the coverage.?>*? These phases were adopted
based on either high density or low-density coverage. These decanethiols tend to oxidize on the
surface and form decanesulfonates arranged in another phase, (26 x V3a) unit cell.> In most
alkanethiols, it has been seen that the high coverage SAMs may involve a multitude of complex
stages like lifting of the (22 x V3) Au reconstruction, upright molecular alignment at some specific
orientation, and formation of both the most stable (V3 x V3)R30° and the herringbone patterned
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c(4 x 2) superstructures in some other domains as shown in Figure 5.8.1% 33 Changes in coverage,
temperature, or molecular structure can influence the adopted phase observed. The fundamental
understanding of how SAMs can have such structural complexity or differences are essential

toward the ultimate goals of self-assembly applications in organo electronics.

(;13 x /3)

-

*
Figure 5.8. Topographic UHV STM image (100 A x 100 A, Vs =1.0V, Iy = 15 pA) of a C12

SAM. The protruding feature at the center of the image is a domain boundary. Reprinted with
permission from Ref. 18. Copyright (2009) American Chemical Society.

Also, conjugated organic rings like benzenethiol SAMs have been studied using
AFM/STM measurements. SAMs of 1,4-Benzenedithiol (BDT) adsorbed on Au (111) at 300 K
were investigated by W.T. Tysoe et al. in a recent 2015 article using an RHK UHV dual
AFM/STM. The 1,4-BDT dosed on Au (111) at 300 K and the image acquired at 120 K observed
initially showed formation of »* gold-sulfur coordination before reassembling of the molecules
over time.?” The reassembling showed both sulfurs bind to the gold substrate with the aryl ring
oriented ca. parallel to, but substantially above, the gold substrate at room temperature. The STM

images showed formation of repeating patterns constrained between the (22 xV3) “herringbone”
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reconstructions, hexagonal motifs and chains at low coverage.?’ That is, at high coverage, only
one thiolate anchoring group is coordinated to the gold surface, while at low coverage, both thiolate
coordinate to the surface, forming chains. Figure 5.9 shows high-resolution UHV STM image of
close-packed chains of 1,4-BDT adsorbed on gold at 300 K, with resolvable aryl rings that are
hexagonal structures. The measured spacings were approximately 0.65 nm for a parallel aryl rings

adsorbed on the gold, with diameters of ca. 0.45 nm which are in agreement with literature.?” 34
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Figure 5.9. STM image of 1,4- DBT adsorbed on gold at 300 K (Vi =0.25 Vi = 163 pA).

Reprinted with permission from Ref. 27. Copyright (2015) American Chemical Society.
AFM/STM images of different SAM films have been investigated in ambient and under
ultrahigh vacuum conditions. In ambient conditions, atomically resolved images are harder to
collect as compared to imaging under high vacuum due to unavoidable significant gas molecules,
liquid layer on the surface, or other adsorbed molecules that interact with the imaging tip and
sample surface, this may affect the images collected. Also, most molecules adsorbed on a substrate

usually have one anchoring group within the molecule, movement of molecules during imaging in
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ambient conditions can affect the topographic images, depending on the strength of interactions in
the monolayer and the imaging temperature employed. In 2008, Barybin et al. investigated a
multipoint anchoring of a metacyclophane to the gold substrate via self-assembly where one
isocyanide on each of 4 benzene rings, connected with a short alkyl bridge, all coordinate to the
gold as seen in Figure 5.10.%° This was done to investigate the orientation, binding, stability, and
the influence of anchoring via multiple points in a molecule to a gold substrate. The ellipsometric
thickness observed for the molecule when all the four isocyanides are bound to the gold was about
5.8 A which was consistent with calculated thicknesses.®® Also, the FTIR data showed only one
peak, which suggests that all the four isocyanides were bound to the gold substrates and the
molecule was oriented in an upright fashion.®® DFT calculations of the molecule interacting with
the gold to estimate the most stable geometry of the molecule on gold was done and it was
suggested that the molecule had two lowest possible energy conformations as seen in Figure 5.10
with the intramolecular benzene rings spaced by 0.499 — 0.576 nm.% For the first geometry, the
interatomic distances between the benzene rings were dx = 0.499 nm and dy = 0.499 nm while the
second calculated geometry were dx = 0.576 nm and dy = 0.499 nm. No AFM images were reported.
It was suggested that the molecule was very stable due to binding through multiple isocyanides.*
AFM studies of this molecule adsorbed on gold surface have been obtained recently and are
reported herein. Characterization using AFM technique provides further information about the

