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ABSTRACT

The capabilities for accomplishing fundamental surface studies with molecular systems are
demonstrated in this dissertation using measurement and imaging modes of scanning probe
microscopy. Model systems were chosen for investigations of surface self-assembly mechanisms,
with an emphasis on understanding the role of interfacial water in surface reactivity. A key strategy
for molecular level studies was to prepare nanostructures using protocols with colloidal
lithography and scanning probe-based lithography (SPL). Nanofabricated samples were
characterized ex situ with contact and tapping-mode atomic force microscopy (AFM) after key
reaction steps, providing direct views of changes in surface morphology at the nanoscale. Magnetic
sample modulation (MSM) combined with contact mode AFM provided a route to detect the
vibration of magnetic nanomaterials in response to an externally applied electromagnetic field.
Nanoscale measurements of the size-scaling effects for physical properties such as conductance
and nanomagnetism are contemporary topics in the field of nanoscience. Protocols of SPL were
used for studies with organic thin films; nanoshaving and nanografting experiments provided a
means to prepare ultra-small nanostructures.

Nickel-coated nanostructures were constructed on amine-terminated nanorings of
aminopropyltriethoxysilane (APTES) using colloidal lithography and chemical steps of electroless
deposition (ELD), nickel was deposited by an autocatalytic redox reaction using palladium as a
catalyst. Protocols were developed to investigate the role of water in the association and placement
of silane molecules on surfaces as a strategy for indirectly tracking the location of water on
surfaces. Visible light photocatalysis was used to prepare nanostructured films by immersing
surface masks of monodisperse spheres in solutions of an aryl halide and then irradiating the

solution with blue light. Films of aryl halide are linked to the surface by C-Au bonds to form robust

xviii



films that resist the effects of oxidation. Nanostructured films of octaethylporphyrin (OEP) were
prepared with immersion particle lithography by reaction with silicon tetrachloride. Porphyrins
bound to the surface through covalent Si-O-surface linkages coordinated to the centers of the
macrocycles in a "kebob™ arrangement. The Si-O-Si “skewer” strategy was also successful for
encapsulating Au nanoparticles with porphyrins to make core-shell nanoparticles. Fundamental

studies targeted questions related to controlling surface assembly and interfacial chemistry details.

Xix



CHAPTER 1. INTRODUCTION

Molecular-level studies of surface self-assembly reactions at vapor/solid and liquid/solid
interfaces are the focus of this dissertation. Characterizations with atomic force microscopy (AFM)
were used for ex situ studies of successive surface changes after key steps of chemical reactions,
providing insight for reaction mechanisms. A premise for all of the described studies is that the
nature of the surface has a strong influence on the reaction outcome. Parameters such as structure,
composition and wettability of the atomic/molecular interfaces determine the localization, shape
and thickness of surface structures. Tools of nanofabrication were applied to prepare patterns of
nickel films, porphyrins, aryl halides as well as organosilane and organothiol self-assembled
monolayers (SAMs). Well-defined nanostructures were prepared as models to enable analysis of
interfacial chemistry with molecular-level sensitivity for a few layers of metal atoms or molecules
of SAMs. Manipulation and control of chemical assembly are critical for studies of the size-
dependent trends for physical and mechanical properties using the measurement modes of AFM.
Conventional contact and tapping-mode AFM images provided 3D digital images of topography
with associated chemical maps of nanostructures. Magnetic sample modulation (MSM), force
modulation microscopy (FMM) and scanning probe lithography modes of AFM were applied for
characterizing samples.

1.1. Experimental Methods with Scanning Probe Microscopy

The primary analytical tool used for surface investigations in this dissertation belongs to a
family of surface imaging and measurement modes of scanning probe microscopy (SPM), which
are described in Chapter 2. Scanning probe techniques enable ultra-sensitive detection of surface
forces and furnish high-resolution images of thin films and nanomaterials at the molecular level.

An overview of the historical milestones, operating principles as well as instrument configurations



is presented in Chapter 2 for the SPM modes used in this dissertation. In particular, modes of
atomic force microscopy (AFM) provided exquisite details of the morphology of nanostructures
prepared with particle lithography. Nanostructures of organosilanes and organothiols were used to
build composite nanostructures in combination with processes of ELD and macromolecular
assembly. Nanofabrication was used for sample preparation, to generate test platforms for
fundamental studies of the surface chemistry, mechanisms of self-assembly as well as physical
properties of materials at the nanoscale.

1.2. Nickel Nanorings Prepared using Electroless Deposition: AFM Characterization using
Magnetic Sample Modulation

Studies of the surface chemistry for preparing ring-shaped nanostructures of Ni nanorings
are presented in Chapter 3.1 Metal nanostructures were prepared using electroless deposition
(ELD) of Ni onto patterned templates of aminosilane. Samples were prepared by chemical
approaches with colloidal lithography to investigate surface changes ex situ after key points of the
reactions using atomic force microscopy (AFM). Ring-shaped nanostructures of 3-
aminopropyltriethoxysilane (APTES) were prepared on Si(111) using vapor deposition with a
surface mask of silica spheres. The particle mask was removed to reveal ring-shaped nanopatterns
presenting amine groups at the interface. Organosilane nanopatterns were then immersed in a
solution of Pd catalyst followed by treatment in a Ni plating bath. Changes in surface morphology
after each reaction step were characterized ex situ using tapping-mode AFM to follow the time
course of nanofabrication. Images of the Ni nanorings acquired with AFM were compared with
SEM micrographs to further elucidate the morphology of the metal coatings. The magnetic
character of the nanostructures was investigated with magnetic sample modulation (MSM-AFM),
which is a hybrid of contact mode AFM combined with magnetic actuation of samples. Surface

maps of the vibration of diamagnetic Pd and magnetic Ni nanorings were obtained with MSM-



AFM, providing insight on the process of electroless plating. Fine details of the surface corrugation
and grain structure of the Ni-coated areas of the sample detected with SEM were sensitively
resolved with MSM-AFM that were not apparent in AFM topography frames. Chemistry-based
steps with ELD and colloidal lithography provide a practical route for reproducible
nanofabrication of highly regular geometries with high-throughput.

1.3. Physical Experiments for Binding Trifunctional Organosilanes at the Vapor/solid
Interface

Investigations of the molecular events which occur during the surface self-assembly of
organosilanes from vapor are presented in Chapter 4, with a focus on the role of water in forming
a discontinuous hydration layer on model surfaces.? As a unique strategy for tracking the location
of water on surfaces, nanopatterning protocols were developed with colloidal lithography to
compare the wettability differences of Si(111) and mica(001). Trace amounts of interfacial water
are required to drive hydrosilation reactions with trifunctional organosilanes to form surface
assemblies. In essence, trifunctional octadecyltrichlorosilane (OTS) was used as a marker
molecule to map out the areas of the surface where water was deposited. The competition between
hydrophobic and hydrophilic domains for adsorption and coalescence of water condensed from
vapor can be mapped by observing the localization of organosilanes which bind to water at the
solid interface. The effect of systematic changes in film thickness and surface coverage of OTS
were evaluated at the vapor/solid interface by adding incremental amounts of water to sealed
reaction vessels and assessing the outcome after reaction with vapor-phase silane. Colloidal
lithography with monodisperse latex was applied to enable the preparation of well-defined
interfaces with exquisite control of the spacing and composition of patterned elements at the
nanometer level. A film of latex spheres was used to mask and protect discrete areas of the surface

from vapor deposition. Small, circular areas of uncovered substrate were exposed when the mask



was removed to provide a baseline for measuring the dimensions of surface assemblies of
organosilanes with atomic force microscopy (AFM). Interestingly, confined container sites of a
water meniscus which surrounds the base of the sphere mask proved to be hot spots for directing
the deposition of OTS to generate multilayered ring nanostructures. Beyond the steps of the initial
hydrolysis and subsequent condensation steps of organosilation reactions, these studies address
the nature of the interface and wettability factors which influence the association and placement
of silane molecules on surfaces.
1.4. Nanopatterning and Surface Characterizations of Photografted Aryl Thin Films
High-resolution AFM and nanolithography protocols were used to characterize the surface
structure and properties of photografted aryl thin films in Chapter 5. Preparation of robust organic
thin films that are resistant to thermal and oxidative degradation is a requirement for the
manufacture of highly efficient organic platforms for applications in molecular electronics.
Grafting of carbon-centered radicals produced by visible light catalysis, photografting, was used
to produce stable and robust thin films on gold substrates. The photografting approach was
combined with particle lithography to produce arrays of nanostructures on Au(111). Robust,
photografted films with aryl radicals can be attached to gold by Au-C bond, which are covalent
and thus can resist oxidative and chemical degradation. To prepare nanopatterns, discrete regions
of a gold substrate were protected with a surface mask of monodisperse silica spheres. Then the
masked substrate was exposed to aryl radicals produced by visible light photocatalysis reactions
by immersion in dilute solutions containing aryl halide, a photocatalyst and a reducing agent.
Visible light irradiation of the mixture formed aryl radicals that eventually grafted onto uncovered
areas of the gold substrate. The mask of silica spheres was removed by sonication in ethanolic

media to reveals a periodic arrangement of nanoholes formed within the photografted thin film.



The morphology and thickness of the nanopatterned films was characterized with AFM as a
strategy to optimize film quality. Protocols with nanoshaving were also applied to measure film
thickness and to evaluate the robustness of the photografted aryl films.
1.5. Studies of the Surface Self-assembly of Si-Octaethylporphyrin

The influence of silicon tetrachloride as a coupling agent for the surface assembly of
2,3,7,8,12,13,17,18-octaethylporphyrin (OEP) on Si(111) was investigated using atomic force
microscopy (AFM), as described in Chapter 6. Nanopatterned films of porphyrins were prepared
using particle lithography to evaluate the morphology, thickness and molecular orientation of Si-
OEP films. Porphyrins have a macrocyclic tetrapyrrole structure which may be functionalized with
various substituents. Modifications of the macrocycle, peripheral groups or bound metal ions can
generate a range of electrical and photoelectrical properties. When preparing surface films, the
planar macrocycles of porphyrins spontaneously self-associate to form stacked structures. This
natural capability of self-stacking poses a challenge for developing processes for molecular
patterning. When preparing films, porphyrins associate by electrostatic interactions between
macrocycles as well as physisorption to the substrate to form coplanar arrangements of stacks of
molecules, analogous to a stack of coins. The orientation of porphyrins on surfaces is also affected
by the nature of the peripheral substituents and their position on the macrocycle. We introduced
silicon tetrachloride to the porphyrin reaction vessel to mediate coupling between the surface and
porphyrins through covalent interactions. Protocols of particle lithography were used as a
nanoscale patterning tool to prepare well-defined surface structures and films of OEP. Our goals
are to correlate nanoscale properties (conductance, photocurrent generation) with designed surface
structures of porphyrins in which the coupling between the surface and porphyrins is mediated by

covalent interactions. Conceptually, by arranging and orienting the macrocycles of porphyrins with



defined orientation, local surface measurements can be address questions about how structure
influences properties.
1.6. Synthesis of Gold Nanoparticles Encapsulated with Si-Porphyrin

A new approach for preparing core-shell metal nanoparticles that are encapsulated with
porphyrins or phthalocyanines is described in Chapter 7, using strategies based on Si-O coupling
with SiCls. Our protocol for the synthesis of porphyrin encapsulated nanoparticles is based on
chemical reactions with silicon tetrachloride in a “one pot” reaction, covalently linking octaethyl
porphyrin (OEP) through Si-O bridges directly to the center of the macrocycle. Chromophores
such as porphyrins and phthalocyanines provide a way to introduce interesting electrical and
photophysical properties to nanomaterials.
1.7. Conclusions and Future Prospects

An overall summary of the dissertation as well as potential directions for future research is
provided in Chapter 8. Multiple SPM modes were applied for studying the structure and chemistry
of nanopatterns composed of organic thin films, porphyrins, and nanoparticles. To broaden the
scope of investigations, further experiments with current sensing and photocurrent modes of SPM
can be applied. Such studies will target a molecular-level understanding of chemical structure and
processes for material applications. Protocols can be designed to prepare samples on conductive
surfaces for characterizations with advanced SPM modes that are not as commonly employed due

to technical challenges and experimental difficulties.



CHAPTER 2. EXPERIMENTAL METHODS WITH SCANNING PROBE
MICROSCOPY

Scanning probe microscopy (SPM) refers to a family of nanoscale measurement and
imaging methods that require the use of a sharp probe to scan samples. Information is obtained of
physical and chemical forces which are plotted point-by-point to generate digital maps of 3D
morphology and surface chemistry. Multiple channels of information are acquired concurrently,
depending on the configuration of the instrument. Development of SPM began with the invention
of scanning tunneling microscope (STM) in 1981.* The inventors of STM, Gerd Binnig and
Heinrich Rohrer of IBM Zurich were awarded a Nobel prize in 1986. The imaging principle of
STM is based on electron tunneling between a metal probe and conductive sample over a short
gap, typically a distance measuring less than one nanometer. Atomically-resolved images of the
electronic structure of surfaces can be achieved in real space with STM for samples that are
conductive or semi-conductive. A few years later, a further SPM configuration was introduced for
characterizing nonconductive surfaces which is commonly known as atomic force microscopy
(AFM) developed by Binnig, Quate and Gerber in 1986.° The operation for AFM is based on
imaging a surface using forces interacting between a tip and sample, rather than tunneling current.
The operating principle of AFM is based on atomic forces (e.g. attractive, repulsive) between the
tip and sample, thus AFM is also commonly referred to as scanning force microscopy (SFM) and
the terms are synonymous. The experiments presented in this dissertation use SPM modes of AFM
for surface characterizations.

2.1. Operational Modes of Scanning Probe Microscopy: Historical Milestones

Unlike optical microscopes which require a lens, the resolution of SPM is not limited by

the wavelength of light, no lenses are required to focus light or electron beams. Modes of SPM

employ a sharp probe affixed to a cantilever to “feel” the surface. The interactions between the



tip and the sample are recorded and mapped point-by-point to form images of surface structures in
real time at scales from microns to nanometers. Experiments with SPM, have been designed to
measure conductive,® magnetic,’ thermal,® and photochemical,® properties for a range of samples
by configuring the instrument for selected operational modes. A summary of several SPM imaging
and measurement modes are listed in Table 2.1. The modes used for dissertation studies include
contact mode, tapping-mode, magnetic sample modulation, force modulation microscopy and
SPM-based nanofabrication.

Table 2.1. Milestones with SPM Imaging and Measurement Modes

Mode Parameters measured Feedback Inventors
Scanning tunneling Surface morphology Magnitude of G.Binnig and H.Rohrer
microscopy (STM) tunneling current (1981)*
Contact mode Topography, frictional Cantilever G.Binnig, C.F.Quate
AFM forces deflection and C. Gerber (1986)°
Non-contact Topography Cantilever Y. Martin et al.
AFM deflection (1987)%0
Magnetic force Topography, relatively Cantilever Y. Martin and
Microscopy (MFM) long-range magnetic deflection H.K. Wickramasinghe

forces (1987)1!
Force modulation Topography, elastic Cantilever Maivald et al. (1991)*
microscopy (FMM) response deflection
Tapping-mode Topography, elastic Amplitude of tip Q. Zhong (1993)%3
AFM response oscillation
Magnetic AC Topography, elastic Amplitude of tip W. M. Dougherty
or MAC-mode response oscillation (1996)1
Conductive Topography, local Cantilever T. W. Kelley et al.
probe AFM conductivity deflection (1999)*°
Magnetic sample Topography, vibrational Cantilever J-R. Li, B.R.
modulation (MSM) response to magnetic deflection Lewandowski, S. Xu
field and J.C Garno (2009)*®




2.2. Imaging and Measurement Modes of Scanning Probe Microscopy

The modes of SPM can be generally classified into three categories which describe the
operation of the probe in contact, non-contact or intermittent-contact.!” For contact mode, the tip
and sample are maintained in continuous contact, physically touching the sample in which the
interactions are dominated by van der Waal’s attractive as well as short-range repulsive forces. For
non-contact mode, the tip is kept at a discrete distance from the surface while measuring long-
range forces such as magnetic, electrostatic or van der Waal’s forces.’® In intermittent contact
mode, commonly referred to as tapping-mode, the cantilever is driven to oscillate near the
resonance frequency as the tip “taps” the surface. With tapping-mode, the stick-slip adhesion and
lateral forces between tip and surface are reduced to provide better resolution for imaging soft and
sticky samples. The shifts in phase and amplitude of the cantilever motion compared to a driving
signal provide mechanical information of elastic response and viscoadhesion.*?° The two most
commonly used modes of SPM, contact mode AFM (in air and liquid media) and tapping-mode
will be described in this chapter, as well as protocols for sample preparation. Two additional modes
used for studies in this dissertation will also be presented: magnetic sample modulation (MSM)
and force modulation microscopy (FMM).

2.2.1. Operating Principle of Contact Mode Atomic Force Microscopy (AFM)

Contact mode was first utilized by Binning et al. to achieve images of ceramic® and
graphite?! surface with atomic corrugations. In contact mode, the tip remains in continuous contact
with the surface and variations of the cantilever deflection are detected with a photodetector.
Experiments with SPM can be accomplished in ambient air, in liquid® or in a vacuum.? A
common characteristic of all of the methods of SPM is that a probe is scanned over the sample,

typically in a square raster pattern. The probe is used as a force sensor to measure interactions



between the tip and sample during scanning at scales from nanometers to microns. For contact
mode AFM, the interactive forces produce changes in cantilever deflection that can be detected
with a position sensitive detector (PSD). Topographic images are generated point-by-point by to
map the changes in tip deflection compared to an initial threshold force setpoint. Continuous
changes in tip deflection compared to the setpoint provide a feedback loop for adjusting the z
position of the tip during surface scans. Atomic force microscopy provides ultrasensitive
measurements in three dimensions, the horizontal X-Y plane and the vertical Z direction, with a
lateral resolution of 0.1 nm and a vertical resolution of 0.01 nm.?* It has been demonstrated that
atomic resolution can be achieved with a sharp tip for ultra-flat surface materials such as graphite,?
molybdenum sulfide,? inorganic crystals,?6-?" and metal oxides.?®

Probes for AFM can be fabricated from any material that can be shaped into a spring-like
cantilever. Tips are usually made of silicon (Si) or silicon nitride (SizN4) and measure 10 to 400
um in width and 0.3 to 2um in thickness. Tips can also be composed of metals, diamonds or carbon
nanotubes. There two basic geometries of AFM cantilevers, rectangular and triangular. A small
sharp tip is attached to a cantilever. The force constant and resonant frequency of the cantilever is
selected according to requirements for the sample to be studied and imaging mode. A typical soft
commercial AFM cantilever for contact mode AFM is made of silicon or silicon nitride (SizsN4)
with a radius ranging from 5 to 20 nm with spring constants less than 1 N/m.?° For tapping-mode,
the typical resonant frequency of probes ranges from 160 to 400 kHz, however softer cantilevers
with resonances below 100 kHz can be used for tapping-mode imaging in liquid environments.
Typically, the force constant chosen for vibration of cantilevers in ambient air is greater than 10

N/m.
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The basic setup for contact mode AFM is shown in Figure 2.1. To construct AFM images,
the vertical and lateral deflection of the cantilever is measured using a position sensitive
photodetector (PSD) comprised of four photocells. For contact mode, the beam of a diode laser is
focused onto the back of the cantilever. As the beam deflects off the back of the reflective
cantilever to the PSD, the laser position shifts in response to changes in deflection that occur as
the tip is scanned across a sample to profile topography. The position of the laser spot is used to

map changes in both topographical profiles (top minus bottom signals) and frictional forces that
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Figure 2.1. Overview of the basic instrument configuration for AFM.

act on the tip (left minus right segments). The PSD signal is part of a positional feedback loop to
adjust incremental voltages applied to the scanner. An initial force setpoint is established
experimentally to maintain a certain tip deflection. In the “scan-by-tip” configuration shown in
Figure 2.1, the AFM probe is mounted on a piezoceramic tube scanner to control the movement

of the cantilever. The same feedback mechanism is used for the “scan-by-sample” configuration,
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in which the sample is raster scanned against a fixed probe for AFM operation. Control of the force
applied to the tip is achieved by three-dimensional expansion or contraction of the piezoceramic
scanner. The offset of the tip or sample displacement is proportional to the voltage applied by the
feedback loop.*° To generate images, the changes in voltage are tracked in real time and translated
into pixels to form digital frames. For contact mode AFM, surface topography and lateral force
channels are acquired simultaneously.

A feedback loop is used to incrementally adjust a certain cantilever deflection and to
control the amount of force applied to the tip initially established as a force setpoint. Fluctuations
of the surface topography influence the vertical movement of the cantilever to displace the laser
spot to move up or down on the photodiode. The frictional forces from the sample influence torque
or bow of the cantilever parallel to the scanning direction to cause lateral displacement of the laser
spot on the left and right quadrants of the detector. The feedback loop sensitively tracks the
changes in tip motion. The feedback loop controls the motion of the piezo scanner in the z-direction
to bring the cantilever to its initial deflection and the setpoint force during scans.

The voltage signal measured with the feedback loop is concurrently translated into three
imaging frames: topography, deflection and lateral force channels as shown in the example of
Figure 2.2. The topography frame maps height changes with a color scale following the contours
of the surface; typically, darker colors are assigned to the shallower regions of the sample, and a
lighter color corresponds to taller regions. The deflection image shows the raw data in volts that
compensates for the changes of laser position controlled with the feedback loop. Deflection images
do not correlate with any physical property and are considered as the “error signal” in contact
mode imaging. Deflection images are useful for revealing the edges of surface features. The

torsional twisting of the tip that occurs due to the frictional forces between the tip and the sample
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is used to construct lateral force images.®:3? Color contrast in lateral force frames provide
information about differences in chemical composition and distinctly outline edges of surface
domains. A quantitative frictional force image can be obtained by subtracting the trace and retrace
lateral force frames

Nanoholes of uncovered Au(111) formed within a film of dodecanethiol were imaged in
ambient air using contact mode AFM (Figure 2.2). The sample was prepared using immersion
colloidal lithography, in which a film of monodisperse silica spheres were used as a surface mask.
After the spheres were rinsed away, the topography frame (Figure 2.2a) reveals 14 dark circles

exposing places that had been protected by a surface mask of silica spheres. The surrounding

Figure 2.2. Examples of imaging and measurement channels acquired with contact mode AFM.
(a) Topography (2x2 pm?); (b) deflection; (c) lateral force image. Images were acquired for a
sample containing nanoholes of uncovered Au(111) substrate within a film of dodecanethiol
prepared using colloidal lithography with silica spheres of 500 nm dimeter.

brighter areas are filled with a monolayer of dodecanethiol measuring ~ 1.5 nm in thickness. The
thickness of the dodecanethiol film corresponds to a V3xV3R30° commensurate structure with a
30° molecular tilt with respect to surface normal. The raw data in volts that compensate for
incremental changes of laser position that were controlled by the feedback loop are mapped in the
deflection image, Figure 2.2b. The color contrast in the lateral force image (Figure 2.2c) provides

ultra-sensitive maps of the differences in surface chemistry. The lateral force image reveals distinct
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outlines of the edges of surface domains and nanoholes. The tip experiences frictional forces as
the probe is scanned across the sample according to the functional groups at the interface which
enables maps of the chemical composition of thin film samples.

2.2.2. Acquisition and Interpretation of AFM Force-Distance Curves

A force-distance curve can be used to quantitatively measure tip-sample interactions?®: 33
as well as to gather information about additional chemical and physical properties of samples. Ma
et al. have reported a method to use the force-distance curve to measure the radial modulus of
DNA nanotubes.® Force-distance curve measurements were used to obtain the chemical structure
of perylene tetracarboxylic dianhydride single molecules adsorbed onto Si(111) surface as reported
by Iwata et al.*® Force spectroscopy with AFM has also been used to probe adhesion and elastic
characteristics of polymer® and biological samples.®’

The force interactions between the tip and the sample can be quantitatively measured and
profiled with force-distance curves.®-4% An example force-distance curve acquired in an ambient
environment is shown in Figure 2.3 for a sample of nanoholes within a film of dodecanethiol
nanoholes prepared on Au(111). The force-distance curve is a plot of the cantilever deflection with
respect to the position of the tip during an approach and retract cycle. A triangular waveform
voltage is applied to the piezoceramic scanner to enable an approach and retract cycle. The
deflection voltage is monitored during the cycle and later converted to force using Hooke’s law.*

F = -kx Equation 2.1
F =kcZc Equation 2.2
In Hooke’s law (equation 2.1), the force (F) applied on a stretched spring is calculated by
multiplying the spring constant (k) by the distance (x) to which the spring is stretched from its

equilibrium position. To calculate the force experienced by the tip from the sample during the
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acquisition of force-distance curve, the spring constant of the probe (k¢) is multiplied by the
magnitude of the cantilever deflection (Zc) as shown in equation 2.2.

The attractive and repulsive forces that tip exerts on the sample can be categorized into
regions as indicated in Figure 2.3. When the tip is far away from the sample (1) at the beginning

of the approach curve, no interactions are present. As the tip approaches closer to the sample, weak
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Figure 2.3. Force-distance curve acquired in air with a SisNa4 tip (force constant 0.2 N/m) with a
sample of nanoholes within a dodecanethiol film on Au(111). The cantilever deflection is
represented on the left for points during the approach (blue) and retract (red) cycle.

interactive forces begin to interact with the tip. This first interaction zone is known as the attractive
region of the force-distance curve. Upon approaching, the tip snaps on to contact (I1) due to the
increasing influence of van der Waals as well as electrostatic forces. This produces the small dip
of the curve found in region Il. The tip is in direct contact with the sample in region 111 and begins
to experience the buildup of repulsive forces. As the tip presses further towards the sample, the
strength of repulsive forces will also increase to cause the cantlever to bend. Once the maximum

deflection assigned by user setpoint is reached, the retraction cycle begins, indicated at region IV.
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The area where repulsive forces are dominant is classified as the repulsive domain. Even
though the tip is moving away from the surface, it remains in contact due to adhesive forces (region
V) to make the cantilever bend downwards. As the deflection reaches a maximum threshold and
the gap between the tip and the sample is far enough, the tip will snap out of the contact. As the
tip is moved further away from the sample it shows the flat slope of region VI where there are no
forces exerted. During contact mode imaging, the dominant forces occur mainly in the repulsive
region of the force-distance curve in which the tip is placed directly on the surface, whereas for
the tapping-mode the interaction forces lie in the attractive domain.

2.2.3. Liquid Imaging with AFM

Experiments conducted in liquid media with AFM have enabled improvements for imaging
resolution with minimal sample damage by eliminating the capillary and van der Waals forces
between the tip and the sample.®® Both contact*! and tapping-mode*?*3 AFM experiments have
been conducted in liquid media. When the AFM tip is immersed in liquid, the resonance frequency
of the cantilever is shifted downfield which reduces the overall vibrational noise that could
interfere during imaging.***° Liquid imaging was first introduced by Marti et al. demonstrating
that better resolution can be obtained for samples of graphite and NaCl crystals covered with
water.* The capability of operating in liquid media for AFM studies was employed by Asakawa
et al. to image the surface structure of TiO, nanoparticles with subnanometer resolution,*’ and
Fukuma et al. reported successful imaging of polydiacetylene with molecular resolution.*® Further
advantages of liquid imaging are enabled for studying biological samples under physiological
conditions.*® Experiments can be conducted in situ for macromolecules such as fatty acids for

studies of self-assembly mechanisms.**
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The experimental setup for liquid imaging incorporates an uncovered polycarbonate liquid
cell which is mounted on the sample stage (Figure 2.4). The sample is placed inside the liquid cell
and secured by placing the metal ring on it. A syringe filled with the liquid of interest is connected
to the liquid cell through a tube and it maintains a continuous supply of liquid throughout the

experiment. A force-distance curve obtained for a contact mode experiment conducted in an

b

Figure 2.4. Photographs of the liquid cell used for in situ AFM studies. (a) Top view and (b) side
view.

ethanolic media with a sample of dodecanethiol nanoholes films on Au(111) is shown in Figure
2.5. The attractive capillary forces during a retractive cycle are eliminated by imaging in liquid,
comparing the snap out zone (region V) for Figure 2.3 and Figure 2.5. A substantial reduction of
adhesive and capillary forces during a retractive cycle can clearly be seen in Figure 2.5 when AFM

imaging is done in liquid media.
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Figure 2.5. Force-distance curve acquired in ethanol with a silicon nitride tip (force constant 0.2
N/m) for a dodecanethiol SAM prepared on Au(111).

2.2.4. Operating principles of Tapping-Mode AFM

Tapping-mode, also known as acoustic AFM (AC-AFM), is a dynamic mode of AFM that
is often helpful to improve resolution for imaging delicate or soft and sticky samples. The shear
forces and stick-slip adhesion of a probe operated in contact mode can cause perturbation of the
surface or may damage soft, fragile samples. Such forces are eliminated with tapping-mode
AFM.® In tapping-mode, the AFM cantilever is driven to oscillate close to its resonant frequency
sufficiently close to the surface such that it intermittently is driven into contact with the surface,
and then is disengaged to “tap” the surface. A small piezo-actuator element is placed within the
cantilever holder or nosecone (Figure 2.6) to drive the tapping of the cantilever. By driving the tip

to quickly touch the surface mitigates the problems caused by stick-slip adhesion and transient
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interfacial binding of the probe to the surface that is caused by frictional forces. The feedback loop
of tapping-mode is configured to maintain a constant amplitude of the cantilever compared to an
initial setpoint value of the driving signal. As the tapping tip is scanned across a sample, the
topography height changes influence the oscillation of the cantilever. Shifts in the amplitude and
phase of the cantilever oscillation are plotted to generate mechanical information of the sample
using a lock-in amplifier. The feedback loop controls the tip oscillation, referencing signals from
the PSD compared to the driving signal to make incremental adjustments of the tip-sample

separation to maintain a constant amplitude.
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Figure 2.6. Basic set-up for tapping-mode AFM using a scan-by-tip instrument configuration.

With intermittent tapping-mode AFM, the voltage signal adjustments are converted to
digital images as topography and phase frames which are concurrently acquired (Figure 2.7). In
addition to 3D information of surface morphology obtained with topography images (Figure 2.7a),

phase channels are generated with tapping-mode AFM. The phase channel is derived from changes
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in the phase angle of tip oscillation, and does not correlate directly with mechanical properties.
Since the amplitude signal (Figure 2.7b) is used for positional feedback with tapping-mode,
interpretable amplitude frames are not produced for data analysis. Phase images (Figure 2.7¢c)
indicate the shifts in phase angle for the tip motion compared to the driving signal and the actual
cantilever oscillation of the probe. Shifts in the phase of tip motion are caused by changes in
adhesive and elastic response of the sample. Therefore, phase frames provide sensitive maps of
the local chemistry of domains that have differences in surface chemistry to compare side-by-side

with topography images.>°-5!

0 Snm

Figure 2.7. Imaging frames acquired with tapping-mode AFM. (a) Topography (2x2 um?); (b)
amplitude; and (c) phase image. Images were acquired with a sample of nanoholes within a
dodecanethiol film on Au(111).

The resonance frequency of SisN4 cantilevers used for tapping-mode is typically between
50-400 kHz. An example amplitude response curve (AC tuning curve) for a frequency sweep using
a SisNg cantilever is shown in Figure 2.8, revealing a prominent resonance peak at 290.5 kHz. The
AC tuning curve is acquired at the beginning of a tapping-mode experiment to determine the
optimum frequency parameters for imaging when the tip is not engaged with the surface. By
scanning through a range of frequencies and monitoring the amplitude of oscillation via the

photodiode signal, a peak near the resonance amplitude is selected for imaging. The amplitude of
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the cantilever is dampened when the tip is placed in contact with the sample. Therefore, a
frequency that is slightly lower than the resonance peak with a lower amplitude value is selected
as the actual driving frequency for imaging. The net forces exerted by the tip are considered to

occur in the repulsive regime of the force-distance curve for tapping-mode experiments.>2->3
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Figure 2.8. Frequency sweep acquired in air with tapping-mode SisNa tip (force constant 40 N/m)
for a sample of nanohole patterns within dodecanethiol on Au(111).

2.2.5. Combining Magnetic Sample Modulation with Contact Mode AFM

Magnetic sample modulation (MSM) AFM is a combination of contact mode atomic force
microscopy combined with actuation of magnetic areas of a sample. The MSM mode has been
applied for studies of magnetic materials such as ferritin,> iron nanoclusters!® > and composite
FeNis nanoparticles.®® A non-magnetic probe is required for MSM-AFM, the magnetic areas of the
sample are driven to vibrate in response to an external AC electromagnetic field. In contrast,
magnetic force microscopy (MFM) requires a tip that is coated with a thin magnetic film of Co,

Fe or an alloy for operation in noncontact mode.>’® The strength of the magnetic field of the
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sample must be sufficiently strong to deflect or attract a micrometer-sized cantilever to enable
mapping of the magnetic domains. The magnetic tip is lifted above the surface at discrete distances
to sense the relatively weak, long-range forces of magnetic areas. During lift mode operation, the
MFM tip will deflect according to the magnetic polarity to map both the strength and polarity of
magnetic domains. The bulky underside metal coating produces a relatively blunt probe, which
limits the resolution of MFM to around 300-500 nm. Other SPM magnetic modes such as magnetic
resonance force microscopy (MRFM), 5°-%° and magnetic AC (MAC-mode)®*% require the use of
tips with a magnetic coating. A key difference for the imaging strategy applied for MSM is that a
magnetic tip is not required, instead of measuring magnetism directly, the sample motion is
detected by a non-magnetic probe.

For studies with MSM mode, a non-magnetic lever operated in contact mode is combined
with sample modulation induced by an oscillating magnetic field. A commercially available MAC-
mode sample stage generates an alternating magnetic field with the application of AC current to
the wire coil solenoid. When a current carrying wire is formed into several loops to form a coil, a
magnetic field develops that flows through the center of the coil along the longitudinal axis and
circles back around the outside of the loop or coil, as shown in Figure 2.9. The strength of the
magnetic field of the solenoid increases proportionately as the current is increased. The magnetic
field lines circling each loop of wire combines with the fields from the other loops to produce a
concentrated field down the center of the coil. The AC current generates a magnetic field which
alternates in polarity and strength according to the frequency and amplitude parameters of the
driving current. With the Mac-mode stage, samples are placed close to one end of the solenoid to
experience the strongest flux of the AC electromagnetic field. Magnetic nanostructures are induced

to vibrate in the electromagnetic field providing selective contrast for the magnetic areas that are
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in motion. The changes in MSM phase and amplitude relative to the driving AC signal are detected
and mapped with the MSM to identify areas of the magnetic domains. Example MSM-AFM
images are shown in Figure 2.9 for amplitude (Figure 2.9a) and MSM phase (Figure 2.9b) channels
which are simultaneously acquired with topographs. During the first half of the scan, vibration of
magnetic Ni nanostructures can be mapped out in both frames. However, when the AC current was
turned off halfway through image acquisition the vibration of the sample can no longer be detected.
No features can be resolved in the lower part of the image with the field turned off. Dynamic

changes can be studied by tailoring the magnetic field strength and frequency. With MSM-AFM,

MSM-Amplitude

AC field ON

:;4;'." 2 =

Electromagnetic field ON

MSM-Phase

Figure 2.9. Set-up for contact-mode AFM operation with MSM (left). Example results with (a)
MSM-amplitude and (b) MSM-phase channels when the AC electromagnetic field was turned
on and then turned off halfway through the scan. The sample shows an array of Ni nanorings,
acquired with 234 kHz and a field strength of 0.2 T.
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extreme sensitivity is achieved for slight changes in tip movement because a lock-in amplifier is
used to acquire the amplitude and phase components of the deflection signals. The field strength
for MSM s on the order of 0.05 to 0.6 Tesla, and high-field permanent magnets are not required
for measurements. For the instrument set-up of MSM, positional feedback for the scanner is not
changed and the typical force-deflection settings for scanning in contact mode are used for
topographic data acquisition. To obtain amplitude and phase components of the tip motion, an
auxiliary output channel from the quadrant photodiode of the AFM scanner is directed to input
channels of a lock-in amplifier, using the driving AC waveform as a reference. Thus, the periodic
motion of the sample vibration can be tracked by changes in the deflection of the tip. The changes
in phase angle and amplitude as the tip interacts with the vibrating sample are plotted as a function
of tip position to create MSM phase and amplitude images. With each MSM experiment, control
spectra are also acquired to monitor the tip trajectory and its free amplitude as the AC field is
ramped when the tip is lifted from the surface, and when the tip is placed at non-magnetic locations
of the sample such as for bare areas of the substrate.

2.2.6 AFM Studies with Force Modulation Microscopy (FMM)

Force modulation microscopy (FMM) is a widely used AFM mode for studying the
mechanical characteristics of samples, which was introduced by Maivald et al. in 1991.%2
Information of elastic and viscoelastic®% properties as well as quantitative measurements of
Young’s modulus®”-% can be investigated at the nanoscale. The FMM mode has been applied to
study polymers,5-7° organic thin films,’*"2 proteins,”® agar gels,’* biomolecules,” cells,”® and
metal alloys.””

For operation with FMM, the tip is held in continuous contact with the surface, similar to

contact mode using a force setpoint for feedback (Figure 2.10). The sample is driven to vibrate in
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Figure 2.10. Instrument setup for FMM mode of operation.

the z direction by a piezo actuator within the sample stage. As the sample vibrates, the force
between tip and sample is modulated resulting in an amplitude and phase shift of the output signal,
which is determined by local differences in sample elasticity. As the tip is traced over a hard
surface, the amplitude response is slightly greater in magnitude compared to the driving signal. On
the other hand, when the tip traces across a soft region, the amplitude is reduced because the
oscillation is absorbed or dampened. A feedback loop is used to maintain a constant cantilever
deflection during imaging to generate topography frames, in the same manner as with contact-
mode AFM. Both the amplitude and phase shifts of the PSD signal are mapped to form digital
amplitude and phase images concurrently with topography. Local variations in the elastic

properties of samples are mapped with high sensitivity and the nanoscale with FMM amplitude

and phase images.
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2.3. Protocols for Nanolithography Based on Scanning Probe Microscopy
Nanolithography methods have been applied to fabricate surface patterns with dimensions of

nanometers using lithography modes of SPM. In methods of scanning probe lithography (SPL),
the AFM probe is used to alter the arrangement of nanomaterials on surfaces to produce designed
nanostructures. Examples include dip-pen nanolithography (DPN),”® nanoimprint lithography
(NIL),” nanoshaving,®® and nanografting.8* Mechanisms used for scanning-probe based
nanolithography include molecular diffusion, etching, bias-induced surface oxidation and
molecular replacement. Nanoshaving and nanografting protocols with self-assembled monolayers
(SAMs) of n-alkanethiols were used for studies in this dissertation and will be detailed in this
section. After patterning, nanopatterns can be further r functionalized with site-selective chemical
reactions to attach molecular adsorbates,® DNA,%-#* proteins,® or nanoparticles.®®
2.3.1. Patterning Surface Films by Nanoshaving

When imaging with AFM probes, typically a minimum force is applied to the sample, to
prevent damage to the sample. However, when applying greater forces, the AFM tip can be used
as tool for inscribing nanopatterns with a process that is typically referred to as nanoshaving. The
displacement of n-alkanethiol molecules chemisorbed onto Au(111) surfaces (nanoshaving) was
first demonstrated by Liu et al. by using a SisNa tip with applied force up to 300 nN.%” Nanoshaving
has been accomplished successfully with self-assembled monolayers of alkanethiols,®
alkylsilanes,®°-%° phospholipids,® polymer thin films®? and photografted aryl thin films.*

The main steps of nanografting are shown in Figure 2.11. First, the surface is scanned with

low force in contact mode (Figure 2.11a) to locate an area that is relatively flat without surface
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defects or contaminants. Next, nanoshaving is accomplished by exerting a high force and sweeping

the probe multiple times (Figure 2.11b) across the sample. The sweeping action with high force

@ k
Rakichrincenm mrl R

Figure 2.11. Steps of nanoshaving. (a) Initial characterization under low (nonperturbative) force;
(b) nanoshaving is accomplished by increasing the force to remove molecules under the probe; (c)
returning to low force, the shaved area can be characterized in situ.

displaces molecules following the track of the AFM probe to inscribe a nanoscale pattern. The
parameters for the amount of force and number of line sweeps need to be tuned for each
experiment, depending on the nature of the sample. Nanoshaving can be done in both ambient
conditions and in liquid. If the experiment is conducted in air, displaced molecules tend to pile up
along the edges of nanoshaved area. However, in liquid media, the shaved molecules are mostly
dissolved away to produce clean edges. Complex designs can be generated using lithography
automation software.®* After completing the nanoshaving step, the area can be characterized in
situ by returning to low, nondestructive force (Figure 2.11c).

An example experiment for nanoshaving is presented in Figure 2.12, showing an
arrangement of letter nanopatterns nanoshaved within a film of dodecanethiol on Au(111) under
ethanolic media. The darker areas of the nanopatterns within the topography frame (Figure 2.12a)
indicate the uncovered gold substrate surrounded by the decanethiol SAM (bright contrast). The

local thickness can be measured by placing a cursor profile across the nanopattern. The thickness
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measured 1.4 £ 0.4 nm, referencing the uncovered substrate as a baseline (Figure 2.12c). This
value matches closely with the expected thickness (1.56 nm ) of dodecanethiol/Au, assuming a

molecular tilt of 28°.%°

(7]
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Figure 2.12. Letter patterns nanoshaved within a dodecanethiol SAM. (a) Topograph (0.9x0.9
um?), (b) simultaneously acquired lateral force image; (c) cursor profile for the white line in a.
The experiment was accomplished using contact mode AFM in ethanolic media

2.3.2. Protocols for Nanografting

Nanografting is accomplished in liquid media containing selected “ink” molecules by
applying mechanical force to simultaneously shave areas of thiol SAMs and replace with fresh
molecules from solution. Nanografting was introduced in 1997 by Xu et al.8 Since alkanethiols
bind through chemisorption to metal substrates, the tip can be used to shave areas of the films by
breaking Au-S bonds. Nanografting has not been successful with systems that are not thiolated
such as alkylsilanes, which form robust, covalent bonds to substrates. Nanografting has been
applied successfully with n-alkanethiols,®-" certain metalloproteins,®® and thiolated DNA 8
Advantages of nanografting are that the same probe can be used in situ for successive steps of
imaging and characterization, enabling side-by-side characterizations of molecules with selected
chemical functionalities. The local structure of proteins that are linked to nanografted patterns has

been investigated.®> %°
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Nanografting is performed in liquid media containing molecules to be patterned (Figure
2.13). The basic steps for nanografting are accomplished in situ using the same probe for
fabrication and imaging. In the first step, a small force is applied to the tip to enable AFM imaging
to locate a suitable area of the sample for patterning (Figure 2.13a). The force is chosen so that
surface molecules are not perturbed or damaged. In the second step, a higher force is applied to

selectively remove areas of the matrix SAM, while the molecules from solution self-assemble

>
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Figure 2.13. Steps of nanografting accomplished in liquid media containing ink molecules for
patterning. (a) Initial scans are acquired with low force; (b) with higher force applied to the tip,
nanografted patterns are produced by nearly simultaneous removal of surface molecules and
replacement with new molecules from solution; (c) returning to low force, the nanopatterns can be
characterized in situ.

immediately following the scanning track of the probe (Figure 2.13b). Returning to low force in
the final step, the nanografted designs can be characterized in situ (Figure 2.13c). When selecting
a solvent to dissolve the molecules for nanografting experiments, ethanol, butanol and water are
suitable to minimize evaporation in the open liquid cell. Solvents which evaporate quickly such as
dichloromethane or toluene do not work well for nanografting protocols.

An example nanografting experiment is presented in Figure 2.14 showing a square of
octadecanethiol written within a SAM of dodecanethiol on Au(111). A square pattern (150x150

nm?) was nanoshaved within dodecanethiol using a scan rate of 30 lines/second and an applied
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force of 10 Nn. The sample was immersed in a liquid cell filled with a 102 M solution of
octadecanethiol in ethanol. As molecules of dodecanethiol under the tip were shaved away under
high force, molecules of octadecanethiol assembled immediately following the scanning path of
the probe. The edges of the nanografted area are outlined in the concurrent lateral force image
(Figure 2.14b). The height of the nanografted square measured 1.2 + 0.2 nm taller than the matrix
SAM (Figure 2.14c). The theoretical thickness of octadecanethiol and dodecanethiol are 2.22 nm
and 1.56 nm respectively.% Thus, the overall height of the nanografted molecules would measure
(1.2 + 1.56) 2.8 £ 0.6 nm in this example. This value is taller than would be expected, however
there are five concentric steps arranged from left-to-right across the pattern, each measuring 0.2

nm. A flatter area of the substrate would be needed for accurate measurements of film thickness.

WM; j 0.1 0.2 0.3 0.4
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Figure 2.14. Nanografted square of octadecanethiol written within a dodecanethiol film on
Au(111) in ethanolic media. (a) Topography frame (150x150 nm?); (b) lateral force image; (c)
cursor profile for the line drawn in a.

2.4. Self-Assembled Monolayers (SAMs) of Organosilanes and Organothiols

Self-assembled monolayers (SAMs) are molecular assemblies that form spontaneously on
solid surfaces such as glass, semiconductors, metals and metal oxides. Molecular self-assembly
has been studied both from gas and liquid phase using a broad range of experimental approaches.

The interface of SAMs can be precisely tuned to form the desired chemical functionalities. The
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general structure of a SAM consists of three parts: an end group which forms a chemical bond or
a strong molecule-substrate link to the surface; a backbone of alkyl or aryl chains that act as a
spacer; and a terminal functional group.'® The terminal groups of the molecules provide chemical
functionality to the interface of the SAM. The wettability, adhesion and reactivity of the surface
are determined by the choice of terminal groups. The properties of SAMs have been applied for
applications which include organic electronic devices,*®* biosensors,'% corrosion inhibition,'% and
microfabrication.1%

Molecular classes of SAMs that have been investigated include organosilanes,'®
organothiols,'% alkylsulfides,?” xanthates,'% diamines,** arylthiocyanates'® and peptides.''! The
SAMs used this dissertation are organosilanes and organothiols (Figure 2.15 and 2.16). Well-
organized monolayers formed by solution phase adsorption of silane molecules onto glass
substrates were first reported and described by Jacob Sagiv in 1980.1*2 Surfaces such as glass,
quartz, silicon, mica and metal oxides present free hydroxyl groups for generating organosilane
SAMs. The covalent network of organosilane bonds is highly stable and robust. Organosilane
SAMs are formed by a hydrolysis reaction with the trace amounts of water. The hydrolyzed silanes
bind to the surface through a condensation reaction to form Si-O-Si bonds to the substrate as well
as forming intermolecular linkages between adjacent silane molecules. Such molecular self-
associations lead to branching during polymerization which can produce to disordered films and
multilayers.1% 112 Water and the surface wettability have a direct influence on the resulting density
and overall structure of the monolayer. Anhydrous solvents are used for making organosilane
SAMs to minimize the presence of water for solution phase reactions with organosilanes, however
it can be difficult to control the amount of water for vapor phase processes with organosilanes.

Alkane chains of densely packed organosilanes SAMs orient upright from the surface with a tilt
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angle of approximately 15° with respect to the surface normal (Figure 2.15).1%° The geometry,

surface coverage and the packing of silane SAMs are highly dependent on temperature,**

Silicon Substrate
Figure 2.15. General structure for SAMs of organosilanes.

humidity,'*® the nature of the solvent,''¢" and the amount and the surface distribution of
Water.118—119

The first studies of the self-assembly of organic disulfides on Au(111) through
spontaneous absorption was reported by R. G. Nuzzo and coworkers in 1983.1%° Alkanethiols have
a strong affinity to bind to noble and coinage metal surfaces such as Au, Ag, Pt, Pd, and Cu through
chemisorption. The basic structure of an alkanethiol molecule consists of three parts: the sulfur
group, a carbon backbone and the terminal functional group. During surface self-assembly, the

sulfur binds to a gold surface through chemisorption to form a commensurate structure. The carbon
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chain provides a spacer to design the thickness of the films. Intermolecular (van der Waals) forces
between adjacent carbon chains facilitate a high packing density. Functional groups such as
methyl, alcohol, esters, carboxylic acids or amides can be used as the terminal group of n-
alkanethiols. Protocols for preparing SAMs are to immerse the substrate in dilute solutions of
alkanethiols to produce highly reproducible, crystalline films. The solution self-assembly of n-
alkanethiol SAMs on gold surfaces occurs in two steps: a physisorbed, lying-down phase and an
upright configuration. The first phase of alkanethiol self-assembly produces a film of physisorbed
n-alkanethiol molecules lying-down on the gold surface with the carbon backbone aligned parallel
to the substrate. A phase transition occurs when the surface coverage is saturated and thiol
molecules rearrange to form the crystalline phase with a standing up configuration.*?*?2 Within

alkanethiol SAMs, the molecular backbone is tilted 30° relative to the surface normal, as shown

30° (\/3 ><\/3)R30°

) |

Figure 2.16. Generalized chemical models for SAMs of organosilanes. (a) Side-view and (b) top
view of the commensurate lattice structure of alkanethiols formed on Au(111).
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in Figure 2.16a. Molecules of alkanethiols spontaneously self-assemble to form a close-packed,
commensurate (V3 x\3)R30° lattice shown in Figure 2.16b. The sulfur groups are considered to
bind at triple hollow sites of Au(111) through chemisorptive Au-S bonds.