packing and binding of this molecule to the surface.
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Figure 5.10. A) Top left: Image of the metacyclophane molecule, interatomic distances (dx =
0.499 nm and dy = 0.499 nm), and the angles (« = 60°and £ = 120°). B) Top right: Interatomic
distances (dx = 0.576 nm and dy = 0.499 nm) and the angles (« = 90°and g = 90°) between the
gold atoms on the Au(111) surface attributed to Bottom: the lowest energy conformations of the
molecule for an upright orientation bound to the Au (111). %

Introduced in this work is the AFM characterization of azulenic SAMs with focus on
molecular packing, periodicity, and geometry in ambient conditions. Figure 5.11 shows the
molecules employed in this work and the materials would likely be used under ambient conditions,
so it is important to understand their behavior and packing under ambient conditions. Experiments
at low pressure would be more technically challenging and expensive but might provide higher
resolution, although under unrealistic conditions. The work described herein features the 2-
isocyanoazulene, 2-mercaptoazulene, and a complex metacyclophane. SAM formation and
synthesis of the molecules employed have been reported in our previous work. In previous
chapters, it was observed that molecular packing and stability can be influenced using SAM
displacement experimental route for SAM formation. Hence, investigated in this work is the extent
to which this SAM displacement can influence the molecular packing and stability of the azulenic

SAMs described.
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Figure 5.11. 2-isocyanoazulene (1), 2-mercaptoazulene (2) and 8,16,24,32-
tetraisocyano[2.2.2.2]metacyclophane (3) adsorbed on gold surfaces for AFM studies.

V.4. Experimental section

V.4.1.General procedures and starting materials

Following the procedures employed in literature, SAMs were made on freshly flame-
annealed gold-coated mica, made in the Berrie Lab, without precautions to exclude air or ambient
laboratory lighting. In addition, SAMs were made on commercial gold-on-silicon substrates,
described in chapter 11 from Platypus Technologies, for RAIR and ellipsometry analysis of the
substrate to confirm the integrity of the SAM formation. Unless stated otherwise, the substrates
were cleaned using chloroform (CHCIs), acetone, and 200-proof ethanol for two hours in each
solvent for cleaning purposes before SAM formation. All solvents used were purchased from
commercial sources and used as received unless solvent distillation was done. Chloroform and
dichloromethane were distilled over P,Os and CaH> respectively and stored under argon. After
cleaning the substrates, ethanol was used to rinse the substrates to remove any physisorbed material
on the substrates. The substrates were blow-dried with nitrogen gas before use in SAM formation.
The ellipsometric physical constants of the cleaned substrates were measured before immersing

substrates in solutions of the azulenic compounds to make the SAM-coated substrates.
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Veeco Instruments Multimode AFM Nanoscope® E (Nano E) from Bruker was used for
AFM analysis. The calibration of the scanner was done with two different calibration standards,
platinum coated calibration grid (PCCG) and highly-ordered pyrolytic graphite (HOPG)
substrates, at different scales to ensure that the spacing distances in the sample imaged were
accurate. The samples were prepared by attaching the sample to the magnetic sample puck with
epoxy (Repro-Rubber, Flexbar Machine Corporation) before transferring to Nano E AFM for
imaging analyses. The epoxy glue helps to strongly hold down the sample to the puck in order to
avoid any sample movement that may develop during atomic/molecular imaging. The images of
both the monolayer and the gold beneath the monolayer were collected, at low and high forces
respectively, by applying setpoint voltage on the cantilever tip while the images were collected at
5 nm scan size. The AFM, in contact mode, was used in this study. The instrument was placed on
a customized heavy tripod stand, isolating the AFM, inside an acoustically insulated shield to
reduce potential acoustic and vibrational noise from the environmental surroundings during the
data collection. The probe tip used, except stated otherwise, was a silicon nitride tip on a nitride
cantilever purchased from Bruker (SizNs-tip). The tip labeled C, out of four VV-shaped cantilevers,
with spring constant 0.24 N/m and the resonant frequency of 40 - 75 kHz was used for resolved
atomic- and molecular-scaled images. The tip radius of curvature was about 10 - 40 nm, based on
manufacturers specifications. The scan size was slowly reduced from 1 um to 5 nm. The mapped
images shown throughout this work, for the atomically or molecularly resolved images, were at 5
nm X 5 nm scan size and at z scale range of 0.5 nm - 1 nm. The AFM parameters; scan rate, scan
height, scan size, z-limit, integral gain, proportional gain, and set point were altered accordingly

during the image collection to optimize the imaging parameters and image quality for all the
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recorded scanned images. Cross section analyses were done for the images to measure the periodic

spacings seen on the images.

This work is the first report of molecularly resolved images of azulene derivatives SAM.
The imaging parameters, probe tip, and the quality of the monolayer substrate all influence the
image quality. Hence, atomically flat gold-coated mica substrates are essential for SAM formation
to achieve SAMs with fewer defects and a high packing density on the atomically smooth
substrates. Also, not all probe tips can result in atomic and molecular resolution images. Only
extremely sharp probes give atomic resolutions. HOPG samples were first imaged at 5 nm scan
sizes, due to its flat highly ordered structures, to test the tip quality necessary for image quality,
and reproducibility of results.

V.4.1.1. Molecular resolution images of SAMs involving 2-isocyanoazulene (1)
on Au (111) surface

SAMs formation of 1 on gold substrates:

Flamed-annealed in-house gold-on-mica substrates made in the Berrie Lab were cleaned
thoroughly as described in general procedures and starting materials section. The gold substrates
were dried in a stream of nitrogen gas before immersing completely in a 2 mM distilled
dichloromethane solution of 1 for approximately 24 hrs., to afford a complete monolayer
formation. The films were removed, rinsed with distilled dichloromethane to remove physisorbed

molecules, dried under a stream of nitrogen gas, and stored in a clean dry vial for AFM analysis.

Topographic image of SAM-coated films of 1 using contact mode AFM:

Atomic and molecular resolution images of the gold and monolayers were collected

respectively, using contact mode AFM. The SAM-coated substrates were carefully glued on the
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sample puck and placed on the AFM as described in general procedures and starting materials. A
silicon nitride SisN4 tip was mechanically brought in-contact to the surface of the sample and the
images were collected while the AFM parameters were tweaked till atomically resolved images
were seen. A setpoint voltage was applied to the cantilever tip, which controls the applied force.
The force applied due to the setpoint voltage differs from tip to tip. The images were collected at
low forces and high forces. Figure 5.12 is a graphic illustration of how the forces exerted by
setpoint voltages can influence the position of the tip. A high applied setpoint voltage may move
the molecules away, while the underlying gold surface is imaged. When the setpoint applied is
high enough, the molecules are swept from under the tip, allowing the gold surface image to be
collected, and the molecules diffuse back once the tip is moved or force is reduced. The monolayer
image was collected at low force. The collected images are found in Figure 5.14 in the discussion

section.

High set point Low set point

Figure 5.12. A graphic illustration of how AFM probe tip interacts with the surface at high and
low force (set point) for imaging the gold substrate and molecular layer of 1 on the gold film
respectively.
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V.4.1.2. Molecular resolution of SAMs involving 2-mercaptoazulene (2) on Au
(111) surface

SAMs formation of 2 on gold substrates using the displacement method:

For improvement of the packing and stability of SAM-coated films of 2, the films were
made using the displacement method to prepare the SAMs. SAM-coated films of 1 were first made
as described in section 1.2.1 and analyzed using RAIR to verify the expected results. After the
analysis verification of SAM-coated films of 1, the preformed SAM-coated films were immersed
in a 2 mM solution of 2 in distilled dichloromethane for ca. 24 hrs. Prior to any analysis, the new
SAM-coated substrates were rinsed thoroughly with distilled dichloromethane to remove any

physisorbed unbound molecules and dried in a flow of N gas.

Topographic image of SAM-coated films of 2 using contact mode AFM:

The SAM-coated substrates of 2 were carefully glued on a sample puck using epoxy and
contact mode AFM analysis were done as described in the general procedures and starting
materials. Tip C on a silicon nitride tip was used brought down in-contact to the surface of the film
and images were collected by adjusting all the AFM parameters listed in the general procedure and
materials until the atomically resolved images were observed. The collected images are found in

Figure 5.15 in the discussion section.
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Figure 5.13. lllustration of how AFM probe tip interacts with the surface at high and low force
(set point) for imaging the atomic layer and molecular layer of 2 adsorbed the gold film
respectively.