Typical surface features of an alkanethiol SAM of dodecanethiol formed on Au(111)
acquired with contact mode imaging in ethanolic media are shown in Figure 2.17. Views of
multiple irregularly shaped terraces of the underlying gold surface can be visualized in the
topography frame of Figure 2.17a. A close-up view of gold terrace steps is shown in the zoom-in
topograph of Figure 2.17b, with each step measuring a monoatomic height. The cursor profile in
Figure 2.17c indicates close agreement with the expected value for step height measuring ~0.22

nm in height.!%
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Figure 2.17. Dodecanethiol SAM on atomically flat Au(111) viewed with contact mode AFM,
acquired in ethanol. (a) Topograph of 4x4 pum? area; (b) gold atomic steps are resolved in a
magnified area (0.5%0.5 pm?); (c) cursor profile for the line profile drawn across a monoatomic
gold step shown in b.

2.5. Nanostructures Prepared with Particle Lithography

Particle lithography, also referred to as colloidal lithography*?*?°> and nanosphere
lithography*?51?” has been used to prepare nanopatterns of proteins,>* silane SAMs,'?* thiol
SAMSs,*?8 metal films,*?° and nanoparticles.'?® Particle lithography was first introduced as “Natural

Lithography” by Deckman and Dunsmuir in 1982, in which the authors demonstrated arrays of
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densely-packed spheres of polystyrene were formed spontaneously on aluminum substrates.**

Approaches with particle lithography enable the simultaneous construction of millions of
nanopatterns on surfaces to produce uniform geometries over relatively large areas using a few
basic chemical steps with colloidal particles.

All of the protocols for colloidal patterning require a surface mask or template of
monodisperse silica or latex spheres. A surface mask is prepared by depositing a suspension of
monodisperse colloids onto a flat substrate, which is then dried. The mask can also be prepared by
spin-coating or Langmuir processes to promote crystallization. During the drying step,
hydrodynamic and capillary forces pull the spheres together to form a close-packed layer. Example
AFM images of the close-packed arrangement of silica spheres are shown in Figure 2.18, which

formed spontaneously by drying an aqueous colloidal suspension in ambient air. The images show

0.4 0.8 1.2 1.6
Distance (um)
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Figure 2.18. The closed-packed arrangement of silica spheres with 500 nm diameter. (a)
Topograph (6x6 pm?) of silica spheres acquired with tapping mode; (b) magnified topograph (3x3
um?): (c) cursor profile for the line in b.

the uppermost layer of a multilayer film, there are a few imperfections such as vacancies and shifts
in registry (Figure 2.18a). In the close-up view of Figure 2.18b, the closed packed hexagonal
arrangement of silica spheres is apparent. The cursor profile in Figure 2.18c shows height and

distance changes along the line drawn on Figure 2.18b. Eventhough, the diameter of the spheres

is 500 nm, the cursor profile doesn’t show the true height. This is because the AFM tip cannot
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reach to the bottom of the spheres due to the tight packing of the spheres. However, the distance
between two adjacent spheres is measured closer to 500 nm. Vapor phase molecules or
nanomaterials are deposited through the colloidal mask to form surface patterns. The areas where
the spheres are in contact with the surface prevent the deposition of materials at protected sites.
Sonicating in a solvent or stripping is used to remove the particle mask to generate nanostructures.

For dissertation experiments, protocols of particle lithography combined with self-
assembly of organosilanes and organothiols were used to prepare high-throughput arrays of model
surface structures. The areas that were uncovered when the sphere mask was removed were used
as nanocontainers for the selective deposition of other molecules and nanomaterials.

Two example experiments with immersion particle lithography are shown in Figure 2.19.
A masked substrate was immersed in a dilute solution of ethanol and octadecyltrichlorosilane
(OTS) in anhydrous toluene to form patterns of nanoholes. In this example, the masked sample
was annealed by heating at 150 °C for 24 h to secure the spheres onto the surface to sustain the
attachment of particles of the surface during solvent immersion. Upon immersion, the molecules
of alkylthiols or alkylsilanes self-assembled onto the exposed areas on the substrate surrounding
the beads of the mask. The spheres were removed by steps of sonication in water and ethanol. The
patterns of nanoholes produced by immersion particle lithography are shown for dodecanethiol in
Figure 2.19a. The dark circles in the topography frame of Figure 2.19a indicate circular areas of
the uncovered gold substrate that had been protected by the spheres of the particle mask. A few
dark scars are apparent within the dodecanethiol SAM, which are typical features of an alkanethiol
SAM. The features of the underlying substrate can be vaguely resolved, such as gold terraces and
step edges. There are 46 nanoholes in the 4x4 um? scan area. The average diameter of the

nanoholes measured 100 + 20 nm (n=40), and the average depth measured the thickness of a
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monolayer,1.4 + 0.3 nm (n=40). Frictional contrast is mapped in the concurrently acquired lateral
force image of Figure 2.19b. The tip-surface interactions within gold areas of nanoholes have
different chemical contrast compared to the surrounding areas of the methyl-terminated SAM.

In the second example (Figure 2.19c), nanoholes were formed within an OTS SAM on
Si(111) using immersion particle lithography. There are 40 circular dark holes of Si(111) that were

uncovered after rinsing away the surface mask of silica spheres, shown within the 4x4 pm?

Figure 2.19. Nanoholes within a SAM of dodecanethiol prepared on Au(111) (top row), and within
OTS on Si(111) (bottom row). Protocols with immersion particle lithography were used to prepare
the samples. (a) Contact mode topography image (4x4 um?) of nanoholes within dodecanethiol;
(b) corresponding lateral force image of a; (c) topography image (4x4 um?) of nanoholes within
OTS SAM,; (d) lateral force image for c. Samples were prepared using 500 nm silica spheres as a
surface mask.
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topography frame of Figure 2.19c. The average diameter and the depth of nanoholes measured 100
+ 30 nm and 2.0 £ 0.3 nm, respectively (n=40). The overall surface coverage of OTS is ~ 91%.
Pixel counting with a manual threshold was used for estimating surface coverage. The remaining
areas of uncovered substrate can be used for depositing molecules or nanomaterials in further
patterning steps. The differences in surface chemistry are mapped in the concurrently acquired
lateral force image of Figure 2.19d, disclosing the specificity of patterning for OTS.

When preparing surface masks, slight changes in the drying step will produce distinct
surface geometries of holes or ring nanopatterns. The mechanisms of surface wetting are discussed
in Chapter 4 for the vapor/solid interface. The surface geometry that is produced by colloidal
lithography with organosilanes depends sensitively on the localization of trace amounts of water
persisting on the substrate. The confined, narrow regions of meniscus sites at the base of the
spherical particles can trap water deposits to form nanorings. Example images of nanoholes and
nanorings are demonstrated in Figure 2.20 with OTS. Using particle lithography with immersion
ina 0.1 % (v/v) of OTS solution in anhydrous toluene produced nanoholes within a surface film
(Figure 2.20a). Heated vapor deposition of OTS generated surface structures of nanorings, shown
in Figure 2.20b. The shapes and edges of the surface patterns can be sensitively resolved in the
concurrently acquired phase images (Figures 2.20c,d). In essence, the localization of water on the
surface drives the surface attachment of organosilanes to self-assemble in wetted areas surrounding
the particle mask. A few imperfections are evident in areas with missing spheres, however in the
overall view, exquisitely regular, periodic arrangements are apparent which have highly uniform

geometries at the nanoscale, for areas spanning microns of the sample.
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Figure 2.20. Patterns of nanoholes and nanorings of OTS prepared on Si(111) using particle
lithography. Tapping-mode topographs of (a) nanoholes within an OTS SAM; (b) nanorings of
OTS; (c) phase image simultaneously acquired with a; (d) phase frame for b. Images were acquired
with tapping mode AFM for samples prepared with silica (for nanoholes) and latex (for nanorings)
with 500 nm diameter.

2.6. Summary

Nanopatterning protocols furnished a practical strategy for investigating mechanisms of
chemical assembly on surfaces, for the experiments described in this dissertation. Protocols with
particle lithography were used to prepare model interfaces for the AFM experiments presented in
Chapters 3-7. Nickel nanorings were prepared with particle lithography combined with electroless

deposition in Chapter 3 for studies with MSM-AFM. Studies of the role of the wettability at the
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interface for surface reactions was examined using organosilane as a tracking molecule to map the
water distribution on hydrophilic and hydrophobic surfaces in Chapter 4. Scanning probe-based
nanolithography and particle lithography protocols were used to study surface films prepared by
photografting aryl iodides in Chapter 5. Surface linkage of porphyrins onto planar Si(111) surfaces
and nanoparticle surfaces was examined in Chapter 6 and Chapter 7. Particle lithography was
applied to nanopattern the porphyrins to facilitate ultrasensitive measurements with scanning probe
microscopy. Tapping-mode and contact mode AFM imaging were used to characterize
nanopatterns ex situ after key reaction steps in each Chapter. Force modulation microscopy was
applied to examine differences in elastic properties of phthalocyanine nanostructures in Appendix

G.
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CHAPTER 3. NICKEL NANOFILMS ELECTROLESSLY DEPOSITED ON
ORGANOSILANE NANORINGS AND CHARACTERIZED BY CONTACT
MODE AFM COMBINED WITH MAGNETIC SAMPLE MODULATION"

3.1. Introduction

Patterning approaches for preparing ring-shaped nanostructures of metals has become an
active area of research, providing models for fundamental studies of the relationship of reduced
dimensions with associated size-dependent magnetic'3-133 and optical*****> properties. Magnetic
states, magnetization reversal and optical properties are strongly dependent on the thickness,
diameter and composition of metal nanostructures.’**3" Nickel coatings offer properties of
corrosion resistance, hardness, and wear resistance for commercial applications. In addition, nickel
is an element that is ferromagnetic at room temperature which offers capabilities for magnetic
separations,138-139

Processes for fabricating metal nanorings include electron-beam#%-142 and nanoimprint43-
145 lithography. Chemical approaches for nanofabrication with colloidal lithography (also referred
to as particle lithography) have been developed to prepare arrays of Ni nanorings using
electrodeposition.t3® 146 For example, an approach using colloidal lithography combined with
electrodeposition of Ni, Co, bimetallic Ni/Au, CdSe, and polydopamine was reported by Cho, et
al. for preparing metallic, semiconducting and insulating nanorings.'*® With colloidal lithography
methods, the use of a mask of size-sorted latex or silica spheres offers architectural control of the
dimensions and spacing of nanorings, by selecting the diameters of spheres.*”"14 To prepare a
surface mask, suspensions of monodisperse colloidal particles can be dried on flat substrates to

naturally form an organized arrangement of spheres. Surface masks have also been prepared by

*Content in this chapter is published as a article in ACS Omega. Reprinted (adapted) with
permission from (ACS Appl. Nano Mater 2019, DOI: 10.1021/acsanm.9b00153). Copyright
(2019) American Chemical Society (See Appendix C).

41



steps of solvent evaporation or spin-coating to produce crystalline films with hexagonally packed
arrangements of spheres. In further steps, metals can be deposited through the mask to form ring-

shaped patterns surrounding the spheres, using strategies such as ELD,?® 149 electron-beam

150 151

deposition*" or electrodeposition.

Electroless deposition (ELD) is a versatile approach for accomplishing metal plating
without the use of electrical energy which can be adapted for benchtop chemistry. An advantage
of the chemical reduction process of ELD compared to electroplating approaches is that the metal
coatings tend to have relatively uniform thickness throughout the plated surface. With ELD, metal
films are prepared by an autocatalytic method where metal is deposited in the presence of a catalyst
from an aqueous solution of a metal salt in solution with a reducing agent and a complexing agent.
The reducing agent supplies electrons for metal ion reduction, whereas the complexing agent
prevents metal ions precipitating out as insoluble by-products as well as serves as a buffer to
maintain a certain pH and ionic strength.*®21%® Examples of reducing agents include sodium
hypophosphite, hydrazine, Pd salts, borohydride and boron-nitrogen compounds. The coatings
formed with ELD are actually alloys such as NiP or NiB, depending on the reagents in the plating
bath. Methods of ELD have been applied for making Ni coatings for industrial applications and
also for micro- and nanofabrication. 4%

Both superparamagnetic and ferromagnetic nanostructures of Ni have been prepared with
ELD approaches. Arrays of CoNiP nanodots were prepared with ELD on a patterned Si substrate
using electron-beam lithography and reactive ion etching.'® The composite magnetic

nanostructures were characterized with magnetometry, electron microscopy and magnetic force

microscopy (MFM). Nanorod structures of Ni were synthesized using anodic aluminum oxide as

42



a template for ELD with Ni.1®1% As prepared, the nanorods were superparamagnetic but were
transformed into ferromagnetic structures when annealed at 400 °C.

Electroless plating can be used to prepare metal coatings on surfaces of non-conducting
substrates such as glass, plastics and ceramics at low temperatures. Surfaces which have an active

160 organosilanes,61-16°

terminal group for binding Pd catalysts such as organothiols,
polyelectrolyte layers'®®-1¢7 and polymers!®®17® have been applied for ELD. Catalytic Pd
nanoparticles bound to nitrogen-bearing polymerst™® or aminosilane layers*’*1”® have been used
as seeds for subsequent deposition and growth of Ni. The amine-terminated organosilane 3-
aminopropyltriethoxysilane (APTES) has been described as a coupling agent, or as a catalyst
adhesive layer for selectively binding Pd nanoparticles.

Magnetic force microscopy (MFM) has been applied to investigate the magnetic
characteristics of metal nanorings.1?%: 17418 |n the traditional approach for magnetic imaging with
MFM, the underside of a silicon or silicon-nitride AFM probe is coated with a magnetic alloy such
as cobalt and chromium for permanent magnetization of the tip. When scanned with AFM in non-
contact mode, the magnetized MFM tip is repelled or attracted to magnetic domains of the sample
to map the strength and polarity of magnetic regions. A drawback of the MFM approach is that the
tips are not ultra-sharp, the metal coating produces larger, blunt probes. Also, the magnetic forces
of samples tend to be fairly relatively weak, which limits resolution to the realm of microns.

In this report, a protocol was developed for preparing Ni nanorings using ELD and colloidal
lithography. The successive steps of preparing organosilane nanorings and coating surfaces with
Pd catalyst and Ni were evaluated with modes of AFM and electron microscopy. Magnetic sample

modulation (MSM) was combined with contact mode atomic force microscopy (AFM) for

characterizing samples of Ni nanorings. Our approach with modulation of magnetic samples
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requires using a nonmagnetic probe to sensitively visualize how nanomaterials vibrate in response
to the flux of an AC electromagnetic field, such as metal nanoparticles®® 4® and ferroproteins.t’®
A soft, nonmagnetic AFM probe serves as a vertical motion sensor for mapping areas of the sample
which vibrate in response to an alternating magnetic field. With MSM-AFM, selective modulation
of magnetic, ferromagnetic, paramagnetic and diamagnetic nanomaterials can be sensitively
detected with a conventional AFM probe, by actuating the sample with an externally applied AC
magnetic field. The differences for images with and without an applied field can be used to identify
magnetic areas of the sample. To achieve selective mapping of Pd and Ni surface features, lock-in
detection was used to track changes in the phase and amplitude of the tip motion due to magnetic
actuation of the sample relative to the driving AC signal.

3.2. Experimental Section
3.2.1. Materials and Reagents

3-Aminopropyl)triethoxysilane (APTES) was purchased from Gelest (Morrisville, PA)
and used as received. Borane dimethylamine complex (DMAB, 97%) was acquired from
Beantown Chemical Corporation, (Hudson, NH). Lactic acid and Ni(ll) nitrate hexahydrate
(Ni(NO)3*H20) were purchased from Alfa Aesar, (Tewksbury, MA). Potassium
tetrachloropalladate(ll) (K2PdCls, >99.99%) and sodium citrate dihydrate, were obtained from
Sigma-Aldrich (St. Louis, MO). Sulfuric acid (98.0 % J.T. Baker, Phillipsburg, NJ), hydrochloric
acid (HCI, 37.2%, Fisher Scientific, Hampton, NH), ammonium hydroxide (NHsOH, 29%, Ward’s
Science, Rochester, NY) and hydrogen peroxide, (H202, 30% (VWR) were used as received. Size-
sorted, monodisperse silica spheres in water (diameter 496 + 8 nm) were purchased from Thermo
Fisher Scientific (Fremont, CA). Silicon wafers were obtained from Ted Pella (Redding, CA).

Ethanol, 200 proof was obtained from Deacon Labs (Prussia, PA). To ensure purity for preparing
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solutions, Milli-Q type 1 water, (18 megohm, Millipore, Bedford, MA) was used for preparing
solutions and washing samples.
3.2.2. Preparation of a Surface Mask

Pieces of polished silicon wafers, (10x10 mm) were immersed in piranha solution for 1.5
h to remove any organic residues present on the substrate. Piranha solution is a mixture of sulfuric
acid and hydrogen peroxide at a ratio of 3:1 (v/v). Caution: piranha solution is highly corrosive
and should be handled with great care. After soaking in piranha, substrates were rinsed with
copious amounts of ultrapure water and dried with nitrogen. To remove residual surfactants or
contaminants, the silica spheres were cleaned by centrifugation in ultrapure water as follows. A
portion of 400 uL of the solution of silica spheres and 600 pL ultrapure water was added to a
microcentrifuge tube. The suspension was centrifuged at 20 000 rpm for 10 min. The supernatant
was removed and the pellet was resuspended in 1 mL water. The centrifugation step was repeated
three times. The pellet of the final centrifugation step was resuspended in 400 pL of ultrapure
water by vortex mixing. The surface mask for colloidal lithography was prepared by depositing 20
uL of clean silica spheres onto Si(111) substrates. The sample was dried under ambient conditions
for 4 h.
3.2.3. Protocol for Colloidal Lithography with Vapor Deposition

Nanopatterns of APTES were prepared using colloidal lithography with a vapor deposition
protocol as reported previously with octadecyltrichlorosilane (OTS).X"7-17® VVapor phase deposition
at elevated temperatures has been reported to produce smooth layers of APTES on Si(111)
substrates.!'® Substrates with the dried film of silica spheres were placed on a raised platform
inside a sealed jar containing 400 uL of neat APTES. The container was then placed in an oven at

70 C for 18 h. Next, the samples were removed and rinsed with ethanol. The surface mask of
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spheres was efficiently removed by sonication in ethanol and then in ultrapure water. The
sonication step was repeated three times, then the samples were dried under a flow of nitrogen.
The overall steps for nanofabrication are shown in Supporting Information, Figure A.1.

3.2.4. Electroless Deposition of Ni

Electroless deposition of Ni was accomplished using conditions that were previously
described for surfaces of polymers!’® and films of APTES.'® A catalyst solution (5 mM) of Pd
(K2PdCls) was prepared in ultrapure water and adjusted to pH 2 with 1 M HCI. The samples with
APTES nanorings were immersed in the Pd catalyst solution for 3 h followed by rinsing with
ultrapure water. An electroplating bath was prepared with 1.10 g Ni(NO)3, 0.5 g of sodium citrate,
0.05 g of DMAB and 0.25 g of lactic acid in 25 ml water. The pH of the bath was adjusted to 6.5
using 25% NH4OH. Samples were submerged in the bath for 3 h, then removed and rinsed
thoroughly with ultrapure water, followed by nitrogen drying. During the sample immersion steps,
the solutions were not actively stirred.

3.2.5. Atomic Force Microscopy (AFM)

A model 5500 scanning probe microscopy system (Keysight, Santa Rosa, CA) was used to
characterize samples in ambient air. Silicon AFM probes with an aluminum reflex coating were
used to acquire tapping-mode AFM images, which had an average resonance frequency of 300
kHz and force constant of 40 N/m (Budget Sensors, PN Tap300AI-G). Soft silicon probes were
used for MSM-AFM (Budget Sensors, PN ContAl-G) with a force constant of 0.2 N/m. For
tapping-mode, images were acquired using a tip speed of 2.15 lines/s with 512 lines/frame.
Samples were mounted on a magnetic AC (MAC) mode sample stage (Keysight, Santa Rosa, CA)

for MSM-AFM studies. Digital images were acquired with PicoView (version 1.20.2). The scan
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rate used to acquire MSM-AFM images was 1.9 lines/s and 512 lines/frame. Images were
processed and analyzed with Gwyddion (version 2.49) which is freely available online.8!
3.2.6. Scanning Electron Microscopy (SEM)
Scanning electron micrographs were acquired using an FEG Quanta 3D SEM.
3.3. Results and Discussion

A multi-step approach was used to prepare Ni nanopatterns using ELD and colloidal
lithography with organosilanes. With a few basic steps, regular arrangements of millions of metal
nanostructures were prepared on templates of organosilane nanopatterns on Si(111). Changes in
surface morphology were evaluated ex situ after each key step using AFM studies in ambient air.
3.3.1. Construction and AFM Characterization of Ni Nanostructures.

In the first step, organosilane nanostructures were prepared on Si(111) substrates. A surface
mask of silica spheres was exposed to a heated vapor of APTES to form ring-shaped nanostructures
as shown in Figures 3.1a and 3.1b. The APTES nanorings are apparent after the silica spheres were
rinsed away. Since the silica beads of the surface mask were weakly attached to the surface
primarily through physisorption, the beads are readily displaced with rinsing steps. However, the
film of APTES binds covalently to the substrate and persists on the surface despite multiple steps
of solvent rinses and sonication that were used to remove the particle mask.

With vapor deposition of organosilanes the distribution of water on the substrate is not
uniform under ambient air; there is a thicker layer of water at meniscus areas at the base of the
spheres. The thickness and size of the meniscus sites will vary according to the diameter of the
particles and humidity. With organosilanes, the ring geometries pinpoint the location of water
meniscus sites where hydrolysis and condensation reactions take place.}’” The bright circles in the

topography frames are nanorings where a multilayer of APTES was formed. The dark spots inside
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of the center of the rings are the sites of exposed substrate where the spheres of the mask were
displaced. There are 260 rings within the 12 x 12 um? frame of Figure 3.1a, which scales to ~108
nanopatterns/cm?. There are a few vacancies where spheres of the surface mask are missing,

however the geometry of nanopatterns is relatively uniform over broad areas of the sample,
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Figure 3.1. Surface changes after key steps for preparing Ni nanostructures using ELD and particle
lithography. (a) Nanorings of APTES on Si(111) prepared by particle lithography combined with
vapor deposition viewed with a topography image (12 x 12 pm?); (b) zoom-in topography frame
(1.2 x 1.2 um?); (c) surface model of APTES monolayer. (d) After deposition of Pd catalyst on
APTES nanostructures; (e) close-up view; (f) scheme for addition of catalyst particles. (g) After
immersion in the plating bath, nanorings have increased in size (topography image, 10 x 10 pm?);
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(h) Magnified topography image of Ni nanorings (1.2 x 1.2 pm?); (i) model of Ni nanostructure
assembly. Images were acquired in ambient air using tapping-mode AFM.

spanning tens of microns. A close-up view of five nanorings is shown in Figure 3.1b, the areas
between the rings appear to be quite flat and free of contaminants, these areas have a monolayer
film of APTES. The bright areas of nanorings, where there is a multilayer of APTES, cover ~28%
of the surface. The surface coverage of the tallest areas where there is a multilayer of APTES
measures ~28% for areas of the bright nanorings. The round shapes of the ring patterns are not
perfectly symmetric at the nanoscale for natural self-assembly. The

AFM topography images provide a real space view of the outcome of the molecular
assembly process that occurred with a heated vapor of APTES. The interfacial amine groups of
APTES will serve as a template for subsequent patterning steps to add catalyst and metal via
electroless deposition (Figure 3.1c). In the next step, the substrate with APTES nanorings was
immersed in a Pd catalyst solution to activate the surface for electroless plating. In acidic media,
K2PdCl, salt forms PdCls? which then undergoes reduction to form Pd(0). After surface treatment
with the Pd catalyst, increases in the size and morphology of APTES nanorings are revealed in
Figures 3.1d and 3.1e. The nanostructures have become taller and wider, compared to the untreated
surface views. There are 285 nanorings within the topography frame of Figure 3.1d, evidencing a
hexagonal arrangement with a few vacancies. A close-up view of four nanorings (Figure 3.1e)
shows that the structures are comprised of small clusters of particles. Catalyst nanoparticles have
also assembled in areas between the nanorings, however with tapping-mode it is difficult to fully
resolve the true morphology of the areas in between rings which appear to have a clustered
morphology. The surface coverage of the taller areas of the rings has increased to ~35% with the

observation that the nanostructures became taller and wider with addition of Pd. Nanoparticles of
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Pd?* coalesce to form nanocrystals that attach to the amine groups of APTES, which will provide
nucleation sites for the electroless deposition of Ni (Figure 3.1f).