V.4.1.3. Molecular resolution of SAMs involving  8,16,24,32-
tetraisocyano[2.2.2.2] metacyclo- phane (3) on Au (111) surface

SAMs formation of 3 on gold substrates:

Flamed-annealed, freshly made in-house gold-on-mica substrates were cleaned as
described in general procedures and starting materials section. SAM-coated films of 3 were made
by placing the freshly cleaned gold substrates in a 2 mM solution of 3 in distilled dichloromethane
(DCM) for ca. 24 hrs. Prior to any analysis, the SAM-coated substrates were rinsed thoroughly
with distilled DCM to remove any physisorbed unbound molecules followed by drying under a

flow of N2 gas.

Topographic image of SAM-coated films of 3 using contact mode AFM:

A similar imaging method was employed for SAM-coated films of 3. The film was securely
glued on a sample puck using epoxy and transferred onto the AFM in the acoustic shield. Tip C

on the cantilever was brought in contact with the surface and images were collected while
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optimizing the AFM parameters to give atomically resolved images. (See Figure 5.17 for collected

images.)

V.5. Result and Discussion

RAIR spectroscopy and ellipsometry thickness measurements of 1 was done as described
in previous chapters. The average thickness of 1 and standard deviation, in parenthesis, at five
different spots was 9.5 (0.2) A, and the v(CN) band for the bound 2-isocyanoazulene film was
2176 cm™. The RAIR and thickness of the SAM results were consistent with previously observed,

suggesting upright orientation of the SAM.

AFM images of SAM-coated film of 1 are shown in Figure 5.14. The gold film and the
monolayer were sequentially imaged to compare the packing geometries and spacings of the gold
to the monolayer. Figure 5.12 represents how the imaging is carried out at high and low forces.
The monolayers were temporarily moved away by applying high force on the tip, to image the
gold atoms underneath. Since the imaging was done in atmospheric conditions, the molecules that
were moved away by the probe tip diffuses back and coordinate with the gold substrates when low
forces were applied. At low forces, the molecules were imaged. This is consistent with
observations from Gang-yu et al., that when enough force or load is applied to the tip, the
molecules move away and diffuse back at a lower load.?® The hexagonal pattern observed here
when the setpoint voltage was 0.3393 V remain constant till the notable change in the pattern at a
lower setpoint of 0.1831 V were observed (see Figure 5.14). The force applied was increased and

reduced to see the gold and molecules respectively at least three times.

The repeating distances measured at high and low forces were determined through analysis

of cross-sectional profiles of the images, by measuring at least 10 different spots. At high force,
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the averaged repeating distance and standard deviation in parenthesis for Au-Au separation was
0.31(0.01) nm, corresponding to hexagonal geometry of gold spacings from literature. 1?1 At low
force, the averaged repeating distances was 0.52(0.026) nm. The geometry for the molecular layer
is closely related to the (N3 x V3)R30° seen in the alkylthiol gold films, but the resolution of the
image is not great. This may be due to the packing density of the film or imaging conditions. The
tilts and twists in the monolayer may provide information on the packing density of the film. Figure

5.15 defines the twist (o) and the tilt (0) of the monolayer with respect to the gold.

The tilt 6 in SAMs adsorbed on gold has been estimated between 25-30°.3 Gang-yu et. al.
employed the atomically resolved images and the Fourier transformed analysis to observe the
rotation of the unit cell of the molecule (30°) with respect to the unit cell of the underlying gold.
The repeated monolayer patterns described here, in the molecularly resolved image in Figure 5.14,
are somewhat rotated by 30°. The tilt of the molecule was estimated using ellipsometry thickness.
Note that the recorded thickness is an averaged measurement over an area of the substrate. The
observed thickness depends on the density packing of the film, which can be lower or higher than
the calculated thickness, therefore, the tilt reported is an estimate. In Figure 5.15, the observed
thickness is assumed x and calculated thickness is z. Assuming the calculated thickness of a
molecule is tilted which is less than the observed thickness (Dobs = 9.5 A and Dcaic. = 10.2 A), then
an estimate of the angle at which the molecule is tilted away from the gold surface is given by the
equation in Figure 5.15. (The Dcarc. represents calculated thickness from chapter I and Dops
represents observed thickness for SAMSs). Note that the assumption is for a completely flat gold
surface with no defects. The estimated average tilt angle for 2-isocyanoazulene SAM film was 22

°. The tilt angle normally quoted for alkylthiols on gold is 27 °, and they are quite densely packed.
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3 The tilt in 1 might lead to low coverage. A well-ordered structure of the SAMSs at low coverage

may be difficult to observe on the AFM.

The image obtained is dependent on the quality of the tip and the sample. The packing of
the sample can influence the molecularly resolved images. The image in Figure 5.14b might
suggest that the packing is not particularly well-ordered. It could also be that the thermal motion
of the molecules makes it difficult to observe. SAM preparation using experimental displacement
route are known to provide better molecular packing and stability of SAMs which improves the
quality of the film.3"-® As shown in earlier chapters, mercapto-bound SAMs completely displace
isocyanide-bound SAMs on gold substrates. Therefore, this displacement method was employed

to make SAM-coated films of 2 for better quality images as shown in Figure 5.15.
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Figure 5.14. AFM unfiltered image of SAM-coated film of 1 a) 5 nm x 5 nm with set point
0.3393 V, z scale range 0.6 nm, and atomic spacing 0.313 (0.007) nm b) 5 nm x 5 nm with set
point 0.1831 V, z scale range 0.3 nm, and molecular spacing 0.524 (0.026) nm.
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Figure 5.15. lllustration of tilt and twist in SAMs. Assuming z represents the molecule on the
gold surface, the tilt angle (0) is defined with respect to the surface normal direction X. The twist
angle (o) describes the rotation of the molecule plane relative to the plane of the surface normal

and the tilted molecule.

The averaged observed thickness Dops and the standard deviation in parenthesis from
ellipsometry was 10.9 (0.1) A, similar to the calculated thickness Dcaic. of 10.4 A. The observed
thickness and the calculated thickness are the same, consistent with the molecules standing upright
and densely packed. Note that the tilt angle in 1 is not exact because it is an average value of the
film for an assumed atomically flat gold substrate used in monolayer formation. The tilt 6 in 2 was
not calculated since the observed thickness was higher, unlike in 1, suggesting possibly higher
packing density in 2. While this is an estimate, it is consistent with the fact that the observed image
of 2 are clearer (perhaps more well-packed) than those of 1. The resolved image in Figure 5.16b
is better than Figure 5.14b, indicative of the difference in molecular packing. This may be due to
the method of SAM preparation. SAM-coated films of 2 made via displacement methods with
better molecular packing were imaged in the air and atmospheric conditions as seen in Figure 5.16.
The gold periodicity observed at higher force had the expected Au-Au spacing ca. 0.3 nm. The

hexagonal pattern was seen at an applied force of 1.350 V and remain unchanged till applied force
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was reduced to 0.742 V. At a lower force, the spacing increased, and the molecules were seen at a
spacing of 0.53 (0.049) nm, measured over at least ten spots. The image 5.16b showed that there
is an asymmetric repeating pattern all over the surface. The thiols spaced by 0.53 (0.049) nm in
one direction, and the other direction by 0.32 (0.017) nm. At least a minimum of 10 different spots
of the spacings were measured using cross-section analysis on the software. The image in Figure
5.16b is consistent with the molecules being arranged in a face-to-face interaction and tilted in one
direction. The yellow and dark features in the images indicate the peak and valleys in the images

respectively.
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Figure 5.16. AFM unfiltered image of SAM-coated film of 2 made via displacement method a) 5
nm x 5 nm with set point 1.350 V, z scale range 0.8 nm, and atomic spacing 0.332 (0.017) nm b)
5 nm x 5 nm with set point 0.742 V, z scale range 0.5 nm, and molecular spacing 0.526 (0.049)
nm.

Comparing the images in Figure 5.16b to 5.14b, the packing of the molecules is different,
which may be due to the difference in binding of the junction groups. As discussed in chapter 111

and IV, the thiolates bind in a three-fold hollow linear fashion to the gold film while a linear gold-
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to-isocyanide binding is observed for the isocyanides. This supports the AFM images that show

different rectangular unit cell in 2, not observed in 1.