In the final step of nanofabrication, samples were immersed in an electroless plating bath
to direct the reduction of Ni onto the sites of catalyst nanoparticles. Representative AFM images
of Ni nanorings formed after plating are shown in Figures 3.1g and 3.1h. After metallization, the
widths and heights of the nanostructures have become taller and wider. The surface coverage of
the areas of the taller Ni nanorings has increased to 41% correspondingly with an increase in the
widths of nanorings. A magnified view of 4 nanorings (Figure 3.1h) reveals that an inner and outer
ring has formed to produce concentric circles in this example. When preparing replicate samples,
we observed that slight changes in the solution conditions (e.g. pH, concentration, age of the
solutions) can produce distinct differences in surface morphology of the nanostructures. An
experiment which produced a morphology of taller, single rings is shown in Supporting
Information, Figure A.2. Clusters of nanoparticles are apparent in between the nanorings. A model
for the overall assembly of the nanostructure is shown in Figure 3.1i.

Further information of surface changes after reaction step can be derived from phase
images, particularly for the areas in between the nanorings; example frames are shown in Figures
3.2a-3.2c. Phase images were concurrently acquired with tapping-mode frames and provide
exquisite details of the edges and shapes of surfaces. Distinct changes are apparent for the three
key steps revealed in Figure 3.2. The areas in between the rings of APTES are smooth and flat in
Figure 3.2a. After treatment with the catalyst, nanoparticles of Pd are distributed throughout the
sample with greater aggregation occurring on areas of the nanorings (Figure 3.2b). The
morphology and the size of the Pd crystals are affected by factors such as immersion time, pH and

chloride ion concentration.'® After immersion in the Ni plating bath, the particles in areas between
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the nanorings have grown into larger clusters, and the width and height of the rings has increased

(Figure 3.2c). From multiple line profiles, the thickness of the Ni rings measures 15 £ 3 nm (n=50)

taller than the surrounding areas.
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Figure 3.2. Successive changes in surface morphology after each key step. (a) Tapping-mode phase
image of APTES nanorings on Si(111); (b) changes after depositing Pd shown with a phase frame;
(c) phase channel for Ni nanorings; (d) Topography image of APTES nanorings; (e) topograph
after treatment with Pd; (f) Topograph after electroless deposition of Ni. Cursor profiles for the

lines drawn across d, e and f'are shown below the topographs. Tapping-mode images were acquired
in ambient air for 2 x 2 pm? areas.

After each key step, topography frames that were captured simultaneously with the phase

images in the top row are presented in Figures 3.2d-3.2f, with an example cursor profile across
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two nanostructures below each image. The experiments were conducted ex situ, and the frames
selected are representative of the morphologies viewed throughout the sample. Each of the frames
measure 2 x 2 um? in dimension, enabling a side-by-side comparison of the shapes and
arrangement of ten nanorings. Interestingly, the holes in the centers of the nanorings have
persisted, however it is not clear from AFM characterizations whether metal was deposited inside
the center areas of the nanorings. A greater amount of metal deposition occurred on the ring areas
which have a multilayer of APTES, and likely is also present in areas between the rings. The width
and the height of the nanorings increased after each step, shown with example cursor profiles
below each topograph in Figure 2. With each successive reaction step, the width of the nanorings
became taller and broader in dimension, referencing the areas surrounding the rings as a baseline.

A benefit of using colloidal lithography for surface studies is that multiple, replicate
nanostructures are produced for systematic quantitative analysis. To more accurately gauge the
changes in dimension, 50 measurements were made with cursor profiles of individual structures
to assess the increases in size as well as the variability of the shapes of the nanorings. The values
of the average and standard deviation are summarized in Table 3.1 after each successive reaction
step. The heights were measured at the tallest points of individual nanorings. In the first step of
nanofabrication, nanorings of APTES were produced at the sites of water that formed in a meniscus
surrounding the silica spheres of the surface mask. The height of the rings measured 5.3 + 0.8 nm,
indicating growth of a multilayer of APTES. Since the theoretical length of APTES is 1.0 nm, the
areas of the rings contain 4-6 molecular layers. When preparing films of organosilanes, there is a
competition in forming Si-O linkages to the substrate, Si-O-Si bridges between adjacent

molecules, and forming free Si-OH hydroxyl groups. A multilayer will form in the presence of
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excess water through self-polymerization. The resulting structures of nanorings present amine
groups as well as hydroxyl moieties at the interface.

Table 3.1. Dimensions of nanostructures measured from AFM cursor profiles of topography
frames.

Nanostructure Height (nm) | Outer diameter (nm) Inner diameter (nm)
(n =50) (n =50) (n =50)
APTES nanorings 5.3+0.8 273 £ 28 107+ 14
Nanorings with Pd catalyst 7316 315+ 34 96 + 28
Nanorings with Ni coating 15+34 400 = 20 68 + 16

After immersion in the catalyst solution, the thickness of the nanostructures increased from
5.3 to 7.3 nm, indicating that the Pd deposits measured ~ 2 nm in thickness. After treatment in the
plating bath, the nanorings changed from 7.3 to 15 nm in height, however the areas in between the
ring are also coated with Ni so that the actual size increase is larger. The outer diameter and inner
diameter measured 400 £ 20 nm and 68 = 16 nm, respectively, for the Ni nanorings. The
distribution of measurements for the height and diameter of the nanorings is provided in
Supporting Information, Figures A.3 and A.4.

For the autocatalytic process of electroless deposition, Pd nanoparticles serve as electron
exchange centers for Ni reduction. The initial deposition of Ni takes places with nucleation both
on and in between Pd nanoparticles.!®® With ELD, Ni itself is a catalyst for the plating reaction.
Therefore, Ni deposition will progress automatically even after Pd sites are coated with metal. As
the deposition continues, the deposited Ni islands proceed to grow to form continuous films until
reagents are depleted in the plating bath. The role of the Pd catalyst for Ni deposition was tested
by immersing samples with APTES nanorings directly in a Ni plating bath, skipping the catalyst
step. There was little or no deposition of Ni without the Pd catalyst shown in Supporting

Information, Figure A.5.
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3.3.2. Investigation of the Magnetic Response of Ni Nanostructures with MSM-AFM

When an AC electromagnetic field is applied to the sample during AFM imaging,
ferromagnetic nanostructures will vibrate in response to the flux of the polarity of the field
according to selected frequency and field strength parameters. The metal nanostructures are linked
to the surface with an organosilane bridge, which serves as a spring for vertical vibration. An AFM
probe operated in continuous contact mode can be used to sensitively detect the motion of a
vibrating sample (i.e. changes in sinusoidal phase and amplitude of the tip oscillation) with

reference to an applied AC waveform signal that drives sample vibration. (Operating procedure of

0 28 nm

Figure 3.3. Single Ni nanoring imaged with MSM. (a) MSM topography image (800 x 800 nm?);
simultaneously acquired (b) MSM amplitude and (c) MSM phase frames. The driving frequency
chosen was 234 kHz with an applied magnetic field strength of ~0.2 T.

MSM is given in Appendix B) With MSM-AFM, the nonmagnetic tip is not actuated,
instead the vertical displacement of the vibrating sample can be mapped by contact mode imaging.
Example MSM images are presented in Figure 3.3 revealing detailed structural features of an
individual Ni nanoring. Essentially, MSM-AFM is a variant of the established instrument
configuration for force modulation AFM, except that sample actuation is selective for magnetic
domains. Intricate details of the sample morphology and edges of the Ni nanostructures are

resolved in the MSM amplitude (Figure 3.3b) and phase (Figure 3.3c) channels. Clusters of Ni
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formed a concentric spiral of triangular facets surrounding the circumference of the APTES
nanorings. Note that there is an interesting web-like grain structure in areas in between the
nanorings that is clearly resolved in Figure 3.3b.

A broader view of a sample area with 15 nanopatterns is presented in Figure 4a with
simultaneously acquired MSM amplitude and phase frames. The characteristic spiral shapes and
reproducible sizes are apparent for Ni nanorings arranged in a hexagonal pattern across the surface
of Si(111) in the topography frame (Figure 3.4a, left). The areas with magnetic response are
mapped in the associated MSM amplitude and phase frames for the Ni nanorings (Figure 3.4a,
center frames). A resonance peak at 234 kHz was selected for MSM imaging, shown in the
frequency spectrum of Figure 3.4a (right). The same imaging parameters were used to acquire
images of the sample without metal deposition (Figure 3.4b), as well as after addition of Pd catalyst
(Figure 3.4c).

When the resonance parameter of 234 kHz was applied for the sample of APTES without
any metal treatment with Ni or Pd, the MSM amplitude and MSM phase images of the nanorings
do not have any resolvable features (Figure 3.4b). The topography channel for the untreated
APTES nanorings (Figure 3.4b, left) exhibits morphologies of a conventional contact mode image.
However samples must contain magnetic materials to enable successful sample modulation with
MSM-AFM. Phase and amplitude channels from MSM experiments with APTES nanorings
without metal deposition are shown in the center frames of Figure 3.4b, without resolvable
detection of any structures. The results were acquired with the proximal peak of 275 kHz detected
by a frequency sweep, however there were no successful images for MSM amplitude and MSM
phase channels for the nonmagnetic APTES sample. The spectra reveal mainly background peaks

in the frequency sweep (Figure 3.4b, right). As might be predicted, characterizations with MSM-
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Figure 3.4. Samples of APTES nanorings after treatment with Pd and Ni characterized with MSM-
AFM. (a) Top row from left to right: MSM-topography, MSM amplitude, MSM phase channels
and frequency spectra obtained for a sample of Ni nanorings acquired at 234 kHz. (b) Middle row:
MSM-topography, MSM amplitude, MSM-phase channels and frequency spectra obtained with
uncoated APTES nanorings at 275 kHz. (¢) Bottom row: MSM-topography, MSM amplitude,
MSM-phase channels and frequency spectra for APTES nanorings with Pd deposits obtained at
275 kHz. Images were acquired in air using the same AFM probe for each sample (2 x 2 pm?).

AFM could detect surface changes for APTES nanopatterns after treatment with a Pd catalyst,
shown in Figure 3.4c (bottom row). The topography image (Figure 3.4c, left) displays an area with
16 nanorings within the 2 x 2 um? frame, however it is not the same identical area in each example
since the experiments were conducted ex situ. Since palladium is diamagnetic,**! areas with the
catalyst were shown to vibrate in response to the external AC electromagnetic field in the center
frames of Figure 3.4c. With a driving frequency of 234 kHz, little response was detected, so the

next nearest peak at 275 kHz was selected for MSM imaging (Figure 3.4c, right). The high
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sensitivity of MSM-AFM is apparent, when one considers that only trace amounts of Pd catalyst
were bound to the surface. The areas of the surface containing Pd are quite well resolved in the
MSM-phase channel of Figure 3.4c, disclosing the particulate shapes of Pd nanoparticles forming
nanorings, as well as the attachment of Pd in areas between the APTES nanorings.

During AFM imaging, the frequency of the electromagnetic field can be systematically
ramped to evaluate the optimized parameters for acquiring data. A modulation frequency of 234
kHz was chosen for studies with the Ni nanorings (Figures 3.3 and 3.4a) by selecting the peak
maxima during a sweep from 0 to 400 kHz. The capability of acquiring frequency spectra provides
further information about the dynamics of the actuated particles when changing the parameter of
the driving frequency of the field modulation. An example dynamic experiment is shown in Figure
3.5 in which the frequency was ramped at selected intervals of image acquisition using a tip speed
of 1.9 lines/s with 512 lines/frame. As the frequency was incrementally increased at selected
intervals during imaging, the vibration of the samples was mapped in the concurrently acquired
MSM amplitude and MSM phase channels. The amplitude axis of the spectrum in Figure 3.5d
correlates directly with the z displacement of the AFM tip, which is on the order of 1-10 nm. The
tallest resonance peak at 234 kHz was shown to exhibit sharp color contrast in both the MSM
amplitude and MSM phase channels. At 77 kHz, a strong response was detected in the MSM
amplitude frame, however the sensitivity of the phase frame was weak. The tallest peaks of the
amplitude vs frequency spectrum provided the sharpest contrast for imaging. Further example

MSM images of Ni nanorings are provided in Supporting Information Figures A.6 and A.7.
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Figure 3.5. Changes of image contrast within a single frame were detected during MSM imaging
of Ni nanopatterns using selected resonance frequencies to drive the sample oscillation. (a) MSM
topography channel; (b) concurrently acquired MSM amplitude and (c) MSM phase image. (d)
Frequency spectra obtained with a field strength of 0.2 T. Images were acquired in ambient air for
an area of 4 x 4 um?.

After choosing a resonance frequency, an analogous dynamic approach can be applied to
evaluate the optimized field strength for capturing images by ramping the field strength during
image acquisition (Figure 3.6). As the field strength was successively increased at designated
increments from the bottom to the top of the frame, the vibrational amplitude of the vertical motion
of the Ni nanorings changed accordingly. The topography frame shows no discernable changes in
resolution for each section of the image as the field strength was increased (Figure 3.6a). The

topographic resolution remains unchanged from section to section because the tip remains in
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Figure 3.6. Dynamic changes within a single frame for an MSM experiment with Ni nanorings as
the applied field is ramped, and the frequency was maintained at 236 kHz. (a) MSM topography
channel; (b) simultaneously acquired MSM amplitude and (c) MSM phase frames; (d) frequency
profiles acquired with selected drive strengths. Images are 4 x 4 pm? in size.

continuous contact with the vibrating sample for the selected range of driving field strength. In
this example, there is no detectable side-to-side movement of the nanopatterns within the surface
plane. We have actually observed samples move and vibrate in lateral directions with MSM
topography frames for soft protein samples, reported in a previous study of ferritin.'8 With ferritin,
the samples were small, protein-encapsulated iron nanoparticles which were able to move in lateral
directions as well as vertically in response to the flux of the AC magnetic field. For the Ni

nanorings, the surface structures are attached to a Si substrate by a molecular linker (APTES)
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which would provide flexibility for vertical movement. The packing of APTES is relatively dense,
thus there was no lateral broadening of features detected in the topography frames.

For MSM studies, the up and down motion of the Ni nanorings can be sensitively detected
by the AFM tip using a lock-in amplifier, as shown in both the MSM amplitude (Figure 6b) and
MSM phase frames (Figure 3.6¢). If the sample was securely immobilized or embedded into the
substrate, no motion would be detected in response to the modulated electromagnetic field. Since
the Ni nanostructures are linked to the surface with organosilanes, APTES provides a molecular
spring. The alternating electromagnetic field induces vibration in the vertical direction which can
be sensitively mapped in MSM amplitude and MSM phase images. For the experiment of Figure
3.6, as you proceed from section to section from the bottom to top of each frame, the images
become sharper with markedly greater contrast as the field was increased. The AFM tip was
rastered in a line-by-line fashion from bottom to top across the sample and correspondingly the tip
trajectory responded to the increase in vibrational motion of the magnetic nanorings as the field
was incrementally ramped between 0.07 and 0.39 T.

By parking the tip on an individual Ni nanostructure and sweeping the frequency, the
resonances can be plotted with different applied field strengths. An overlay of the frequency
sweeps for selected field strengths is presented in Figure 6d. An amplitude response measuring 50
mV corresponds approximately to a 10 nm deflection of the AFM tip. A prominent peak for the
amplitude response at a frequency of 234 kHz was detected at 0.26 T, which were the parameters

selected for the driving field strength for MSM experiments shown in Figures 3.3-3.5.
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3.3.3. Characterization of Ni Nanostructures with Scanning Electron Microscopy (SEM)

Direct 2D views of the metal nanorings were obtained with SEM for comparison to AFM
studies, as a means to assess how images were distorted by tip-sample convolution. Since
conductive samples are required for the SEM imaging process, the molecular nanorings of APTES
were not characterized with SEM. A regular, hexagonal arrangement of Ni nanorings is revealed
in the micrograph of Figure 3.7a, which follows the periodicity of the particle mask used for
patterning APTES. The center-to-center distance matches precisely with the 500 nm diameter of
the silica spheres of the surface mask. A close-up view of nine Ni nanorings is captured in Figure
3.7b, revealing that metal was deposited throughout areas of the sample, even inside the
circumference of the rings. The surface topology is not smooth, rather a discontinuous grain
structure was observed which was not detected in AFM topography images. using a standard
commercial probe. The fine details of the grain structure of metal films can be resolved with ultra-
sharp probes.59 As a further processing step, we annealed several samples of Ni nanorings at
temperatures ranging from 50 to 300 oC, however the shapes of the nanorings was not retained
after the heating step. After an annealing step, the samples showed random arrangements of
irregularly shaped metal aggregates, and the shapes of the nanoring patterns was no longer evident.
It is likely that the APTES linker did not persist at high temperature for securing the ELD film to
the substrate.

Interesting details can be distinguished when comparing the SEM micrographs of Ni
nanorings obtained in Figure 3.7 to the MSM images in Figure 3.3. For the topography frame of
Figure 3a, the areas in between the taller Ni nanorings show a clustered morphology. A common

imaging artifact of AFM images is that small cracks appear as bumps, reflecting the probe
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Figure 3.7. Micrographs of Ni nanorings obtained with SEM. (a) SEM view of Ni nanorings
fabricated with electroless deposition (3 x 3 um?); (b) magnified image (1.5 x 1.5 um?).

geometry rather than showing the true shape of the surface feature, as shown for areas in between
the nanorings for the topograph of Figure 3.3a. However, the fractal grain structure of the Ni
coating is sensitively resolved with the corresponding MSM amplitude frame of Figure 3.3b.
Sample modulation has previously been reported to improve resolution for detecting fine details
of surface structures because stick-slip adhesion between the tip and sample is reduced.'®

A challenge for nanotechnology will be to improve chemistry-based lithography methods
to gain precise control of the shapes and sizes of surface features at ultra-small dimensions. A
hallmark for well-resolved AFM studies at the nanoscale is that pristine, impeccable landscapes
are not what is viewed. Nearly all surfaces have imperfections such as contaminants, adatoms,
defects, and atomic or molecular vacancies. Detecting such defects using AFM is an indicator of
high resolution. As an example with colloidal lithography processes, the polydispersity of sphere
diameters will correspondingly propagate into imperfections in the periodicity and surface
arrangement of nanopatterns. With the advent of new routes to synthesize nanostructures, the

capabilities for nanomanufacturing have yet to be fully realized.
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3.4. Conclusions

Periodic arrangements of Ni rings with regular and symmetric shapes were prepared with
high throughput at the nanoscale using a surface mask of silica particles and electroless plating.
The successive fabrication steps of colloidal lithography combined with electroless deposition
were evaluated using MSM-AFM for preparing Ni/Pd coatings on APTES nanopatterns. Studies
with MSM-AFM and SEM provided direct views of the selectivity of metal patterning protocols
by revealing the sites of metal deposits. The domains of both magnetic (Ni) and diamagnetic (Pd)
deposits could be sensitively characterized with ex situ MSM-AFM studies, revealing that the
catalyst and metal had deposited on areas of the APTES rings as well as on areas in between the
nanoring structures. The ring morphology of the APTES template persisted throughout the
immersion steps of electroless plating, however SEM micrographs clearly revealed that the centers
of the rings were also filled with metal deposits. The generic approach for patterning with ELD
will likely be applicable to other surfaces, since organosilanes such as APTES can be patterned on

a range of substrate materials (e.g. mica, glass, metal oxides).
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CHAPTER 4. HETEROGENEOUS ASSEMBLY OF WATER FROM THE
VAPOR PHASE - PHYSICAL EXPERIMENTS WITH BINDING
TRIFUNCTIONAL ORGANOSILANES AT THE VAPOR/SOLID

INTERFACE

4.1. Introduction

Water has a role in many physical and chemical processes at interfaces, however it can be
a challenge to directly probe the molecular-scale behavior of water at interfaces for both
experimental and theoretical methods. Water at interfaces has been a subject of extensive research
since the thickness and structure of the layer of interfacial water has an impact on chemical
reactivity. The role of water is understood to initiate reactions of organosilanes to form crosslinked
films, however, our understanding of the overall complex molecular mechanism of the surface
self-assembly of trifunctional organochlorosilanes is incomplete. The process of chemical vapor
deposition (CVD) is widely used for silanization. Hydrosilation reactions of organosilanes are
often used for designing the interfacial chemistry of surfaces and have broad applications for the
microelectronics industry and for tailoring the surface chemistry of biochips as coupling agents.
It is generally considered that thin layers of water will cover most surfaces in ambient humidity
which may measure a few nanometers up to even microns in thickness. There are important
differences in the properties and reactivity of the first interfacial layer of water compared to further
layers, however it is not clear at which thickness will the properties of the thin film become the
same as for bulk water. The physical behavior of confined water has been reported to differ from
that of bulk properties.1, 2, 3, 4, 5 The properties of elastic response,6 viscosity,7 dielectric
constant,8 and water transport/mobility,9, 10 have been investigated under spatial confinement.
When confined, water does not behave in the same manner as it does in the bulk liquid.11
Confinement influences the structure and ordering of water at the solid interface.12, 13 The

arrangement of water molecules at a solid boundary are yet to be completely understood. The
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roughness and chemical nature of the substrate are also known to affect the binding, structure and
properties of the initial water layer at the vapor/solid interface.14, 15, 16, 17 How the hydrophobic
or hydrophilic nature of the underlying substrate affects surface wetting has yet to be fully
explained.

Water has a direct influence on the mechanism of forming organosilane monolayers and
therefore on the resulting structure of the monolayer that can be obtained on a silica surface. Silicon
is currently the most important material for the semiconductor industry. The surface of silica is
generally silicon oxide (SiO2), and is targeted by many studies as a model system with a very
strong hydrophilic nature with certain treatments.18 There is controversy regarding the structure
of water on silica to form hydration layers and surface silanol (Si-OH) groups. In a humid
atmosphere, water is readily adsorbed on areas of surface silanols to form a monolayer of water
molecules, eventually forming a multilayer film on top of the already adsorbed water molecules.
The structure of water films on Si was studied in situ at different humidity levels using Kelvin
Probe microscopy and X-ray photoemission and electron spectroscopy by Verdaguer et al.
showing that water forms a uniform film that is 4-5 layers in thickness for 0-75% relative humidity,
reaching 6-7 layers at 90% humidity.19 Macroscopic drops of water formed at 100% humidity.
Silicon can be either hydrophilic or hydrophobic depending on surface preparation. The native
oxide surface that is terminated with Si—OH is reported to be hydrophilic with a water contact
angle < 5° whereas the water contact angle is ~ 83° presenting SiH at the interface when the surface
is treated with hydrofluoric acid.15

When freshly cleaved, mica furnishes a pristine surface which is hydrophilic. Although
mica surfaces contain relatively few hydroxyl groups, exposure to water vapor has been used to

effect surface hydrosilation.20 Muscovite mica is a mineral composed mainly of SiO2, Al203,
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and K20 which has a complex layer structure held together by electrostatic forces. In comparison
to oxidized silicon surfaces, mica has fewer silanol groups for binding organosilanes because one
in four silicon atoms in the silicon layer of mica is replaced by an aluminum atom. It has been
reported that freshly cleaved mica has about 11% silanol groups.21 The thickness of the adsorbed
water layer on mica as a function of relative humidity is not a settled question. It has been reported
that mica is completely wetted with a monolayer at 75% to 90% humidity.14, 22 Studies with
infrared suggests that the wetting of mica is incomplete,23 and studies with ellipsometry have
reported that mica is completely wetted.24 The initial stages of water adsorption have been viewed
directly for mica surfaces for submonolayer films using non-contact modes of scanning probe
microscopy such as frequency-modulation AFM25, 26, 27, 28 and scanning polarization force
microscopy (SPFM).29 Hydration forces between an AFM tip and mica surface have also been
probed with AFM,30 and modeled with simulations.28 The mobility of water as well as with the
perturbation of an AFM probe prohibit directly imaging water with contact mode AFM
configurations.31

The presence of water in the system is one of the most important parameters in silanization
reactions. Hydrolysis and condensation steps of organosilane reactions are considered to occur
sequentially to produce covalent Si-O-Si linkages to hydroxylated or metal-oxide surfaces.
However, competing reactions take place concurrently to either form intramolecular linkages or to
make free hydroxyl moieties. Such molecular self-associations can lead to branching
polymerization which will generate multilayers and disordered packing. Anhydrous solvents can
help to minimize the presence of water for solution phase reactions with organosilanes, however
it can be difficult to control the amount of water for vapor phase processes with organosilanes.

Chemical vapor deposition has been accomplished with mica surfaces to pattern
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octadecyltrichlorosilane (OTS)32, 33 and 3-aminopropyltriethoxysilane (APTES).34, 35, 36, 37
Heated vapor deposition of OTS on Si(111) substrates has been combined with particle lithography
to generate nanopatterns of nanopatterns with high throughput.38, 39, 40, 41, 42, 43, 44 The
overall process of molecular self-assembly with organosilanes is driven by the location and
thickness of water at the vapor/solid interface.40, 45, 46 Residues of water define the placement
of organosilanes during successive steps of hydrolysis and condensation reactions.20, 47, 48

In this report, experiments were designed to investigate the role of surface wettability for
the water-driven assembly of trifunctional octadecyltrichlorosilane (OTS) from the vapor phase.
Studies with atomic force microscopy (AFM) were used to derive a more complete understanding
of the interfacial chemistry involving condensation, hydrolysis, and reaction parameters at the
vapor/solid interface. Structures which formed at the liquid/solid interface were assessed using
planar substrates of Si(111) and mica(0001) as models of hydrophobic and hydrophilic interfaces.
One of the three chloro substituents of OTS will bind to the substrate, however the two remaining
sites are available either for crosslinking to adjacent surface-bound molecules or to enable self-
polymerization reactions to form multilayered assemblies. The side reaction of self-polymerization
will take place on surface sites with greater amounts of water. Protocols were developed to track
the wetting process in stages of water adsorption from the vapor phase by introducing incremental
quantities of water to sealed containers containing a substrate masked with colloidal spheres and
heating the reaction vessel. After the surface wetted by condensed water vapor, OTS was then
added to bind to the wetted regions of the surface. Silicon and mica interfaces were chosen to
compare the water distribution on hydrophobic vs hydrophilic substrates. A curved geometry with
spheres of latex on a flat surface was used as a structural template to direct the placement of water.

Essentially, molecules of organosilanes will bind at surface sites occupied by water as a marker of
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the location and thickness of water deposits. Characterization of the surface assemblies with
atomic force microscopy (AFM) accomplished ex situ provided details of the complex interplay
of water, surfaces and molecular self-assembly.
4.2. Experimental Section
4.2.1. Materials and Reagents

Octadecyltrichlorosilane (OTS) was obtained from Acros Organics, Thermo Fisher
Scientific (New Jersey). Size-sorted latex spheres (diameter 499 + 40 nm) were obtained from
Thermo Scientific (Fremont, CA). Concentrated sulfuric acid (98.0%) was obtained from J. T.
Baker, Fisher Scientific. Hydrogen peroxide (30%) was sourced from British Drug Houses
(VWR). Ethanol, 200 proof was obtained from Deacon Labs (Prussia, PA). Milli-Q type 1 water,18
megohm, Millipore, Bedford, MA) was used for reactions and for rinsing steps. Precut polished
silicon wafers Si(111) (Ted Pella, Inc. Redding, CA) and ruby muscovite mica (Sand J and Trading
Co., NY) were used as substrates.
4.2.2. Preparation of a Surface Mask

Pieces of polished silicon wafers, (5x5 mm) were cleaned by immersion in freshly prepared
piranha solution for 1.5 h. Piranha is an etching solution used to remove organic contaminants
from surfaces that is prepared by sulfuric acid and hydrogen peroxide at a 3:1 ratio. Caution:
piranha solution is highly corrosive and should be handled with great care. Next, the substrates
were rinsed with copious amounts of ultrapure water and dried under nitrogen. A suspension of
latex spheres was cleaned by centrifugation in ultrapure water to remove any residual surfactants
or contaminants. A suspension containing 400 puL of latex spheres and 600 puL ultrapure water was
placed in a plastic vial and then centrifuged at 20,000 rpm for 10 min. The supernatant was

removed and the pellet was resuspended in 1 mL water. The steps were repeated for three cycles.
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The pellet of the final centrifugation step was resuspended in 200 pL of ultrapure water. A drop of
the latex suspension (20 uL) was deposited onto Si(111) and mica(0001) substrates to prepare the
surface masks for protocols with particle lithography. The samples on Si(111) were dried for at
least 4 h under ambient conditions. When aqueous suspensions of monodisperse latex spheres are
dried on ultra-flat substrates, close-packed spheres within surface films spontaneously form a
hexagonal symmetry spanning fairly wide, micron-sized domains. Mica substrates were cleaved
immediately before depositing latex, to obtain a pristine and atomically flat surface. The
suspensions placed on mica substrates were dried in ambient air for 24 h.

4.2.3. Protocols to Control the Deposition of Water

A general protocol for combining particle lithography with heated vapor deposition of
organosilanes has been reported previously.49, 50 In preceding protocols, no water was introduced
to the reaction vessel. For this report, the reaction was designed so that the surfaces of masked
silicon wafers or mica were first dried in an oven with a desiccant to remove residual water. The
surfaces were wetted by introducing certain amounts of water and then letting the system
equilibrate before adding the organic vapor. The protocol was selected so that the subsequent
introduction of an organic vapor of OTS would provide a way to track the placement of water
deposits on hydrophobic or hydrophilic surfaces.

4.2.4. Particle Lithography Protocol with Si(111)

Substrates with a mask of latex spheres were further dried for 1 h at 700C in an oven
containing desiccant, to remove remaining water residues. Polystyrene latex is fairly soft, with a
Young’s modulus of 2-8 GPa, depending on sphere diameter.51 When dried, latex beads can pack
together so tightly through capillary forces of drying that the sphere geometry can be compressed

into a hexagonal shape. High temperatures and prolonged heating can deform latex particles, so a
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temperature of 700C was chosen for drying the samples. After the heated drying step, the samples
were immediately placed into jars (110 mL volume) with selected volumes of water, and sealed.
The reaction vessel was incubated at 700C to equilibrate for 1 h. Next, a drop of neat OTS (300
mg) was added to the reaction vessel, and the heating step was continued for 18 h at 700C. After
vapor-phase reaction, the samples were cleaned by rinsing with ethanol under sonication to remove
the film of latex spheres, then dried with a stream of nitrogen.
4.2.5. Protocol with Mica Substrates

The steps for preparing the samples with mica were the same as with Si(111) except that
the exposure to a heated vapor of OTS was terminated after 6 h. After completing the vapor phase
reaction, the samples were rinsed with ethanol and water to remove the surface mask. The cleaning
of mica substrates was completed carefully and gently to avoid peeling away layers of mica
without sonication. Mica substrates were rinsed with a stream of ethanol until the film of spheres
was no longer visible on the substrate.
4.2.6. Atomic Force Microscopy (AFM)

Model 5420 (Agilent Technologies, Santa Clara, CA) and 5500 (Keysight, Santa Rosa,
CA) scanning probe microscopes were used to characterize samples. Digital images were acquired
with PicoView (version 1.20.2). Silicon AFM probes (Budget Sensors, PN Tap300AI-G) with an
aluminum reflex coating were used for imaging samples in ambient air with tapping-mode (Figures
4.1,4.2a, 4.2b, 4.3a, 4.5). The average resonance frequency and force constant of the probes were
300 kHz and of 40 N/m, respectively. Soft silicon probes (Budget Sensors, PN ContAl-G) with a
force constant of 0.2 N/m were used for contact mode experiments (Figures 4.2c,d,e, 4.3b, 4.6).

Images were processed and analyzed using Gwyddion (version 2.49) which is available online.8!

70



4.3. Results and Discussion

Physical experiments were designed to evaluate reaction outcomes at the solid interface
resulting from vapor condensation and silanization for two substrates. The model surfaces selected
for study were Si(111) and mica(0001), which represent relatively hydrophobic and hydrophilic
interfaces, respectively. The substrates were masked with a film of latex particles to generate a
curved geometry against the planar surface, also forming narrow meniscus sites for trapping water
in confined areas. At a fundamental level, the wettability of surfaces governs the attachment of
organosilanes during hydrolysis and condensation reactions. The self-associative, cooperative
properties of water influence surface placement during condensation of a vapor. With steps of
heated vapor deposition of OTS, molecular assemblies attach to localized areas of water deposits.
Areas with greater amounts of water will correspondingly produce multilayered organosilane
structures through self-polymerization. With the controlled addition of incremental amounts of
water to reaction vessels, the corresponding changes in the surface density of water was tracked
by binding OTS from vapor phase. Samples were removed after a certain interval of vapor
exposure and then evaluated ex situ using AFM studies, to provide an indirect map of the
placement of water deposits. The successive evolution of molecular structures provides
mechanistic details of surface self-assembly reactions.
4.3.1. Detecting and Mapping the Distribution of Water on Si(111)

The outcome of reactions of surface water with trifunctional OTS on Si(111) are shown in
Figure 1. Silicon substrates furnish a model hydrophobic interface for interacting with vapor phase
water and OTS. Incremental amounts of water (2 mg, 10 mg, 100 mg, 300 mg) were added to each
reaction vessel containing a silicon substrate masked with latex spheres. After equilibration at

70°C, a volume of neat OTS was added to the containers. A control sample was also prepared

71



without adding water (Figure 4.1a). The first image of the series reveals that trace residues of water
persisted at areas near the latex spheres, despite the fact that the masked substrates had been dried
in an oven containing desiccant. The meniscus sites at the base of the latex spheres define a 3D
confined container for trapping water. Molecules of OTS from vapor phase will deposit
exclusively in areas where water is present. In the control sample of Figure 1a, the thickness of the
OTS clusters within the circular patterns measure ~ 2 nm, corresponding to the height of a single
layer with nearly upright orientation. The thickness of a dense monolayer of OTS has been reported

to measure values ranging from 2.26 to 2.76 nm, contingent on parameters of sample preparation.
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Figure 4.1. Molecules of OTS bind at sites of water deposits on wetted Si(111) surfaces masked
with colloidal latex spheres. Topography views acquired with tapping mode of samples prepared
(a) without adding water and with water volumes of (b) 2 mg; (c) 10 mg; (d) 100 mg; and (e) 300
mg added to the reaction vessels. The corresponding cursor profiles are shown under each
topography image. Each image of the series measures 2 x 2 um? in size, and were acquired with
tapping-mode AFM in ambient air.

The fully extended length of an OTS molecule is 3.04 nm. For surfaces masked with latex
particles, water tends to collect at the base of latex spheres, forming a circular meniscus. Water
also binds in areas in between the spheres as evidenced by sparse, small bright spots in areas

between the circle patterns where OTS has bound to ultra-small deposits of water droplets. As
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small volumes of water were added incrementally to the reaction vessels, the images of the series
correspondingly show greater density of OTS in the circular sites that had surrounded the sphere
mask (Figures 4.1b-4.1e). The areas of OTS grow larger and thicker with addition of greater
amounts of water. The line profiles underneath each image reveal progressively taller and thicker
surface structures, which preferentially localized within the confined areas near the latex spheres.

In the series of images, the circular areas have filled with OTS and form progressively
taller and wider structures, as demonstrated with example line profiles in the bottom panels of
Figure 4.1. In the first three frames (Figures 4.1a, b, c) the thickness values correspond to a single
layer of OTS, whereas with greater amounts of water (Figures 4.1d,e) the height profiles indicate
multilayered structures were generated. The height of the circles in Figure 4.1d match the thickness
of a bilayer of OTS, whereas the taller ring nanopatterns of Figure 1e measure heights of 5-6 layers
of OTS. Filled circles were observed in Figures 4.1c,d,e, which indicates that water permeated
surrounding and even underneath the spheres of the latex mask. At the highest water concentration
(Figure 1e) multilayered nanostructures are observed, which formed a ring shape surrounding a
depression in the center where the spheres were displaced. Initially, there are a few aggregates of
OTS that formed in areas between the circles, the density of the OTS nanoislands increased
between Figure 4.1a and 4.1b. Further along the series, in Figure 4.1c the surrounding areas do not
evidence discrete nanoislands of OTS. In previous studies we have learned that with sufficient
water density a continuous monolayer film of OTS forms throughout the substrate and multilayers
are only generated in the spatially confined sites of the water meniscus. The height of the
multilayer scales with the diameter of the latex spheres so that larger spheres form taller multilayer

structures.8°

73



4.3.2. Distribution of Water Condensed from Vapor on Mica Detected with AFM

When mica was used as a model substrate which is hydrophilic, the deposition of water
and OTS from vapor phase produced markedly different surface structures in comparison to
silicon. The outcomes of vapor phase hydrosilation reactions with selected amounts of added water
are shown as a series of AFM images captured after reaction with OTS (Figure 4.2). When no

water was added to the reaction vessel (Figure 4.2a), tiny ring-shaped nanopatterns of OTS formed
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Figure 4.2. Water-directed assembly of OTS surfaces of mica viewed with contact mode AFM in
air. Topography images acquired for samples prepared (a) without added water and with water
volumes of (b) 2 mg; (c) 10 mg; (d) 100 mg; and (e) 300 mg. Cursor profiles for the lines on each
topography frame are shown in the bottom row. Each image of the series measures 2 x 2 pm? in
size.

which reveal the locations where water persisted in meniscus sites that surrounded the latex
particles of the surface mask. However, most of the rings are not intact, forming incomplete circles
for the sample prepared without adding water. For the control sample, even though the masked
mica substrates were dried in an oven with desiccant, tiny water residues persisted in confined
areas near the base of the spheres. The center of the rings indicate the areas of uncovered substrate
that had been masked by latex spheres, and the donut shapes of the nanorings map out the areas

that contained small residues of water.
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As incremental amounts of water were further added to the reaction vessels (Figures 4.2b-
e), the corresponding changes in water distribution were detected indirectly in AFM images, by
mapping the locations of OTS that had bound to surface sites of water. As the amount of water
vapor correspondingly increased along the series, the differences in OTS coverage attributable to
the wettability of mica become apparent. With a small amount (2 mg) of water added, the nanorings
become slightly wider (Figure 4.2b), however the height of an OTS monolayer is retained. The
dimensions of surface features are indicated with an example height profile underneath each
image. When further quantities of water were added to the reaction vessel (Figures 4.2c,d,e) the
distribution of water is no longer localized at the meniscus regions, instead water spread across
areas of the hydrophilic mica surface throughout areas in between spheres of the latex mask. A
loosely packed, incomplete film is apparent in Figure 4. 2c, however as the water concentration
increased, a dense, continuous monolayer is evident in Figure 4.2d. For thin films at low surface
coverage, shorter heights were measured with incomplete filling of the area between the circles of
uncovered mica. This suggests that the C18 hydrocarbon backbone of OTS is canted towards the
plane, to generate shorter heights. As the surface density of OTS increased, the molecules adopt a
nearly upright orientation (Figure 4.2d) measuring ~2 nm in thickness. Saturation coverage was
reached with the sample of Figure 2e, which evidences a dense film of OTS without gaps of
substrate showing between molecular clusters. Bright islands of OTS are apparent where clusters
of multilayers have formed in a scattered arrangement across the sample, particularly at the edges
of circles which surrounded the latex spheres.

A close-up view of the sample prepared with 300 mg of water is presented in Figure 4.3.
There are clear differences in the surface distribution of OTS in the side-by-side comparison of

two samples prepared with the same parameters of water and OTS vapor. With silicon, there are
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still uncovered areas of substrate in areas between multilayered nanorings of OTS. Aggregates of
OTS assemblies are scattered in between the rings, however a dense assembly of OTS primarily
took place at the sites of a water meniscus near the base of the latex spheres. For silicon, the
localization of water at the meniscus sites provided a container for self-polymerization of silanols

to generate taller structures comprised of OTS multilayers.

0 15nom 0 11 nm

Figure 4.3. Distinct differences in the localization of OTS is apparent with 300 mg of water added
to the reaction vessels, determined by the substrate wettability. (a) Multilayer rings were formed
on hydrophobic silicon near the base of latex spheres of the surface mask. (b) A monolayer of OTS
formed with saturation coverage on mica, with a second layer formed of random island aggregates
of multilayered OTS.

In contrast, with mica substrates the water spread to fully cover areas of the substrates
between and surrounding the latex beads, and self-polymerization took place after the first layer
was formed. Since the colloidal lithography process is a 3D approach, one would expect that the
beads of the upper multilayers of latex would also become wetted from vapor phase water, and at
higher vapor concentration the moisture would form small droplets that would drip to fall on the

surface. The circular outline shown for the OTS patterns likely caused by small droplets of water
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that have fallen to the surface to form a circumference surrounding particles of the latex mask.
The craters at the center of the circle patterns contain uncovered mica, which pinpoint the locations
where the spherical beads of the colloidal mask were made contact with the planar substrate. The
differences in wettability correspondingly propagate into differences in the distribution and
thickness of OTS assemblies, which form by hydrolysis and condensation reactions with surface-
bound water at the vapor/solid interface.

4.3.3. Dimensions of OTS Surface Structures as the Concentration of Water Vapor
Increased.

Colloidal lithography provides advantages of generating multiple, replicate surface
structures which enable quantitative comparisons of the changes in dimension of nanostructures
and films. The localization of OTS on wetted surfaces provides a fingerprint of the arrangement
of water deposits. The dark spots of bare substrate in the center areas of the circular patterns on
silicon and mica furnish a baseline for measuring the thickness of OTS assemblies and films.
Average values for 100 cursor measurements of multiple, individual surface features are plotted
in Figure 4.4 for silicon and mica, using the standard deviation as the error term. With the
hydrophobic interface of silicon, as greater amounts of water were added, the heights increased to
produce multilayered assemblies of OTS, with thickness values corresponding to as many as 8
molecular layers (Figure 4.4a). Within confined areas of the water meniscus of the latex beads,
self-polymerization reactions with free silanols of trifunctional OTS was shown to produce
multilayered surface structures. On the other hand, for mica the changes in thickness reflect how
water spread out to fully cover the hydrophilic interface, as shown in Figure 4.4b. Multilayers were
not detected until saturation coverage was reached, for the final sample of the series. Further
quantitative analysis of AFM data is summarized using histograms of the height measurements,

provided as supporting information in Figures D.1 and D.2.
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Figure 4.4. Comparison of the thickness of OTS surface structures formed on surfaces wetted by
water vapor at selected concentrations, for (a) Si(111) and (b) mica(0001). Measurements were
acquired with 100 cursor line profiles of replicate surface features.

For hydrophilic surfaces such as mica, it is generally understood that an ultrathin film of
water spreads out to cover the surface in ambient conditions. In contrast, a hydrophobic surface
such as silicon would have discontinuous water coverage, forming small droplets in places where
water self-associates and is repelled by the surface. For the most part, the physical experiments
with AFM which disclose the self-assembly of OTS on surface sites containing water provide
indirect evidence to corroborate the expected effect of surface wettability for silicon and mica.
Interestingly, the first two images of the series do not follow the expected wettability trends, which
can be rationalized by the effects of spatial confinement as well as the proximity of the polystyrene
interface near the base of latex particles.

4.3.5. Specificity of OTS for Binding at Sites of Water Tracked with AFM Phase Images.

With tapping-mode AFM, the phase frames which are concurrently acquired with
topography images provide additional information of surface chemistry at the solid interface. In
particular, for silicon samples, phase images help to address the question of whether OTS
deposited in areas between the circular areas of OTS nanopatterns. Successive zoom-in views were

captured for silicon samples prepared with 100 mg of water added to the reaction vessel, presented
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in Figure 4.5. The heights of OTS nanopatterns are revealed in the sequence of topography frames

in the top row (Figures 4.5a,b,c).

Figure 4.5. The distribution of OTS assemblies on Si(111) indirectly maps the localization of water
condensed from vapor at the solid interface, after addition of 100 mg of water to the reaction vessel.
(a) Topography view (8% 8 pm?); (b) Zoom in topography view (4 x 4 um?); (c) magnified view
of two circular OTS nanostructures (1 x 1 pm?); (d) simultaneously acquired phase image for a;
(e) corresponding phase image of b; (f) phase image of topograph c.

The areas in between which surround the circles of OTS are uniformly bright in color
contrast, without evidence of OTS assembly, which indicates indirectly that sufficient water was
not present in regions between meniscus sites to enable hydrosilation of OTS. The areas of OTS
are also sensitively mapped in the concurrently acquired phase images in the bottom panels
(Figures 4.5d,e,f). Compared to the topography frames, the color contrast is reversed in the phase

images, the brighter colored areas indicate the regions of bare Si substrate without OTS. For the
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hydrophobic interface of Si(111), OTS binding was localized to the confined regions formed by
the water meniscus surrounding the latex spheres of the surface mask. Such results suggest that
either the geometric confinement as well as the proximity of the upper curved surface of
polystyrene form a hot spot for attracting water, which guides the subsequent surface placement
for OTS self-assembly. With a hydrophobic substrate, taller water deposits surrounding the base
of latex spheres served to promote vertical growth of trifunctional OTS to form multilayered
assemblies through self-polymerization of silanol groups. In this example the growth of OTS
permeated underneath the latex spheres, so that there is no central hole of uncovered silicon,
following the path of water deposits on the surface.

With the same parameter of 100 mg of water added to the reaction vessel applied for the
hydrophilic interface of mica, AFM images reveal the opposite trend for surface wetting in Figure
6. A continuous film of OTS was formed throughout areas of the mica surface except at the circular
regions of the meniscus, revealed in topography frames of Figures 4.6a,b,c. Multilayers are not
evident at the meniscus sites, and the film exhibits uniform thickness throughout the sample. Small
holes are evident in areas protected by latex spheres for mica samples which measure 225 + 25 nm
in diameter. Instead of islands or ring nanopatterns at the meniscus sites that were observed with
Si, a hexagonal arrangement of unfilled circles is apparent where the spheres of the latex mask
were removed (Figures 4.6d,e,f). A close-up view reveals that there are a few gaps in the film
which did not fill with OTS, and there is an island of OTS in many of the holes (Figure 4.6¢,f).
The shape of latex particles are not necessarily perfectly symmetric, a dimpled depression on the
sphere surface can provide a small vacant area for water to deposit which subsequently provides

sites for OTS assembly.
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Figure 4.6. A monolayer of OTS formed on a mica which was wetted by adding 100 mg water to
the reaction vessel, followed by heating. After reaction with OTS vapor, and removal of the latex
mask, dark holes are evident where the spheres were displaced. (a) Topography view (8 x 8 um?);
(b) zoom-in view (4 x 4 pum?); (c) magnified view (1 x 1 um?); (d) phase image acquired for a; (€)
phase image for b; (f) corresponding phase image of c.

When quantitatively comparing the areas of the surface covered with OTS with water
added to the reaction vessels, each experiment showed greater surface coverage on mica compared
to silicon (Figure 4.7). However, when no water was added the opposite trend was evident: there
was greater OTS coverage on hydrophobic silicon for the control samples. For the control samples,
the OTS deposition was localized to meniscus sites indicating areas with residual water that
persisted after drying the substrates in an oven with desiccant. The estimates of surface coverage
were made with 10 separate topographs for different locations of the sample, using 2 x 2 um?

frames.
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Figure 4.7. Measurements of the overall surface coverage of OTS formed on wetted surfaces of
(@) Si(111) and (b) mica(0001).

4.3.6. Comparison of OTS Assembly on Hydrophobic and Hydrophilic Interfaces

The spreading of water on hydrophilic mica was corroborated by AFM views of the
distribution of OTS assembled as a thin film covering areas throughout the sample that were not
masked (Figures 4.2c,d,e). The hydrophobic interface of silicon produced taller deposits of water
droplets in the areas close to the latex spheres to form multilayered nanorings (Figure 4.1c,d,e).
However the distribution of OTS in the confined areas of the meniscus with trace amounts of water
reveal anomalies. Comparing the control sample on mica (Figure 4.2a) to the control sample
prepared on silicon (Figure 4.1a) there are distinct differences observed for OTS distribution when
no water was added to the reaction vessel. Within the meniscus regions the water spread into a flat
circle on Si(111), however on mica we observed that OTS formed dense rings surrounding the
base of latex spheres. This is counterintuitive, since we would predict that water would spread out
on mica rather than form a tight ring following the latex meniscus. The discrepancy can be
attributed to the proximity of the solid curved surface of polystyrene. The outermost layer of

polystyrene beads has been described as a sponge, for soaking up and retaining water. It is a “hairy”
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particle, with spaghetti-like strands of PS polymer protruding at the interface when suspended in
aqueous environments.*® 1% |n solution, latex has been described as a having a hydrophobic core
surrounded by a hydrophilic layer.?® When considering the 3D shape of the water meniscus, the
hydrophilicity of the outer surfaces of the latex beads influences the distribution of water within
the confined areas of the meniscus sites. For the condition of very low humidity with the control
sample, the interplay of the wettability factor for both the flat substrates and the curved surface of
latex determines the experimental outcome. As more water was added, the predominant factor was
the wettability of the substrate.
4.4. Conclusions

Experiments with binding trifunctional OTS were developed to visualize wetting
phenomena at vapor/solid interfaces. The thickness and localization of OTS to form films and
multilayered assemblies provided a map of the sites where water deposited from vapor phase on
the surfaces of Si(111) and mica(0001), as examples of hydrophobic and hydrophilic interfaces
respectively. Colloidal lithography was applied to prepare surface masks of latex spheres, which
protected discrete circular areas of the substrate. The localization of water deposits formed from
vapor phase processes is not homogeneous on silicon surfaces, instead molecules collect together
around the meniscus of latex spheres to form droplets cooperatively rather than forming a
continuous film. With low humidity, water was found to be localized near the bottom of the
particles of the mask, forming a circular meniscus surrounding the base of the spheres. The effects
of spatial confinement within the meniscus sites, as well as the hydrophilic nature of the
polystyrene interface of the spheres influenced the distribution of OTS near the latex spheres.
Further directions will be to pursue a molecular-level understanding of chemical and physical

processes at liquid/solid interfaces that are attributable to water and surface wetting phenomena.
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CHAPTER 5. ATOMIC FORCE MICROSCOPY INVESTIGATIONS WITH
NANOPATTERNED ORGANIC THIN FILMS®

5.1. Introduction — Fundamental Studies of Organic thin films

Pioneering studies of organic films were first reported by Irving Langmuir with the
introduction of Langmuir-Blodgett (L-B) films.!”> The collaborative work of Langmuir and
Katharine Blodgett focused on depositing calcium stearate films on glass surfaces to form films
thicker than a monolayer by immersing solid substrates into polar liquids.'**> Preparation of L-B
films with a thickness of one quarter of the wavelength of light would produce antireflection

coatings that can be used for eye glasses, lenses and other optical devices including microscopes

and cameras to reduce reflection.!** Organic thin films have been applied such as biosensors,!*>-

197 198-201

organic thin film transistors, corrosion-resistant surfaces,?’>?** biomedical,?*>2% and

electronic devices.?07-20

Due to the ease of preparation, self-assembled monolayers (SAMs) of alkanethiols on
Au(111) have been well studied.® 122219211 Alkanethiol SAMs are prepared by submerging the
substrate in dilute solutions of alkanethiols to form highly reproducible, dense monolayers.
Applications of organosulfur-based SAMs are limited because chemisorbed S-Au bonds can be

readily oxidized.?!'> Studies have shown that n-alkanethiol SAMs break down at high

3 t 214-216 106, 217-219 220-221
3

temperatures,”!> or exposure to ultraviolet ligh ozone and oxidation.
Therefore, new directions with SAMs have focused on synthesis and preparation of more stable
organic thin films which are not based on S-Au chemisorption. Electrografting and photografting
of organic molecules from precursors such as amines, diazonium salts and Grignard reagents are

alternative approaches used to form stronger bonds between organic layers and metals.??2>** These

“The data in Chapter 5 are a part of a collaborative project with Dr. Ragains research group,
Department of Chemistry, Louisiana State University.
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methods produce films derived from carbon-centered radicals which are tightly bound by covalent
C-Au bonds. Experimental and theoretical studies show that the C-Au bond provides improved
stability for grafted organic thin films compared to analogous films formed with S-Au chemisorbed
linkages.?>>*6 The grafted films are thermally stable, do not degrade with chemicals or oxidation
over time and are not removed or degraded by sonication and boiling solvents.?*?