The thiolate-bound SAMs on gold substrates were made via displacement experimental
procedures in which the thiolate-bound azulene SAMs completely displaced the isocyanides. The
packing was enhanced in thiolate-bound SAMs on gold substrate. Perhaps increasing the number
of binding junctions, for each molecule, to the gold substrates will aid stronger binding and may
result in better molecular packing, and better-resolved images in AFM. Increasing the number of
isocyanides bound to the gold substrates will improve the stability of the molecules on the
substrates and less movement of the molecules during AFM collection may be observed. Currently,

the synthetic work of this type of azulene derivative molecule is in progress.

V.5.1. Discussion on molecular resolution of (3) on Au (111) surface

Contact mode AFM images of SAM-coated films of 3 were collected using an MSNL-tip,
labeled D with a spring constant 0.03 N/m, the resonant frequency of 10-20 kHz and tip radius of
2-12 nm. This tip is presumably sharper than the DNP-S tip previously used in the atomic
resolution. The images were collected in atmospheric conditions and high applied force yielded
images seen in Figure 5.17a representing the Au-Au periodicity. When the high force was applied,
the metacyclophane molecules were moved out of the way, and the Au image was collected. The
Au-Au spacing measured at ten different spots was consistent with literature values. When the
applied force was lowered, the molecules diffused back in and coordinated with the gold substrates
to give the images in Figure 5.17b. The measured distances at ten different spots were averaged to
ca. 0.45(0.01) nm. This spacing observed was slightly shorter than the DFT calculated spacings
for the interatomic distances of dx or dy represented in Figure 5.10 which may be due to the packing

of the molecule. The image in Figure 5.17b and the observed spacings are likely due to the packing
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of the individual benzene rings in the structure. The packing in this film is quite repeatable and
consistent. Also, if the benzene spacing were observed as the picture depicts, the ethyl linkage
between each benzene molecule is not visible in the images. High resolution STM images collected
under reduced pressure may help in interpreting the images further. The RAIR collected (appendix
4) showed that all the isocyanide in each molecule bind to the gold surface but the ellipsometry
thickness measurement for the film was quite short. The thickness for the film images was 3.5
(0.4) A, which is smaller than reported value (5.6 A).% The ellipsometry thickness may suggest
low coverage but the image in Figure 5.17b suggest otherwise. This could be that the imaged area
on the film had high coverage. The resolution is probably due to the presence of four isocyano
anchoring substituent in each molecule. Fourier transformed analysis of the atomic and
molecularly resolved images clearly showed that the gold and the molecular images observed are
different. While the gold showed a hexagonal pattern and the spacing is consistent with the other
images and literature, the molecular layer showed hexagonal arrangements with spacings that are
somewhat shorter than expected. The images collected for 3 were made without any SAM
displacement. The AFM images shows that the stability of the film is quite high due to multiple
anchoring units present in each molecule as compared to the azulenic SAMs in which each

molecule is connected to the substrate via one anchoring group.
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Figure 5.17. AFM unfiltered image of SAM-coated film of 3 a) 5 nm x 5 nm with set point
1.503 V, z scale range0.5 nm, and atomic spacing 0.303(0.005) nm b) 5 nm x 5 nm with set point
1.200 V, z scale range0.5 nm, and benzene spacing 0.452(0.011) nm.
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V.6. Conclusions and Outlook

AFM images of SAM-coated films of 1 and 2 were carried out using contact mode AFM, in
atmospheric conditions, to understand the packing and periodicity of the molecules adsorbed on
gold substrate. The first attempt to atomically and molecularly resolved images of azulene films
was made in this study. Different properties may influence molecular packing including SAM
formation. The experimental displacement route of SAM formation can impact the quality of the
AFM images due to better molecular packing. The AFM images of the thiolate-bound SAMs on
gold were made via displacement methods and compared to the analogue isocyanide preformed
SAMs. The hexagonal spacings observed for the atomically resolved images of gold films were
consistent with the literature. The molecular layer showed periodicity for isocyanide- bound SAMs

on gold related to the (V3 x V3) R30° geometry.

AFM images of 1 and 2 show different repeat distances and unit cell lengths, which suggests
different packing of the two molecules on Au (111). The AFM images of 2 showed asymmetric
repeated patterns which is not observed on the 1. This may be the result of different bindings of
the thiolates and isocyanides on gold. Typically, thiols have been shown to binding in three-fold
hollow sites while isocyanides are bound in an #* fashion, to a single Au atom.**?> Also, the AFM
images from 1 showed lower packing density, which correlates with the observed thickness and
estimated tilt angle of the molecule with respect to the gold surface. A better resolution of AFM

images was observed in 2 which may be due to the better molecular packing.