5.2. Visible Light Induced Photografting of Aryl Thin Films on Au(111)

This chapter describes experiments using high-resolution AFM and nanolithography
protocols for studies of the structure and properties of photografted aryl thin films. Aryl thin films
were formed from aryl iodide precursors that are readily reduced to aryl radicals through visible
light photocatalysis.?*’-?%

Grafting organic radicals onto surfaces with UV irradiation or electrografting approaches
requires more advanced and expensive technology. Also, approaches with UV photografting and
electrografting often are plagued with forming multilayers.?*>* Either Hg or Xe lamps that
operate at high temperatures are required for UV photografting.?**> Radiation from UV lamps can
damage the retina posing a health hazard. To overcome such challenges, a versatile method of
visible-light promoted catalytic steps was developed to synthesize radical-derived thin films.?** In
this approach, carbon-centered radicals were grafted on Au(111) by visible light irradiation of a
solution containing photocatalyst, radical precursors and reducing agents. The radicals were
generated from diazonium salts. The LED sources of visible light that were used in this method
are nonhazardous, operate at low temperatures and do not require complicated power sources, just
one standard electrical outlet is sufficient. The visible light photocatalysis method was combined

with particle lithography to prepare periodic arrangements of nanoholes within photografted

polynitrophenylene films °* and phthalimide esters on Au(111).2%®
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In the mechanism proposed by Lee and co-workers, an aryl radical was formed through a
series of reactions during photoreduction. An aryl radical abstracts a hydrogen atom in the
termination step of the mechanism.??” In the photografting experiments, the aryl radical grafts on
Au(111) forming a gold-carbon bond instead of undergoing hydrogen abstraction (Scheme 5.1).
The photografting reaction is governed by an iridium-based photocatalyst, trisphenyliridium
[Ir(ppy)2(dtbbpy)"]. When the photocatalyst is irradiated with blue LEDs, a photon is adsorbed
and is promoted to an oxidizing excited state. The excited state accepts an electron from the N, N-
diisipropylethylamine (DIPEA) by single-electron transfer (SET) to form Ir(II) species. The
resulting Ir(Il) species acts as a strong reducing agent which transfers an electron to aryl halide to

generate an aryl radical and iodide. The aryl radicals attach to a gold surface directly to form a

covalent bond.?**
hv
Ir dtbbpy)* .
(ppy)"z( Py) I
Grafted onto — Ar. / /== Electron donor
Au(111) \ (Diisoprophylethylamine -DIPEA)
» (
Ar-| Ir(11) = Oxidized el ]
species xidized electron donor

Scheme 5.1. General reaction mechanism for visible-light induced photografting of aryl radicals
onto Au(111).

Modes of atomic force microscopy (AFM) were used for fundamental studies of the
structure, properties and stability of photografted aryl thin films prepared on Au(111) in
collaborative efforts with Dr. Ragain’s group. Protocols of AFM-based nanoshaving and colloidal
lithography were used to prepare surface structures to obtain information about the local thickness

and the robustness of photografted films.
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Thin films of aryl iodides were prepared on Au(111) by visible light photocatalytic reaction
combined with immersion particle lithography (Figure 5.1). For the particle lithography approach
for nanopatterning, gold substrates were coated with a surface mask of silica spheres and then

immersed in a dilute solution of aryl halide, a photocatalyst and a reducing agent. Visible light

(@) : (b) (©)
3 & @

Figure 5.1. Steps for preparing aryl thin films using visible-light photografting combined with
particle lithography. (a) A film of 500 nm silica spheres was prepared as a surface mask on
Au(111), and annealed for 48 h at 150°C. (b) The masked substrate was immersed in a dilute
mixture of aryl halide, photocatalyst and a reducing agent, and then irradiated with blue LED light.
(c) The particle mask was removed by sonication in ethanol to generate nanopatterns within the
photografted aryl film.

irradiation of the reaction mixture produced aryl radicals that graft onto uncovered areas of the
gold substrate. When the surface mask is rinsed away, a periodic arrangement of nanoholes is
formed within films of photografted aryl thin films. Measurements of film thickness and
characterization of the morphology of photografted films were acquired with contact mode AFM
in liquid media. The robustness of the photografted aryl films was evaluated with nanoshaving
experiments conducted in a liquid cell filled with ethanol. The amount of force required to shave
away small areas of the films provides an indication of the adhesion strength of molecular

assemblies.
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5.3. Experimental Methods
5.3.1. Materials and Reagents

Aryl iodide, Ir photocatalyst, [4,4'-Bis(1,1-dimethylethyl)-2,2’-bipyridine-N1,N1']bis[2-
(2-pyridinyl-N)phenyl-C]Jiridium(I11)hexafluorophosphate, Ir(dtbbpy)(ppy)2][PFe] and
acetonitrile were purchased from Sigma-Aldrich (St. Louis, MO). N,N-Diisopropylethylamine
(DIPEA) was purchased from Alfa Aesar (Tewksbury, MA). The irradiation source for
photografting reactions was two 4W sapphire blue LED flex strips from Creative Lighting
Solutions (Cleveland, OH, USA). Epoxy A and B (EPO-TEK, Billerica, MA) were mixed in 1:1
ratio to form the epoxy glue. Micro cover glass (VWR, Radnor, PA) and Ruby muscovite mica (S
& J and Trading Co., NY) were used to prepare atomically flat gold substrates. Size sorted silica
spheres (500 nm) were obtained from Thermo Scientific (Fremont, CA). Ethanol, 200 proof was
obtained from Deacon Labs (Prussia, PA) and Milli-Q type 1 water, (18 megohms, Millipore,
Bedford, MA) was used for rinsing and sonication steps. Gold pellets (99.99% purity) were
purchased from Ted Pella (Redding, CA).
5.3.2. Protocol for Preparing a Surface Mask of Silica Particles on Gold Substrates

A thin layer (150 nm) of gold was deposited onto mica at 107 torr using a high-vacuum
thermal evaporator (Angstrom Engineering Inc., Kitchener, OR) following a previously developed
protocol.2% Freshly cleaved Ruby muscovite mica was preheated to 350°C prior to gold deposition
using quartz lamps at the back of the sample holder. The gold pellets were thermally evaporated
at 107 Torr. The evaporated gold was deposited onto mica at a deposition rate of 3 A/s. After
deposition, the gold films were annealed at 365°C in vacuum for 30 min and then cooled to room
temperature before taking out of the vacuum chamber. Template-stripped gold (TSG) substrates

were prepared by a previously reported procedure.?*”-2%® Circular shaped cover glass and the mica
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pieces with the gold film were placed into a UV-0zone generator for 30 min to clean the surfaces.
Then glass slides were carefully glued onto the gold film using a small amount of epoxy (EPO-
TEK, Billerica, MA). Epoxy glue was annealed by heating the sandwich of glass-gold-mica at 150
°C for 2 h. The glass discs were then mechanically stripped from mica to expose clean, atomically
flat Au(111).

Silica spheres (400 uL) were suspended in 600 pL of deionized water and centrifuged for
10 min at 20,000 rpm. The resulting supernatant was decanted and the pellet was resuspended in
1 mL of deionized water. The mixture was re-centrifuged for three cleaning cycles to clean away
any residual contaminants or surfactants that may present in the original solution. The pellet of the
last centrifugation step was resuspended in 400 pL of deionized water. A drop of the silica sphere
suspension (10 pL) was placed onto the template-stripped gold substrates and dried in air for 2 h.
The sphere mask was then annealed by oven-drying for at 150°C for 96 h.
5.3.3. Photografting Procedure

A protocol with visible light photocatalysis introduced by Kim et al.??® and Quarels et al.?*®
was used to generate aryl radicals from selected aryl iodide precursors to form aryl thin films on
Au(111). Stoichiometric amounts of selected aryl halides, trisphenyliridium photocatalyst
[Ir(ppy)2(dtbbpy)*], diisopropylethylamine (DIPEA) as a reducing agent, and acetonitrile (MeCN)
as the solvent were added to a 50 mL Erlenmeyer flask containing a stir bar. The gold substrate
with sphere mask was added to the reaction mixture, then the flask was sealed with a rubber
septum. A dry N2 line was introduced through the rubber septum. The reaction mixture was
carefully stirred after adding MeCN. The gold substrate should be held away from the stir bar to
prevent possible damage due to mechanical contact when stirring. Visible light irradiation of the

reaction mixture using a blue light emitting diode (LED) was conducted at room temperature or
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45 °C for desired time. When the irradiation was completed, the Au(111) substrate was taken out
and rinsed twice with deionized water and ethanol. The substrate was then sonicated for 2 min in
ethanol and then for 2 minutes in deionized water to remove the sphere mask.
5.3.4. Surface Characterization using Atomic Force Microscopy (AFM)

Model 5500 and 5420 scanning probe microscopes (Keysight Technologies, Santa Rosa,
CA) were used for AFM studies. Images were acquired with Pico View v 1.12 software in model
5420 and v1.18 in model 500. Tapping-mode AFM images were acquired using silicon AFM
probes (Budget Sensors, PN Tap300AI-G) with an aluminum reflex coating. Tips with average
spring constant of 40 N/m were used to acquire topography and corresponding phase images.
Nanoshaving experiments were conducted using a liquid cell containing ethanol. Contact mode
SiaNj4 tips with an average spring constant of 0.6 N/m (Bruker Instruments, Camarillo, CA, USA)
were used for nanoshaving and contact mode AFM imaging. Digital AFM images were processed
using Gwyddion (v 2.30) software which is freely available.
5.4. Results and Discussion

5.4.1. Photografting of Aryl Iodides by Visible Light Combined with Particle Lithography

In the first experiment, a surface mask of 500 nm silica spheres on Au(111) was immersed
in a solution containing 4- iodoanisole, trisphenyliridium photocatalyst and DIPEA in MeCN.
After the reaction was complete, the sphere mask was removed by sonication in ethanol for 4 min
and the sample was imaged using contact mode AFM in liquid media (Figure 5.2). The
arrangement of nanoholes shown in Figure 5.2a was generated according to the packing
arrangement of silica spheres of the surface mask. The periodicity of the nanoholes measured 510
+ 97 nm (n = 20), which matches the diameter of the 500 nm silica spheres used as a surface mask.
A close-up view of a single nanohole is shown in Figure 5.2b, showing irregularly shaped edges

for the circular area. The vertical and horizontal diameters of the nanohole measured 196 nm and
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143 nm. The surrounding region represents the film formed by covalently bound anisole radicals.
The average thickness of the photografted film measured 2.0 £ 1.0 nm (#=50) and an example
cursor profile is shown in Figure 5.2c.

The photografted radical contains a benzene ring with a methoxy group attached. The
estimated theoretical length of the radical is 0.56 nm. The thickness of the monolayer of the thin
film should be 0.77 nm when considering an Au-C bond length of 2.08 A.??* From the thickness
measurements it appears that under the conditions used in this experiment, multilayers of anisole

films that are ~3-4 times thicker than the monolayer have formed. Two distinct areas are apparent

0.1 0.2 0.3 0.4 0.5
Distance (um)

3mol% Ir(ppy), (dlbbpy)PF(,
DIPEA MeCN, rt
Blue LED's
30 min irradiation

Figure 5.2. Photografted film of 4-iodoanisole on Au(111) with hexagonally packed arrangement
of nanoholes, produced using particle lithography. (a) Topography image acquired in liquid (2 x
2 um?); (b) magnified view of a single nanohole (500 x500 nm?); (c) cursor profile for the line
drawn in b; (d) corresponding lateral force image of a; (e) lateral force image for b; (f)
photografting reaction scheme with 4-iodoanisole assembled on Au(111).

within the lateral force frames (Figures 5.2d and 5.2¢) representing bare gold inside nanoholes as
circular bright areas and the surrounding aryl thin film with a darker color. The areas are free of

contaminants, which would appear as bright or dark spots on the lateral force frames. Visible light
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irradiation of the reaction mixture containing 4-iodoanisole and stoichiometric amounts of
Ir(ppy)2(dtbbpy)” and DIPEA for 30 min using a blue light emitting diode (LED) at room
temperature produced 4-iodoanisole radicals. The mechanism involves excitation of photocatalyst
followed by single electron transfer (SET) to the aryl iodide. Aryl iodide loses iodide anion
producing anisole radicals that eventually graft onto uncovered areas on Au(111) forming a gold-
carbon covalent bond (Figure 5.2f).

The next series of experiments were designed as control experiments to evaluate if there
is any possibility of forming thin films due to the grafting other components such as
Ir(ppy)2(dtbbpy)*, DIPEA or MeCN present in the reaction mixture. Also, nanoshaving can
provide information of the robustness of grafted thin films upon changing reaction conditions.
Example AFM images of selected control experiments are shown in Figures 5.3 and Figure 5.4. A
control experiment conducted to examine the result of thin film deposition without adding
photocatalyst is shown in Figure 5.3. The sample shows a few surface deposits around the
meniscus area of spheres forming ring-shaped nanostructures, however the film has an irregular,
clustered morphology when compared to the continuous smooth film of the previous example
(Figure 5.3a). The thickness of the film measured 2.1 £ 0.5 nm (n = 50) with a periodicity of 510
+ 60 nm. The bright spots throughout the topography view indicate nonspecific binding of
components after the reaction was completed. The outer diameter of the single nanoring in Figure
5.3c has an irregular width ranging from 138 nm to 156 nm. The inner diameter measured ~50 nm,
indicating the area where a silica sphere was displaced. Nonspecific attachment of adsorbates on
Au(111) after photografting in the absence of photocatalyst has been observed in previous
studies.®® 2% However, further experiments need to be conducted to provide a complete

explanation of the actual phenomena that occurs under reaction conditions of the control sample.
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Figure 5.3. Control sample of photografting 4- iodoanisole without the presence of photocatalyst.
(a) Topograph of nanostructures formed on Au(111) (3x3 um?); (b) corresponding phase image
of b; (c) Zoom-in view of single nanohole (500 x 500 nm?); (d) Cursor profile for the white line
in c. The images were acquired with tapping-mode AFM in ambient air.

A further control experiment was completed without visible light irradiation during sample
preparation (Figure 5.4). The AFM images reveal no evidence of a film or nanostructures formed
on Au(111), showing that aryl radicals did not attach to the surface when visible light is not applied

to the reaction mixture. The images show the typical features of a gold surface, with a few defects
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and irregularly shaped gold plateaus. A few random particles of contaminants are evident in the

topography (Figure 5.4a) and phase frames (Figure 5.4b).

0 12 nm

Figure 5.4. View of the sample surface acquired for a 4- iodoanisole sample prepared without
applying visible light irradiation. (a) Tapping mode topography image (6 x 6 um?); (b)
corresponding phase image for a.

5.4.2. AFM-Based Nanoshaving of Photografted Films

Nanoshaving is accomplished by applying a mechanical force to the AFM tip during
scanning and “shaving away” molecules in a small area to uncover underlying regions of the
substrate. Information of the robustness of the thin films can be obtained using nanoshaving
experiments by evaluating whether the molecules can be shaved away when high force is applied
to the AFM probe. When the films are stable and robust, greater force must be applied to the AFM
tip to shave away molecules.

The results with nanoshaving are shown with topography images in Figure 5.5 for a
photografted film of 4-iodoanisole. First, the sample was imaged with contact mode in ethanol to
locate a flat area for nanoshaving (Figure 5.5a,b). Next, a square pattern was nanoshaved within
an aryl thin film by applying 11 nN force to the AFM tip for 10 sweeps. Smaller forces were not

successful for shaving. Silicon nitride tips have been used in previous studies with 2-9 nN force
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applied to remove o-functionalized alkanethiols Au(111).2** A force of 11 nN was applied for
nanoshaving photografted films of phthalimide esters.?**> The dark square pattern in Figure 5.5¢
reveals an area of uncovered substrate produced by nanoshaving. The relatively homogeneous
color inside the nanoshaved square evidences clean removal of molecules of the film. The local
thickness of the photografted film measured ~ 1.8 nm (Figure 5.5d). This value is in close
agreement with the average thickness obtained for thin film in Figure 5.2. The nanoshaving
experiment indicates that the robustness of the photografted anisole thin film is comparable to that

of o-functionalized alkanethiols.

’,
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Figure 5.5. Nanoshaving of photografted film prepared with 4-iodoanisole precursor. (a)
Topography image acquired before nanoshaving; (b) lateral force image for a; (c) after
nanoshaving; (d) cursor profile for the nanoshaved area in c.
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5.4.3. Photografting Experiments with Methyl 4-lodobenzoate

An experiment conducted with a second type of aryl iodide, methyl 4-iodobenzoate,
evidences the spontaneous grafting of aryl radicals on Au(111) (Figure 5.6). Nanoholes within the
aryl thin film cannot be distinguished in the AFM topography image for a sample prepared with a
particle mask (Figure 5.6a). Imaging in liquid improves the resolution of AFM topographic
imaging since smaller force can be applied between the tip and the sample in a liquid environment,
with minimal stick-slip adhesion of the scanning probe.*? A spiral arrangement of overlapping gold
steps is revealed in the zoom-in topography frame (Figure 5.6b) and lateral force image (Figure
5.6¢e). The height of a gold step is ~ 0.25 nm whereas the depth of an etch pit is about 0.2 nm.
These values correspond to the thickness of one atomic layer of gold. Previous studies have
documented measurements of gold steps and etch pits observed upon forming n-alkanethiol SAMs
on Au(111).2** Our study reveals details of the morphology of the underlying gold substrate for
samples formed by visible light photografting of aryl thin films.

The thickness of aryl thin films prepared by methyl 4-iodobenzoate was found to be 1.9 +
0.4 nm (n=20) and a representative cursor profile of a single nanohole is given in Figure 5.6c. The
estimated thickness of a monolayer formed with methyl benzoate radicals is 0.9 nm. The measured
thickness value scales up to a bilayer under the given reaction conditions. A few randomly
distributed nanoholes can be distinguished in the figure by comparing the topography frame
(Figure 5.6a) with the simultaneously acquired lateral force image (Figure 5.6d). This provides
evidence that photografting of methyl 4-iodobenzoate was successful for producing thin films of

methyl benzoate attached to Au(111) via Au-C bonds (Figure 5.6f).
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Figure 5.6. Thin film of methyl 4-iodobenzoate on Au(111) formed by particle lithography
combined with photocatalysis. (a) Topography image acquired with contact mode in liquid (2 x 2
um?); (b) zoom-in image of a single nanohole (500 x 500 nm?); (c) cursor profile across the
nanohole in b; (d) corresponding lateral force image of a; (e) lateral force image of b; (f) reaction
scheme for photografting methyl 4-iodobenzoate on Au(111).

5.4.3. Photografted Films of Hexafluorobenzene

The potential of forming photografted aryl thin films using different types of aryl halides
as precursors was also examined. An aryl fluoride, hexafluorobenzene, was evaluated for surface
grafting using visible-light photocatalysis using a protocols with immersion particle lithography
(Figure 5.7). Samples prepared with hexafluorobenzene were imaged with contact mode AFM in
ethanolic media. An arrangement of ring-shaped nanostructures is vaguely apparent in the
topography image of Figure 5.7a, evidencing the feasibility for forming aryl thin films using aryl
fluorides. The shape of three nanorings can also be resolved in the zoom-in topography frame of
Figure 5.7b, which indicates that a thicker layer formed near the meniscus sites at the base of the

silica particles of the surface mask.
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Figure 5.7. Nanorings prepared by photografting of hexafluorobenzene on Au(11l). (a)
Topography image (4 x 4 um?); (b) zoom-in view of a (1 x 1 um?); (c) line profile over one
nanohole in b. (d) Corresponding lateral force image of b; (d) lateral force images of a; (e) lateral
force image for b; (e) simplified reaction scheme for photografting hexafluorobenzene.

The height of a nanoring measured 1.8 + 0.6 nm (n=50) with a periodicity of 480 + 40 nm
(n=20). The thickness indicates that multilayers formed, that can be attributed to the availability
of six positions occupied by fluorine in each hexafluorobenzene molecule. The multiple fluorine
groups enhance the possibility of forming aryl radicals during the photografting reaction. With
greater availability of fluorine, the radicals tend to react with each other to form either dimers or
monomers. As a consequence, multilayers were formed rather than the expected 0.63 nm film
thickness for a monolayer. The average height is fairly close to the thickness shown in the example
cursor profile in Figure 5.7c.

The robustness of photografted films of fluorobenzene was evaluated with nanoshaving
experiments (Figure 5.8). The undisturbed area is shown in Figure 5.8a before nanofabrication.

After a square pattern was nanoshaved with an applied force of 11 nN the area is slightly modified,
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however molecules were not cleanly removed. Areas of the film indicated by the white square in
Figure 5.8b shows that the film was not successfully shaved away with 10 sweeps using an applied
force of 11 nN force. A vague square is barely visible and clean removal was not observed. A
second attempt with a greater applied force of 22 nN is shown in Figure 5.8c. Molecules within

the square were partially removed with higher force.

0 S nm

Figure 5.8. Nanoshaving experiments conducted with photografted aryl fluoride films prepared on
Au(111). (a) Topograph of 500 x 500 nm? area taken with contact mode imaging in liquid; (a)
topograph acquired after the first attempt of nanoshaving with 11 nN applied force; (b) topography
frame showing a second attempt of nanoshaving with an applied force of 22 nN.

Control experiments were also conducted with the hexafluorobenzene photografting to see
if surface films were formed in the absence of the photocatalyst (Figure 5.9) or without reducing
agent (Figure 5.10). Contact mode AFM images of a control sample prepared without adding the
Ir-based photocatalyst to the reaction mixture are shown in Figures 5.9a,b after immersion particle
lithography. The nanostructured film contains nanoholes of bare gold substrate where silica
spheres were rinsed away, furnishing a baseline for measuring film thickness. Irradiation of a
hexafluorobenzene solution without adding the photocatalyst produced a thin film measuring 4.5
+ 0.8 nm (n=50) in thickness. An example cursor measurement is shown in Figure 5.9c. A square
hole was nanoshaved in the experiment of Figures 5.9d,e to examine adhesion of the film. Local

areas of the film prepared without the photocatalyst could be cleanly removed by applying a force
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of 11 nN to the tip and sweeping 10 times in ethanolic media. The clean removal indicates that in

the absence of photocatalyst the film formed by aryl fluoride radicals is less stable compared to

the film prepared with a photocatalyst.
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Figure 5.9. Control sample prepared with hexafluorobenzene photografting without adding
photocatalyst. (a) Nanoholes viewed with a topography frame (1x1 pm?) acquired with contact
mode in liquid; (b) corresponding lateral force image; (c) An example cursor profile for the line
across a single nanohole in a; (d) nanoshaved area (1x1 pm?) within the aryl thin film; (e) lateral
force image for d; (f) line profile across the nanoshaved area in d.