To improve the packing and stability of the molecular layer, increasing how the molecules bind
to the substrate may stabilize the movement of the molecules during AFM analysis. That is,
increasing the coordination sites of each molecule to the gold surface, by increasing the number of

thiolate or isocyanide junction groups may affect the durability of the film. A metacyclophane ring
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featuring multiple isocyanide anchoring units, attached to individual four benzene rings of the
molecule adsorbed on the gold film (3) was investigated using contact mode AFM. The repeated
spacings of the molecularly resolved image showed individual benzene rings, consistent and
repeated on the image. The stability enhanced by multiple isocyano anchoring units on each

molecule resulted in high resolution images of 3.

Further probing of the topography images and conductivity using STM at ambient conditions
will provide information on both the charge transport and the molecular packing of the azulenyl
SAMs. Current measurements using STM at a constant height when a sharp probe Pt-Ir tip is raster-
scanned over the surface. providing spatially resolved conductivity. Preliminary studies using
highly ordered pyrolytic graphite (HOPG) samples with well-defined surfaces have been tested on
our STM in ambient conditions. The structural arrangements of the monolayers on the substrates
and their molecular packing information may pave the way to experimentally probe the

conductivity behavior of the isocyano- and mercaptoazulene SAMs.
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Conclusions and future directions

The research presented herein involved self-assembly of azulenic derivatives on metallic
gold, with a focus on the resulting films’ stability, molecular orientation and packing within the
monolayers, film thicknesses, and the influence of the anchoring groups on the physicochemical
characteristics of the SAMSs. The formation and thorough characterization of new azulene-based
films were discussed in detail. Overall, the SAM films anchored to gold(111) substrates via thiolate
or isocyanide junction groups are stable (under ambient environmental conditions). Both the
ellipsometric thicknesses and RAIR data indicate that coordination of isocyanoazulenes and
isocyanobiazulenes via the isocyanide junction group to the gold surface induces upright
orientation of the azulenic and biazulenic scaffolds with respect to the gold surface. Upon
adsorption of the isocyanoazulenes and isocyanobiazulenes on Au(111) surfaces, the v(CN) band
attributed to the isocyanide junction invariably undergoes a significant blue shift. The
strengthening of the junction’s C=N bond that accompanies Au-CN bond formation reflects
antibonding character of the terminal isocyano carbon atom’s lone pair with respect to the C=N

bond.

The frequency window of the RAIR spectrometer employed in our laboratory did not
permit observing v(Au-S) signatures of the azulenylthiolate and biazulenylthiolate SAMs on
gold(111). T chromium(0) pentacarbonyl motif attached to the azulenic scaffold via isocyanide
linker was used as remote infrared reporter to facilitate probing adsorption of mercaptoazulenes
and mercaptobiazulenes on gold substrates. Thus, the molecular design featured both isocyanide
and thiolate anchoring groups connecting the linear 2,6-azulenic 2,6,6°,2’-biazulenic bridges to the
Au/Cr termini. Whereas many reports on the surface chemistry of isocyanoarenes and
mercaptoarenes had been published prior to the work described in this Thesis, no compounds with
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both isocyano and mercapto substituents in the same molecule had been known. SAM’s of the first
n-linkers featuring both -N=C and -SH termini in the same molecule were fabricated on Au (111)
by employing linear 2,6-azulenic and 2,6,6’,2"-biazulenic frameworks. The RAIR spectroscopic
and ellipsometric data indicate that the molecules assume an upright orientation upon binding to
the Au (111) surface via thiolate junctions. The zero-valent chromium fragment connected to the
isocyanide functioned as an excellent remote spectroscopic reporter of the orientation and binding
of the molecule to the gold. Another remote spectroscopic reporter, a nitrile group, was substituted
on the isocyanoazulene molecules for new SAM films. The nitrile groups do not only act as
spectroscopic reporters but may affect SAM formation. The cyano groups, which have been
suggested that strongly interacting cyano entities may influence molecular packing, were
substituted as tail ends of the molecule. The remote cyano vibrational reporters are sensitive to

electronic perturbations induced by the coordination of isocyanoazulenic motif to the gold surface.

Contact mode AFM topography of the atomic and molecular images of the azulenic SAMs
were investigated using SAM displacement route to prepare the films. Here SAMs of
isocyanoazulene are made and completely displaced by azulenethiolate on the film. The images of
isocyanoazulene film and azulenethiolate film were compared. The periodicity of the images
observed for the atomic layer indicates hexagonal packing of the gold spaced by ca. 0.3 nm. The
molecular resolution images suggested that the isocyanoazulene packed differently from the
azulenethiolate on the gold substrate due to different repeat distances and unit cell lengths. The
measured unit cell dimension for the isocyanoazulene was the same across the image (ca. 0.5 nm),
while the azulenethiolate showed ca. 0.5 nm in one direction and ca. 0.3 nm in the other direction.
The AFM images in ambient conditions were not trivial due to possible mobility of the molecules

when the sharp probe tip is in contact with the film. Immobilizing the molecules on the film by
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increasing the number of junction groups in the molecule that coordinates to the gold film may

increase the durability of the film.

Future studies on the conductivity of the azulenic films using scanning tunneling
microscopy are necessary for assessing the potential of using these novel materials in molecular
electronics. Both conductivity and molecularly resolved image can be derived simultaneously from
STM analysis. Formation of mixed molecules on the gold film using different junction groups
coordinated to the same gold substrate may be interesting to study the conductivity. That is, it may
be interesting to study the charge transport behavior of mixed monolayers of isocyanoazulene and
mercapotazulene derivatives as seen in Figure 6.1 below. Perhaps the electron donating and
withdrawing groups, isocyano and mercapto junction groups, will have different conducting
properties which may be simultaneously studied on a film using the STM. Since the junction
groups are different and may result in different conducting properties of the SAMs, it will be
advantageous to simultaneously study the conducting properties for the purpose of molecular
electronic applications. Further understanding of the azulenyl films by XPS which may provide
information on the binding of the molecule to the gold film. Specifically, the XPS analyses might

be useful in understanding the adsorption of azulenylthiolate SAM films.
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Illustration of mixed monolayers of isocyanoazulene and mercaptoazulene on gold

Figure 6.1.

film for STM studies.
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Appendix 1

SAMs formation of 1,3-dibromo-2-isocyanoazulene (SAM 3)

SAM films were prepared by immersing freshly cleaned gold substrates, purchased from

Platypus Technologies, in a 0.6 mM solution of molecules used for the formation of SAM 3 in a

distilled dichloromethane for 24 hours. The films were thoroughly rinsed with distilled chloroform

to remove unbound physisorbed molecules and blow dried in a flow of N2 gas before analysis

using ellipsometry and RAIR were done. No precaution to exclude air or ambient lighting were

exercised for the SAM experiments. The thicknesses of the film were measured at five different

spots.
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Figure 1. Solution IR in CH2Cl, (A) and RAIR (B) spectra of 1,3-dibromo-2-isocyanoazulene
(SAM 3) and an illustration showing the upright orientation of the molecule coordinated on gold

film via the isocyanide junction group.
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Appendix 2
FTIR of 2-isocyano-1,1’,3,3'-diethoxyl-6,6'-biazulene (SAM 13)
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Figure 1. Solution IR in CH2Cl2 (A) and RAIR (B) spectra of 2-isocyano-1,1',3,3'-diethoxyl-
6,6"-biazulene (SAM 13) and an illustration showing the upright orientation of the molecule
coordinated on gold film via the isocyanide junction group.
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Appendix 3
FTIR of 6-isocyano-2,2’-biazulene (SAM 17)
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Figure 1. Solution IR in THF (A) and RAIR (B) spectra of 6-isocyano-2,2'-biazulene (SAM 17)
and an illustration showing the upright orientation of the molecule coordinated on gold film via
the isocyanide junction group.
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Appendix 4

FTIR of 8,16,24,32-tetraisocyano[2.2.2.2]metacyclophane (3)
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Figure 1. Solution IR in DCM (A) and RAIR (B) spectra of 8,16,24,32-tetraisocyano[2.2.2.2]
metacyclophane (3) and an illustration showing the upright orientation of the molecule
coordinated on gold film via the isocyanide junction group.
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