Nanostructures were not detected on a sample that was prepared with particle lithography
without adding the reducing agent (Figure 5.10). The morphology that is typical of bare Au(111)
are apparent, however there is no evidence of a film within the image. Surface features such as
defects, scars and triangular terraces on Au(111) are revealed in topography frame of Figure 5.10a.
There is no evidence of a film or molecular adsorbates, without reducing agent no surface assembly

took place for the control sample without the presence of a reducing agent. The control experiments
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indicate that the reducing agent is crucial for producing surface films with the photocatalyzed

reaction.

0 20 nm

Figure 5.10. Control sample prepared with hexafluorobenzene photografted without adding
reducing agent, DIPEA. (a)Tapping mode topography image acquired in air; (b) phase image of a.

5.4.4. Photografted Films Prepared with Aryl Halides

Photografting experiments were conducted using aryl halide precursors of
iodopentafluorobenzene, 2,3,4,5,6-pentafluorobenzonitrile and methyl pentafluorobenzoate.
Surface characterizations with AFM and nanoshaving results are shown in Figure 5.11 for studies
with iodopentafluorobenzene. A thin film with nanorings was produced using visible light
photocatalysis of iodopentafluorobenzene with immersion particle lithography. A periodic
arrangement of circular nanostructures is visible in the topography frame of Figure 5.11a. At
higher magnification (Figure 5.11b) the clustered morphology of the film reveals an irregular,
somewhat rough morphology which is not smooth and continuous. This suggests that the surface
packing is not saturated, a few areas of scars are not fully covered with molecules. The average
thickness of the nanoring structures measured 3.1 + 0.9 nm (n=50) which is ~6 times taller than

the theoretical height of a fluorobenzyl monolayer film on Au(111). An example cursor profile is
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shown in Figure 5.11c across an individual nanoring pattern. The shapes of the nanorings can also
be resolved in the concurrently acquired lateral force images in Figures 5.11d,e. The reaction

conditions are outlined in Figure 5.11f.
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Figure 5.11. Nanopatterned thin film prepared by exposing iodopentafluorobenzene to visible light
with the photocatalyst reaction combined with immersion particle lithography. (a) Contact mode
topography image acquired in liquid (4 x 4 um?); (b) magnified view of a three nanoholes (500 x
500 nm?); (c) cursor profile for the line on b; (d) corresponding lateral force image of a; (e) lateral
force image simultaneously taken with b; (f) simplified reaction scheme of photografting
iodopentafluorobenzene on to Au(111).

Nanoshaving was effective for removing photografted molecules was observed with an
applied force of 11 nN (Figure 5.12) for a film prepared with photografting
iodopentafluorobenzene. A view of the ring-shaped nanostructures produced with immersion
particle lithography combined with photografting of iodopentafluorobenzene is shown in the
topography frame of Figure 5.12a. After nanoshaving, a square hole was formed with molecules
piled at the edges of the nanoshaved area (Figure 5.12b). With 10 sweeps, the removal of molecules

in the square hole was incomplete for this sample.
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Figure 5.12. Nanoshaving experiments conducted on aryl thin films prepared with iodopenta-
fluorobenzene precursors. (a) Topography image (500 x 500 nm?) taken before nanoshaving; (b)
topography image after a region was nanoshaved. Cursor profiles are displayed below each
topography image for the white lines drawn across nanostructures. The nanoshaving experiment
was conducted with 10 sweeps using contact mode.

Photoredox catalysis of ,3,4,5,6-pentafluorobenzonitrile was successful for producing aryl
radicals that graft onto uncovered areas of Au(111) as shown in Figure 5.13. After the surface
mask was removed, patterns of nanoholes were revealed at the areas that were initially covered
with silica spheres. The edges of the nanoholes are slightly taller than the surrounding film, in

areas surrounding the base of the silica spheres (Figures 5.13a, b). An example cursor profile across
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one of the nanoholes is shown in Figure 5.13c. The average depth of nanoholes measured 1.6 +
0.5 nm (n=50). The concurrently acquired lateral force frames reveal differences in chemical
contrast for the areas of uncovered gold substrate within the center of the nanoholes compared to

the surrounding matrix film. The general photografting reaction scheme is outlined in Figure 5.13f.
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Figure 5.13. Nanoholes formed within an aryl film prepared using 2,3,4,5,6-
pentafluorobenzonitrile as the precursor for visible light photocatalysis. (a) Topography image
acquired in liquid (6 x 6 pm?); (b) two nanoholes shown in a zoom-in image (2 x 2 um?); (c) cursor
profile for the line on b; (d) lateral force frame for a; (e) lateral force images for b; (f) general
reaction scheme for photografting pentafluorobenzonitrile on Au(111).

A multilayered film was formed with photografting of methyl pentafluorobenzoate. A
dense, smooth morphology is revealed in the topography frames of Figures 5.14a,b. The
arrangement of circular holes follows the periodic packing of the silica sphere mask used for
immersion particle lithography. An example cursor line drawn across two of the nanoholes is

shown in Figure 5.13c. The average thickness of the multilayered film measured 6.5 = 1.0 nm
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(n=50) which corresponds to ~9 molecular layers. Phase images which are concurrently acquired

with tapping-mode topography frames provide sensitive maps of the elasticity of the sample
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Figure 5.14. Nanoholes within an aryl film prepared by immersion particle lithography and
photografting using a precursor of methyl pentafluorobenzoate. (a) Topography image acquired
with tapping mode (2 x 2 um?); (b) zoom-in image (500 x 500 nm?); (c) cursor profile for the line
on b; (d) corresponding phase images of a; (e) phase image for b; (f) reaction scheme for
photografting methyl pentafluorobenzoate on Au(111).

(Figure 5.13d,e). In this example the bright areas of the circular gold patches of the nanoholes are
harder than the surrounding film. The bright clusters in areas between the nanoholes reveal an
irregular film thickness. The thickness of the photografted film is not uniform throughout all areas
of the sample. The island protrusions are also apparent in the topography images.
5.5. Conclusions

Nanostructured aryl thin films were produced on Au(111) by covalent attachment of aryl
radicals formed via visible light irradiation (with blue LEDs) of Ir catalyst in the presence of
DIPEA reducing agent. Multiple replicate patterns of nanoholes and ring-shaped nanostructures

within aryl thin films were formed by combining visible light photocatalysis reaction with particle
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lithography. The bare gold substrate exposed inside the nanoholes provides a reference point to
measure the thickness of photografted films. Film thickness was measured by selecting AFM
cursor profiles across surface features containing uncovered substrate. The overall morphology of
photografted aryl thin films was visualized with high-resolution AFM studies. Multilayered films
were generated as a consequence of the aryl radicals producing dimeric or monomeric radical units
which undergo subsequent radical reactions in the solution mixture or even after the initial
attachment to the gold substrate. Nanoshaving experiments were successfully applied to examine
adhesion of photografted films prepared on gold substrates. Photografting generated strongly
attached organic thin films by Au-C covalent attachment of aryl radicals to Au(111). The
photografting method was combined with particle lithography to produce ordered arrays of

nanostructures within photografted films.
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CHAPTER 6. SURFACE COUPLING OF OCTAETHYL PORPHYRIN
WITH SILICON TETRACHLORIDE”

6.1. Introduction

Porphyrins are excellent materials for molecular electronics, due to their diverse structural
motifs and associated electrical, optical and chemical properties, and thermal stability.241-24¢ The
rigid planar structures and - conjugated macrocycles of porphyrins inherently convey stability
and robust electrical characteristics. Porphyrins have a macrocyclic tetrapyrrole structure, which
may be functionalized with various substituents.?*” Modifications of the macrocycle, peripheral
groups or bound metal ions can generate a range of electrical and photoelectrical properties.?*® At
a basic level, electronic properties of porphyrins are controlled by the degree of © delocalization
of the conjugated rings.?*° Porphyrins can be organized into supramolecular arrays, aggregates and
crystals with diverse functions. The diverse architectures of porphyrins have been used for
applications such as gas sensors, %! phototherapeutics,2>2° photovoltaic cells,?%*2%
photocatalysis, ®82° organic light-emitting diodes,?®*2®3  molecular wires, 42 and as
components for molecular-based electronic devices.266-27

The orientation of porphyrins on surfaces is determined by factors such as the nature of the
peripheral substituents and their position on the macrocycle.?*2"2 When preparing surface films,
the planar macrocycles of porphyrins spontaneously self-associate to form stacked structures. This
natural capability of self-stacking has been a hurdle for developing processes for molecular
patterning, since porphyrins do not form chemisorbed or covalent bonds to surfaces unless a
peripheral group is added to the macrocycle to facilitate bonding. Due to the structural nature of

tetrapyrrole molecules of porphyrins, the supramolecular organization of nanomaterials and films

* This chapter was previously published in ACS Omega in the article® linked here.
https://pubs.acs.org/doi/10.1021/acsomega.8b03204 (See Appendix F). Further permissions
related to the material excerpted should be directed to the ACS.

107


https://pubs.acs.org/doi/10.1021/acsomega.8b03204

is driven by forces such as metal-ligand bonds, non-covalent ionic bonds, hydrogen bonding, ©-n
interactions, electrostatic and other intermolecular forces including van der Waals forces.?’327
There is a tendency for the flat molecules to orient in a coplanar arrangement that is mediated by
physisorption to the substrate as well as by electrostatic interactions between macrocycles to form
layers of packed molecules in a cofacial arrangement, analogous to a stack of coins.

There is considerable precedent for studies of the synthesis, structures and properties of
porphyrins and our studies build on such information. Several synthetic approaches have been
reported for binding porphyrins to surfaces by designing peripheral groups to facilitate surface
self-assembly, as a strategy to enable stronger bonding between the molecules and substrate. By
incorporating thiols in peripheral groups of the molecular design, porphyrins can be linked to metal
surfaces by chemisorption.?’®%1 A silicon substrate was functionalized with 3-
aminopropyltrimethoxysilane (APTMS) to link 5,10,15,20-tetrakis-(4-aminophenyl) porphyrin to
surface amines using a urea coupling reaction with 1,4-phenylene diisocyanate.?®? Zinc and iron
porphyrins were attached to silicon substrates functionalized with APTMS by forming an amide
bond between the conjugated macrocycle and surface amino groups that were activated by
carboxydiimidazole.?®® The nitrogen of pyridyl moieties was linked to chloro- groups of
chloromethylphenylsilane to attach tetrapyridyl porphyrin (TPyP) to functionalized Si(100)
substrates.?3* Cobalt tetraphenyl porphyrins were functionalized with peripheral groups of amines
for binding to gold substrates, as reported by Lokesh et al.?®® As a strategy to covalently bind
porphyrin to surfaces of Si(100) and quartz substrates, multilayer thin films were prepared with

TPyP by coating the surface with [p-(chloromethyl)phenyl] trichlorosilane as a coupling layer and

then assembling sequential layers with linkers connected to pyridyl groups of the porphyrin
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ring.286-287  Copper(l)-catalyzed azide-alkyne cycloaddition (CUAAC) reactivity, commonly
referred to as “click” chemistry has also been used for binding porphyrins to surfaces.?8-289

In previous reports, nanostructures of silicon complexes of porphyrins and phthalocyanines
were successfully prepared using silane coupling to form covalently bound structures on surfaces
of silicon, glass, and 1TO.2%0-2%2 The silicon atom is bound tightly to the centers of the porphyrin
rings by four nitrogens of the conjugated rings. Porphyrins with a nonmetal element such as silicon
have two chlorides connected at opposite faces of the macrocycles that facilitate reactions for
binding to a surface as well as to form covalent bonds to additional molecules. The synthesis and
characterization of several hexacoordinate silicon porphyrins have been reported, including
octaethylporphyrin,?”®  tetraphenylporphyrin,?®32%  tetra-p-tolylporphyrin  and tetrakis(p-
(trifluoromethyl)phenyl)porphyrin.?®®  One-dimensional polymer wires of Si-porphyrin were
prepared on glass and ITO substrates using a silane coupling strategy by Kanaizuka et al. in which
a central Si atom was bound to the center of the porphyrin macrocycle.?*

We are developing protocols using colloidal lithography to prepare surface films and
nanostructures with porphryins that are covalently bound to silicon substrates. The approach is
based on reactions with silicon tetrachloride (SiCls) to form skewered molecules that are centrally
interconnected by covalent Si-O bonds. Using a “one pot” reaction with SiCls, porphyrins are
linked to surfaces by Si-O bridges directly to a central Si atom inserted within the macrocycle.
Likewise, the macrocycles of porphyrins can be linked together by hydrolysis and condensation
steps to form chains with Si-O-Si bridges between the macrocycles. This strategy provides
capabilities for controlling the configuration of the macrocycles in a cofacial orientation with

covalent bonds. The surface assemblies have been referred to as a “shish kebob” arrangement in

which molecules are skewered together by Si-O-Si bridges.?®” Bonds of Si-O are suitable for
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forming connections to substrates such as silicon wafers, glass, mica, and metal oxides. One may
predict that the covalent nature of Si-O-substrate linkages will impart stable, robust and novel
electronic and photonic properties depending on the design of the macrocycles. The chemical
nature of surface linkages is a critical variable for designing heterojunctions in configurations for
molecular electronics.

Herein, we present results for linking porphyrins with Si-O-Si skewers to Si(111) using
2,3,7,8,12,13,17,18-octaethylporphyrin (OEP), which is a free base porphyrin that has eight ethyl
groups at pyrrole positions of the macrocycle. Nanopatterning protocols were implemented to
facilitate the preparation of well-defined interfaces with nanometer-level control of the spacing
and composition of patterned elements. Colloidal lithography with silica spheres provides a
practical approach to pattern molecules by masking discrete areas of the surface from molecular
deposition. When the mask is removed, bare areas of the substrate are exposed that had been
protected by the mask of spheres. The nanostructured films contain nanoholes, which provide an
in situ reference for measuring film thickness, and also adventitiously furnish landmarks to enable
side-by-side comparisons of surface morphology using studies with atomic force microscopy
(AFM) (e.g. substrate vs. film).

6.2. Experimental Section
6.2.1. Materials and Reagents

Precut polished silicon wafers Si(111) were purchased from Ted Pella, Inc. (Redding, CA).
Octadecyltrichlorosilane (OTS) was obtained from Acros Organics, Thermo Fisher Scientific
(New Jersey). Silicon tetrachloride and 2,3,7,8,12,13,17,18-octaethylporphyrin (OEP) were
obtained from TCI America (Portland, OR ). Size sorted silica spheres (500 nm) were obtained

from Thermo Scientific (Fremont, CA). Chloroform (HPLC grade) was acquired from Fisher
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Scientific (Lenexa, KS). Concentrated sulfuric acid (98.0%) (J. T. Baker, Fisher Scientific) and
hydrogen peroxide (30%) (British Drug Houses, VWR) were used to prepare piranha solution.
Ethanol was purchased from Deacon Labs (Prussia, PA) and used as received. Anhydrous toluene
was purchased from Merck Millipore (Billerica, MA).
6.2.2. UV/Vis Spectroscopy

Absorbance spectra were acquired with a Cary model 50 UV/vis spectrophotometer from
Varian Instruments (Santa Clara, CA).
6.2.3. Atomic Force Microscopy

Samples were characterized using a model 5500 atomic force microscope (Keysight
Technologies, Santa Rosa, Ca). Results were acquired using tapping- mode AFM. Nonconductive
silicon nitride tips were used for AFM studies. Tapping-mode images were acquired using tips
with an average spring constant between 10 and 130 N/m and resonance frequencies ranging from
272 to 464 kHz (Nanosensors, Neuchatel, Switzerland). Digital images were processed using
Gwyddion software, which is supported by the Czech Metrology Institute.?%
6.2.4. Preparation of Nanostructured Films of Si-OEP

An immersion procedure was used to generate a thin film of Si-OEP on Si(111). Pre-cut
polished silicon wafers (Virginia Semiconductor, Frederickburg, VA) were rinsed with ultrapure
water and then immersed in piranha solution for 1.5 h to remove surface contaminants. Piranha
solution is a mixture of hydrogen peroxide and sulfuric acid with a (v/v) ratio of 1:3. Caution:
piranha solution is highly corrosive and should be handled with great care. Next, the substrates
were removed and rinsed with water. Thin films were made by adding 2.9 pL of neat SiCls to 5 ml
of a solution of OEP (0.5 mM) in chloroform. Silicon substrates were placed in the OEP solution

to react for 5 h. The samples were then removed from solution, rinsed with ethanol and ultrapure
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water and sonicated in chloroform. Next, the samples were dried under nitrogen and subsequently
characterized with AFM.
6.2.5. Preparation of Nanopatterns

An aqueous suspension of silica spheres was prepared by successive cycles of
centrifugation to remove contaminants. After centrifuging an aqueous solution of 500 nm silica
spheres (0.2 mL), the supernatant was decanted and replaced with deionized water (0.2 mL). The
spheres of the pellet were resuspended using vortex mixing. The process was repeated three times
to ensure complete removal of contaminants. Next, an aliquot (10 puL) of the suspension was
deposited onto a clean piece of silicon and dried in air. The samples were then placed into an oven
at 150 °C for time intervals ranging from 3 h to 20 h.

To prepare patterns of nanoholes within a film of OTS, the substrate with a mask of silica
spheres was immersed in a solution of OTS (0.1% in anhydrous toluene) for 5 h. The sample was
then removed from solution and further rinsed with ethanol and deionized water. Next the surface
mask of spheres was removed by sonication in ethanol and water. Nanopatterns of OEP were
prepared by immersing the sample with nanoholes within an OTS matrix into a solution containing
OEP and SiCly4 in chloroform for 5 h or 24 h. The samples were removed and rinsed in ethanol and
water followed by sonication in chloroform, then characterized with AFM.

6.3. Results and Discussion

Three types of surface platforms were prepared using protocols of colloidal lithography to
evaluate the morphology and thickness of Si-OEP nanostructures grown on Si(111) surfaces. First,
a film of Si-OEP was prepared that contained nanoholes of uncovered substrate that had been
protected by a surface mask of silica spheres. After the mask was removed, the local areas of

Si(111) within nanoholes furnished a baseline for measuring the thickness of the film which
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surrounded the nanoholes. In the second nanopatterning strategy, the drying conditions of the
masked substrate was altered to generate ring-shaped nanostructures. The third strategy for
preparing samples was to make patterns of Si-OEP nanodots within a matrix film of
octadecyltrichlorosilane (OTS). In the third example, the initial height of the OTS film provided a
reference scale for measuring the growth of Si-OEP nanostructures within the nanoholes.
Molecular-level characterizations with AFM were used to obtain direct views of Si-OEP
nanostructures produced by surface self-assembly.
6.3.1. Samples of Nanoholes within a Film of Si-OEP

The steps for fabricating nanoholes within a film of Si-OEP are illustrated in Figure 6.1.
An agueous solution of monodisperse silica spheres was deposited onto a clean Si(111) substrate
and then dried in air. The spheres spontaneously formed close-packed layers on an atomically flat
substrate when dried in ambient conditions to furnish a surface mask for patterning (Figure 6.1a).
The substrate with a mask of spheres was dried in ambient conditions then placed into an oven to
temporarily anneal the silica beads to the surface, to prevent the spheres from being washed away

during the immersion step. After the drying and annealing step, the masked substrate was then

2]

Figure 6.1. Basic steps for generating nanoholes within a film of Si-OEP using colloidal
lithography. (a) An aqueous solution of silica spheres was deposited on a clean Si(111) substrate
and dried. (b) The surface with the particle mask was immersed in a solution of OEP and SiCl4 in
chloroform for a one-pot reaction. (c) The sample was rinsed with sonication to remove the particle
mask to generate nanoholes of uncovered substrate within an OEP film.
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placed into a solution of OEP (0.5 mM in chloroform containing an excess of SiCly) to initiate
coupling of porphyrin and silane (Figure 6.1b). In the final step, the mask of silica spheres was
removed by sonication and rinsing to generate nanoholes of uncovered substrate within a matrix
film of Si-OEP (Figure 6.1c). The thickness of the film grew taller with longer immersion intervals.
Control samples were prepared without using SiCls, and also for a continuous film prepared
without a surface mask; AFM images of the control experiments are provided in Supporting
Information, Figures D.1 and D.2.

An example of the interesting morphology of a nanostructured film of skewered molecules
of OEP bound to Si(111) through Si-O bridges is shown in Figure 6.2, after the mask of colloidal
Si spheres was rinsed away from the surface. Areas of the film have a distinctive morphology of
individual strands of skewered porphyrins which grow vertically from the surface which are not
interconnected. The sample has a hexagonal arrangement of circular dark holes surrounded by a
film of Si-OEP. In this example, the nanoholes were generated using a surface mask of
monodisperse 500 nm silica spheres prepared by drying an aqueous suspension of colloidal silica
in ambient conditions, followed by a brief annealing step (3 h). After drying, water persists
throughout the sample in areas surrounding and between silica spheres of the surface mask. The
masked substrate was then cooled and immersed in a solution of OEP and SiCl4 for 24 h. The
bright areas are regions of Si-OEP and the darker areas are the holes where the particle mask was
removed (Figure 6.2a). The successive zoom-in views (Figure 6.2b and 6.2c) disclose an
interesting topology, the areas of Si-OEP film are punctuated with small disks of the macrocycles.
The regular sizes and shapes of the discs suggest a mostly co-planar orientation of columns of flat
Si-OEP molecules that do not interconnect in lateral directions. The location, size and arrangement

of the nanoholes are also resolved in the simultaneously acquired phase images (Figures 6.2e, 6.2f,
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6.2g). There are 37 nanoholes within the 4 x 4 um? frame, which have fairly regular sizes and
shapes indicating the sites where silica spheres were removed. The spacing between the nanoholes
is ~ 500 nm, which is derived from the geometry and arrangement of the particles of the surface
mask. Within the nanoholes are exposed sites of uncovered substrate that were uncovered when
the silica spheres were rinsed away. Example line profiles traced across the nanoholes are shown
in Figures 6.2d and 6.2h. The average depth of the nanoholes measured 17 + 4 nm referencing the

uncovered holes as a baseline for cursor measurements. The error term is an estimate of the
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Figure 6.2. Nanoholes within a film of OEP-silane prepared on Si(111) after 24 h immersion, using
a surface mask of monodisperse 500 nm SiO> particles. (a) Topography view of OEP nanoholes
(4 x 4 pm?); (b) Zoom-in topograph (2 x 2 pm?); (c) magnified view of three nanoholes (1 x 1
um?); (d) Cursor profile for the white line in c; (e) simultaneously acquired phase image for a; (f)
phase image of b; (g) phase image of c; (h) Cursor profile for the blue line traced in b.

background roughness of the line profiles. The surface coverage measured ~94 % for the film of
Si-OEP film shown in Figure 6.2, the remaining areas are circles of exposed substrate. The widths
of the Si-OEP disks are larger than would be expected for an individual macrocycle, because the
AFM probe is much larger than the surface features. An ultra-sharp probe could likely reveal the

true lateral dimensions, in future planned experiments. The molecules do not interconnect in lateral

xy directions, which is evident by the way the AFM probe outlines multiple, discrete circular
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features of highly regular sizes. The molecular assembly seems to occur only in the vertical
direction with planar porphyrins assembling on the top of the macrocycles in a concatenated
arrangement. The thickness of the film is not uniform. The values measured from individual cursor
profiles across 50 nanoholes ranged from 5 to 24 nm in depth. (The size distribution is included as
supporting information in Appendix Figure E.6 and the color change of solutions in Appendix
Figure E.7). The thickness measurements indicate that a multilayered film was formed of 16-75
Si-OEP units which are interconnected by Si-O-Si linkers, using an estimate of 0.32 nm for each
porphyrin unit of the skewered assemblies. The 0.32 nm value is based on the theoretical length
of a Si-O bond.

The results in Figure 6.2 were acquired at a time point of 24 h of substrate immersion.
Future planned experiments will address the kinetic details of surface assembly by evaluating

changes in sample morphology after shorter reaction intervals.

1.2
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Figure 6.3. Absorption changes for the UV/vis spectra showing a characteristic red shift of the
intense Soret band of OEP after reaction with SiCla.

Evidence that Si was successfully coordinated to the macrocycles of OEP can be readily

detected by observing shifts in Soret and Q bands using UV/Vis spectroscopy. Structural changes
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of the central atom or pendant substituents on the ring will also affect the transition energies
profiled in absorbance spectra. The absorption bands in systems of chromophoric porphyrins arise
from electronic transitions between the two HOMOs and two LUMOs of the aromatic rings of the
macrocycle, indicating pi-pi transitions.?*® When SiCls was added to a solution of OEP there is a
characteristic red shift for the broad Soret band centered around 400 nm, which can be attributed
to changes in molecular geometry when a Si atom is incorporated within the macrocycle (Figure
3). Differences in spectra for the Q bands were also detected, see Supporting Information,
Appendix Figure E.3.
6.3.2. Ring-shaped Nanostructures of Si-OEP

Ring-shaped nanostructures of Si-OEP stacks were produced by altering the conditions for
drying the surface mask of silica spheres. A sample was prepared with oven drying by heating a
masked Si(111) substrate at 150 °C for 20 h and then immediately placing the dried sample into a
solution of OEP and SiCls in chloroform for 5 h. By heating the substrate for longer intervals (up
to 20 h), most of the water throughout the surface was driven to evaporate, and only nanoscopic
residues of moisture persisted in the water meniscus sites at the base of the particles. The shapes
and arrangement of the nanorings are shown in Figure 6.4 where a few trace adsorbates of Si-OEP
can be detected in areas in between the rings. Molecules of Si-OEP deposited at meniscus sites to
form a ring-shaped arrangement surrounding the base of the silica spheres of the surface mask.
The beads were completely removed by the steps of rinsing with sonication. The covalent
attachment of Si-OEP ensured that the porphyrin film was not removed during solvent rinses,
however the physisorbed silica beads were readily rinsed away to generate a nanostructured

organic film, despite the annealing step.
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There are about 30 nanorings within the topography image of Figure 6.4a, which scales to
a surface density ~ 108 nanostructures/cm?. The simultaneously acquired phase image discloses
that the surrounding areas of substrate present a different surface chemistry than the areas of the
nanorings (Figure 6.4b). Molecules of Si-OEP did not bind in areas without residual water, the
step of heated drying removed water from regions of the substrate in between silica particles to

prevent the growth of a continuous film. A close-up view of a single nanoring is shown in Figure
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Figure 6.4. Ring-shaped nanostructures of OEP-silane formed on Si(111) by changing the drying
conditions of the surface mask. The masked substrate was dried in an oven at 150°C before
immersion in the reaction vessel. (a) Topography view of nanorings, 4 x 4 um?; (b) simultaneously
acquired phase image. (c) Zoom-in view of a single Si-OEP nanoring, 600 x 600 nm?; (d)
corresponding phase image. (e) Cursor profile of the line traced in c. Images were acquired with
tapping-mode AFM in air.
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6.4c. An arrangement of round discs of Si-OEP assembled to form regular circular shapes
surrounding a hole containing uncovered substrate. Insight of the fine details of the edges and
shapes as well as the surface chemistry of the nanorings are mapped in the corresponding phase
image (Figure 6.4d).

Attachment of Si-OEP takes place at surface sites that follow the shape of the ring-shaped
deposits of the water meniscus which forms at the base of colloidal spheres of a surface mask. The
size and shapes of the water meniscus areas are remarkably uniform at the nanoscale. An example
cursor measurement across a single ring reveals the multilayer geometry (Figure 6.4e). The
average height of the nanorings measured 6.8 £ 1.5 nm (n=50). Since there is variability in the
heights of the nanorings, both a vertical and horizontal profile of 50 individual rings was acquired
to generate a representative measurement. The average value of four measurement points at the
top, bottom and left, right sides of the nanorings was used to gauge the height. A With colloidal
lithography, the process scales up to tens of millions of surface features of similar geometry,
thickness and composition. Essentially, colloidal lithography provides a means to pattern water on

substrates, and molecules of Si-porphyrin bind selectively to the locations of the wetted substrate.

6.3.3. Nanodots of Si-OEP within an OTS Matrix

Nanostructures of Si-OEP were fabricated within a methyl-terminated resist layer by
localizing the reaction to confined sites of nanoholes within a film of octadecyltrichlorosilane
(OTYS) that was prepared using an immersion step with colloidal lithography. Nanoholes within a
film of methyl-terminated OTS was used to furnish nanoscopic containers for depositing Si-
porphyrin. In previous studies we have successfully used OTS as a generic matrix to pattern 4-
(chloromethyl)phenyl  trichlorosilane,3®®  polymers,3*  proteins,®*?3%  rare-earth  oxide

nanoparticles,®®* as well as free-base and metallated porphyrins.'?8
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The steps for spatially selective deposition of Si-OEP into uncovered nanoholes within an
OTS film are depicted in Figure 6.5. Nanoholes of unprotected Si(111) were prepared by removing
the particle mask. The sites of nanoholes were used to direct and confine the deposition and
subsequent vertical layer by layer assembly of Si-OEP. In the first step, (Figure 6.5a) colloidal

lithography was used to generate a template of nanoholes of uncovered substrate within a thin film
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Figure 6.5. Procedure for preparing OEP nanodots within a resist film of OTS. (a) A particle mask
was prepared on Si(111). The colloidal mask protected discrete circular areas from reaction when
the sample was immersed in a solution containing OTS. (b) After removing the mask, substrates
of nanoholes within an OTS matrix were formed. (c) After a second immersion step in the OEP
single pot reaction, the substrates were removed and dried for AFM characterization to reveal (c)
nanodots of OEP grown within the nanoholes.

of OTS using a surface mask of colloidal spheres. After removing the mask, (Figure 6.5b) the areas
that had been protected by the spheres furnish circular sites of uncovered Si substrate which present

hydroxyl groups, surrounded by a passivating layer of methyl-terminated OTS. In the final step
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the substrate with nanoholes was placed into the porphyrin and SiCls solution for a one-pot
coupling reaction. After reaction, the sample was then removed and rinsed successively with
chloroform and water for characterization with AFM (Figure 6.5c).

An example of nanoholes produced by immersing a colloidal mask in a solution of OTS is
presented in Figure 6.6. Most of the areas of the surface are covered with a monolayer film of OTS
on Si(111), however discrete holes of regular sizes are arranged throughout the sample according
to the hexagonal packing of the surface mask (Figure 6.6a). A magnified view of 12 nanoholes is
shown in Figure 6.6B, disclosing the highly regular shapes of the circular features. The theoretical
length of OTS is 2.5 nm for an upright, fully extended orientation of the hydrocarbon backbone.
The depth of the nanoholes for the OTS sample measured 2.3 + 0.3 nm (n = 50) as shown with an
example cursor profile in Figure 6.6¢, which suggests that the film was fairly densely packed. The
nanostructured film of OTS was used as a surface template for directing the deposition of Si-OEP

for the experiment shown in Figure 6.7.
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Figure 6.6. Nanoholes within a film of OTS viewed with topography frames acquired in air using
tapping-mode AFM. (a) Topography view (4 x 4 um?); (b) Zoom in view (2 x 2 pm?) of nanoholes;
(c) cursor profile for the line drawn in b.

When a sample of nanoholes was submerged in a solution of Si-OEP, the porphyrins did not attach
to areas of the sample protected by OTS which present methyl groups. Molecules of Si-OEP

assembled on uncovered, bare areas inside the nanoholes to form nanostructures of regular shapes
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and thickness, shown with representative AFM images in Figure 6.7. The time point for immersion
of this example was 5 h, revealing heights that measure 6 + 1 nm (n = 50) above the OTS matrix.
In data not shown, immersion for 24 h formed taller structures measuring 6-13 nm in height. These
experiments provide mechanistic clues of a layer-by-layer mode of surface assembly with Si-OEP
that produces taller structures as molecules are added over time. Intermolecular Si-O-Si linkages
form cofacially on the exposed face of the surface-linked porphyrins, to interconnect with the
central Si atoms of the macrocycles in a skewered arrangement.

There are about 68 nanodots of Si-OEP in the topograph of Figure 6.7a, within a 6 x 6 um?

frame. The number of nanopatterns that can be generated is controlled by the diameter of the
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Figure 6.7. Nanodot patterns of OEP grown within nanoholes within an OTS matrix film. (a)
Topography view of OEP nanodots (6 x 6 pm?); (b) zoom-in view (2 x 2 um?); (c) magnified view
(1 x 1 um?); (d) phase image acquired for a; (e) phase image for b; (f) cursor profile for the line in
C.
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particles chosen for the colloidal mask, correspondingly more structures are generated when
smaller diameter spheres are used for lithography.*” 3% The nanodots are have a hexagonal
arrangement, with a periodicity that matches the diameter of the silica spheres (500 nm) used as a
surface mask. Close-up views of the Si-OEP nanodots are presented in Figures 6.7b and 6.7c,
revealing a morphology of multiple island aggregates packed within the nanocontainers. The
clustered protrusions can also be vaguely resolved in the simultaneously acquired phase images of
Figures 6.7d and 6.7e as small bumps inside the dark holes. The phase images enable sensitive
detection of adsorbates in areas between the nanodots, in this example no contaminants are
observed on areas of the OTS matrix film. An example cursor profile across two nanostructures is
shown in Figure 6.7f, with heights measuring 5.1 and 4.3 nm, respectively.

At the nanoscale, there is some variability for the heights of the nanodots, shown in the
histograms of Figure 6.8. With an immersion time of 5 h the heights above the OTS matrix ranged
from 3-9 nm, with an average value of 5.8 £ 1.3 nm. With a longer immersion time of 24 h, the
heights ranged from 6 to 13 nm, with an average value of 8.7 + 1.8 nm. Example images for
nanodots prepared after 24 h immersion is provided in Supporting Information, Appendix Figure

E.4. The variability of the heights of nanodots can be attributed to slight changes in the diameters
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Figure 6.8. Comparison of height measurements for OEP nanodots derived from cursor profiles
(A) after 5 h immersion; (B) after 24 h immersion of substrates with nanoholes of OTS/Si(111).
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of the nanoholes which occur naturally from variations of particle sizes of the surface mask as well
as slight surface imperfections.
6.3.4. The Role of Water in Surface Binding

The particle masks were found to effectively block molecules from depositing underneath
spheres at the points of direct contact with the substrate, molecules of Si-OEP were directed to
assemble at interstitial sites in between the silica beads or at meniscus sites at the wetted areas of
the substrate. Organosilane nanostructures of selected morphologies can be fabricated with
colloidal lithography by controlling certain experimental parameters such as concentration,
immersion intervals and the drying conditions for the surface mask. In ambient conditions, a layer
of water forms on surfaces; trace amounts of water initiate self-assembly of organosilanes to form
a molecularly thin organic film. Through trial and error, we have learned that the nature of the
substrate can influence silanization reactions. For example, with the relatively hydrophilic surface
of mica, water will spread out to form a continuous layer which will correspondingly generate
organic films of uniform thickness throughout areas of the sample. However, with hydrophobic
substrates such as Si(111), the nature of the surface directs organosilane assembly according to the
arrangement of water deposits.3® For colloidal lithography protocols, the amount of water present
on the surface can be controlled by altering the drying conditions of the masked substrate before
the immersion step.!8 307

The key differences when comparing the surface morphology of samples of Figure 6.2 and
Figure 6.4 were the drying conditions of the surface mask used for preparing samples with colloidal
lithography and the intervals for immersion in Si-OEP. The process for attaching silanes to
substrates requires nanoscopic residues of water on the surface; areas with thicker layers of water

will furnish sites for self-polymerization to produce multilayered films. With colloidal lithography,
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the locations of water on the surface define the reaction sites for attaching SiCls and OEP. In
essence, the drying step of colloidal lithography is a way to control the shapes and thickness of Si-
OEP nanostructures. In ambient conditions we know that macroscopic residues of moisture form
on mirrors and glass surfaces to form water films or fog. Intuitively with colloidal lithography, by
drying a sample in air under ambient conditions, the entire surface would have a film of water
throughout the sample, except at sites protected by the particle mask. Therefore, an ambient drying
step produces a film of molecules with nanoholes in areas where the particles of the mask were
removed as revealed in the example of Figure 6.2. However, when using a heated drying step for
the particle mask, nanorings were produced in areas where water persisted selectively at the
meniscus sites surrounding the base of the silica spheres as shown in Figure 6.4. When using silica
spheres of smaller diameter, the size of the meniscus is smaller and the corresponding ring
nanopatterns are smaller in size. Thus, colloidal lithography provides a tool for controlling the
sites of reactions at the nanoscale, as well as providing a way to choose the geometry and spacing
between patterns of nanoholes or nanorings.
6.4. Conclusions

Nanostructured films, nanorings, and nanodots of Si-OEP were patterned through covalent
Si-O-Si bonds using a silane coupling reaction combined with colloidal lithography. Molecules
were added over time to form multilayers, as demonstrated by measuring changes in height after
increasing the time intervals for immersing silicon substrates from 5 to 24 h. With colloidal
lithography, the geometry of nanostructures was affected by the drying step of preparing surface
masks, which defines the placement of water residues on the surface. The nanostructures consisted
of multiple strands of porphyrin stacks that assembled from the surface through a siloxane

backbone attached covalently to the central Si atom of the macrocycles in a skewered arrangement.
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The experimental results with Si-OEP provide a basis for developing protocols with other
porphyrins and can likely be extended to phthalocyanines which have a macrocycle comprised of
four isoindole groups linked by nitrogen atoms. Further directions will be to study the role of
substitutions with peripheral groups, (phenyl, methyl, pyridyl, polar, nonpolar, etc.) as well as the
effects of symmetry for modification of the macrocycle. Our goals are to correlate nanoscale
properties (conductance, photocurrent generation) with designed surface structures of porphyrins
in which the coupling between the surface and porphyrins is mediated by stable covalent

interactions.
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CHAPTER 7. TWO-POT SYNTHESIS OCTAETHYLPORPHYRIN
ENCAPSULATED NANOPARTICLES FORMED BY Si-O-Au LINKAGES

7.1. Introduction

In recent years, nanoscience has become a popular field of research and it has been found
that Au nanoparticles have many applications in photodynamic therapy,3%-31% sensors,3!1-312
medical diagnostics,31*3!* electronic devices®™® and as a catalyst.3'® Au nanoparticles are
particularly under the interest of such applications due to their unusual dependence of the optical
and electronic properties on the particle size.3’-3'® There are a number of studies for preparing
three-dimensional architectures of Au nanoparticles by modifying the surface with functional
molecules such as alkanethiols,3%32 phosphines,®?! fullerenes,®? cyclodextrins,®? dendrimers®?*
and nucleic acids.®® Chemical binding of Au nanoparticles with molecules bearing functional
moieties enhances the nanoparticle stability in aqueous media by neutralizing surface charge and
preventing particle aggregations. Furthermore, it alters the electron density on the Au nanoparticles
enhancing optical, electrical and photochemical properties of nanoparticles.

Several innovative strategies for preparing nanoparticles with porphyrins and
phthalocyanines have been reported. Commonly, Au nanoparticles with a porphyrin or
phthalocyanine-alkanethiolate coating were prepared by attaching an alkanethiolate derivative to
the macrocycle.3%6-3%2  Alkanethiolate produce ordered monolayer assembly around Au

nanoparticles®3

and these attachments can be modified with other thiols through exchange
reactions or by couplings.®**3% Three dimensional conjugates of porphyrin and Au nanoparticles
suppress the energy transfer quenching of porphyrin singlet excited state caused by flat Au surfaces

or Au clusters. 3931 Another advantage is that they exhibit high light-harvesting capability

compared to their single molecular counterparts due to larger porphyrin coverage ratio to Au
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surface and enhanced light absorptivity.33? Therefore, porphyrin-Au conjugates are suitable in the
production of efficient and low-cost organic solar cells.32% 33

Typically, a monodentate alkanethiol, with 3 to 11 33133 or 5 to 1532 carbon chain, is used
as the spacer group to drive self-assembly of porphyrin where macrocycles vertically align on to
the Au nanoparticles via a single Au-S bond per molecule. Recent advancements in this field have
synthesized macrocyclic porphyrin ligands with multiple thiol derivatives that attach parallel to
the Au nanoparticle surface.3*8340 Although these approaches have demonstrated successful
stabilization of Au nanoparticles and enhanced photochemical properties, only a monolayer of
porphyrin was formed on Au nanoparticles. Multilayers of porphyrins assembled horizontally on
Au nanoparticles, with potentially increased photocurrent activity, has not been reported so far.
We propose to develop protocols to encapsulate metal nanoparticles with porphyrins multilayers
using strategies based on silicon coupling. The orientation of porphyrins on surfaces is determined
by factors such as the nature of the peripheral substituents and their position on the macrocycle.
The strategy of preparing a coplanar arrangement of octaethylporphyrin (OEP) multilayers that are
mediated by covalent Si-O bonds is described in Chapter 6 of this dissertation. The same OEP-
silane coupling mechanism was applied to prepare core-shell nanoparticles encapsulated with
porphyrins as a route for studying the influence of molecular orientation on Au nanoparticles for
photochemical properties. Verkleij et al. 3** and Lusker et al.>*? have prepared Au nanoparticles
functionalized with a silane containing a thiol terminal group where binding onto Au nanoparticles
is favored through thiol terminal. That happens due to the high affinity of thiol group toward Au
surface compared to silane moiety. When suspended in aqueous media, bare Au nanoparticles are
partially oxidized or hydroxylated by the oxygen present in solution.3*3-344 These surface hydroxyl

groups are ideal contact points for the silane terminals of the OEP network to bind on to the
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Ausurface forming siloxane bonds in our study. As a consequence of the O-Si-O bonding motif,
we predict that the linkages between molecules and substrates will be robust and will resist the
effects of oxidation and heat. The silane backbone sits upright in reference to the Au nanoparticle;
hence the porphyrins orient parallelly in co-facial arrangement. This novel architecture provides a
model of efficient and amplified photocurrent generation from multiple macrocycles within one
system. In this study, silicon coupling strategies were applied to encapsulate metal nanoparticles
with porphyrins. Essentially, Au nanoparticles that are comprised of octaethylporphyrin
macrocycles linked with Si-O bridges were synthesized and characterized with atomic force
microscopy. The synthesis of Au nanoparticles was completed using the citrate reduction
method.>* The Au nanoparticles were encapsulated within a skewered porphyrin molecules that
are centrally interconnected by covalent Si-O bonds completed using a “two-pot” reaction
method.?%" 34 The cofacial arrangement of porphyrins for the coated nanoparticles is anticipated
to enhance electronic and photonic properties of the nanomaterials. Particle lithography protocols
were used to pattern porphyrin coated Au nanoparticles on glass substrates. Previously, Au
nanoparticles have been patterned into nanodots by particle lithography.®*? In addition, Au
nanorings have been formed with colloidal lithography,*3® electron beam lithography**"* and
using a block copolymer templates.®*® Au nanoparticles encapsulated within OEP-Si network
produced ring-shaped nanostructures. The prepared nanomaterials will provide a measurement
platform for studies with advanced modes of AFM to enable direct comparisons of the properties
of hetero-material junctions (metal-molecule-metal) implementing Si-O bonds as the “alligator”

clamp.
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7.2. Experimental Section
7.2.1. Materials and Reagents

VWR micro cover glass (VWR, Radnor, PA) were used as substrates. Gold (111) chloride
trihydrate and trisodium citrate were both obtained from Sigma-Aldrich (St. Louis, MO). Silicon
tetrachloride and 2,3,7,8,12,13,17,18-octaethylporphyrin were obtained from TCI America
(Portland, OR). Size sorted silica spheres (500 nm) were obtained from Thermo Scientific
(Fremont, CA). Chloroform (HPLC grade) was acquired from Fisher Scientific (Lenexa, KS).
Piranha solution was prepared with concentrated sulfuric acid (98.0%) (J. T. Baker, Fisher
Scientific) and hydrogen peroxide (30%) (British Drug Houses, VWR). Ethanol, 200 proof was
obtained from Deacon Labs (Prussia, PA). Milli-Q type 1 water, (18 megohms, Millipore, Bedford,
MA) was used to form water for rinsing steps.
7.2.2. Synthesis of Au Nanoparticles

The citrate-reduction protocol for synthesizing Au nanoparticles was followed as published
previously.®®® An aliquot of 125 mL solution of 0.25 mM gold chloride was boiled under reflux
for approximately thirty minutes at 300° C in a round bottom flask. An aliquot of 6.25 mL solution
of 40 mM trisodium citrate was then added to the Au solution. Within ten minutes, the solution
transformed from clear to a rose-pink color. The solution was removed from heat and stirred at
room temperature for about thirty minutes.
7.2.3. Synthesis of Au Nanoparticles Encapsulated with Silane-Coupled OEP

The protocol was adopted from the previously reported method.® 3 A solution of 0.5 mM
OEP (5 mL) was mixed with 5 pL of silicon tetrachloride in chloroform. The mixture was stirred
for five minutes, followed by the addition of a 1 mL aliquot of Au nanoparticles. Stirring was

continued for 24 h.
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7.2.4. Particle lithography of Au nanoparticles encapsulated with silane coupled OEP

A procedure for preparing arrays of Au nanoparticles was developed with particle
lithography on glass substrates. This helps to avoid obtaining clusters of nanoparticles on surfaces
due to self-aggregation. A suspension of 400 uL of silica spheres and 600 uL ultrapure water was
centrifuged at 20 000 rpm for 10 min. The supernatant was removed and the pellet was resuspended
in 1 mL water. These steps were repeated three times. The pellet of the final centrifugation step
was resuspended in 200 pL of ultrapure water. An aliquot of this suspension (20 pL) was deposited
on glass substrates creating a surface mask of silica spheres. Glass substrates were cleaned with
piranha solution: a mixture of hydrogen peroxide and sulfuric acid with a (v/v) ratio of 1:3, by
immersing for 1.5 h. (Caution this solution is highly corrosive and should be handled with care).
The sphere mask was dried for 3 h. The substrates were then kept in the oven at 150° C for 24 h
to anneal silica spheres. The substrates were removed from the oven and cooled down to room
temperature. A solution of Au nanoparticles coupled with OEP (10 pL) was deposited carefully
on top of the masked glass substrate and then samples were dried in air for approximately 120 h.
The glass samples were cleaned by sonicating in ethanol for 10 min. Lastly, the samples were dried
with a stream of nitrogen gas for evaluation of samples with atomic force microscopy (AFM).
7.2.5. Atomic Force Microscopy (AFM)

An Agilent Technologies AFM 5420 (Santa Clara, CA) in tapping-mode was used to
characterize samples. Tapping-mode AFM images were acquired with silicon AFM probes
(Budget Sensors, PN Tap300AI-G) with an aluminum reflex coating. The average resonance
frequency and the force constant of the probes were 300 kHz and of 40 N/m respectively.

Gwyddion software (Version 2.52) was used for analysis and digital processing AFM images.!8!

131



7.2.6. UV Visible Spectrophotometer

A Cary 50 Bio UV Visible Spectrophotometer was used for acquiring UV/Vis spectra.
7.3. Results and Discussion
7.3.1. Synthesis of Au Nanoparticles Encapsulated within OEP Coupled via Silane

We have conducted experiments for linking porphyrins with Si- O-Si skewers to Si(111)
using a free base porphyrin that contained eight ethyl groups at pyrrole positions of the macrocycle
in Chapter 6. A representation of silane coupling into the center of OEP macrocycle followed by
attaching Si-OEP on to Au nanoparticle is shown in Scheme 7.1. To prepare core-shell
nanoparticles, a solution of Si-OEP was prepared by mixing OEP and SiCls in chloroform. A
portion of nanoparticles was added with mixing to this mixture. When SiCls is mixed with OEP, a
shish “kebob’ configuration of cofacially aligned OEP is formed through Si-O bridges directly

coordinated to the center of macrocycles. Each of these networks contain free hydroxyl groups at

Scheme 7.1. (a) The coordination of silicon tetrachloride to the macrocycles of the porphyrin, (b)
encapsulation of Au nanoparticles within Si-OEP network.

the two terminals. These hydroxyl groups facilitate Si-OEP networks to form surface linkages with
hydroxyl groups on Au nanoparticle surface through hydrolysis reaction forming Au nanoparticles

encapsulated within porphyrin layers. The significance of the new material is that
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the molecules form a shell surrounding the metal nanoparticles in which the macrocycles are
oriented in a coplanar fashion following the curved geometry of the central core, analogous to an
antenna.

A visible color changes are apparent in each reaction mixture during the preparation of Au
nanoparticles encapsulated within Si-OEP (Figure 7.1). A solution of OEP in chloroform is red in
color and it changes to a pink color after SiCls coordination. Solution color turns to deep red when
OEP is bound to Au nanoparticles. UV/Vis spectra of each solution were obtained as shown in

Figure 7.1, dilutions were conducted as necessary to optimize absorbance values in a similar range.

Absorbance
e
®

460 510 560 610 660
‘Wavelength (nm)

300 350 400 450 500 550 600 650 700
‘Wavelength (nm)

——— Diluted OEtP solution in Chloroform

— Diluted OEtP solution in Chloroform with SiCl,

——— Gold nanoparticles solution

— Silane coupled OEP coated Au nanoparticles diluted solution

Figure 7.1. Left side: Photographs showing color changes of each reaction mixture (a) OEP
solution; (b) OEP solution after adding silicon tetrachloride; (c) Au nanoparticle solution; (d)
solution of Au nanoparticles encapsulated within OEP. Right: UV/Vis spectra of each reaction
mixture.

A peak shift was detected between for the broad Soret band around 400 nm, as well as for
the four characteristic Q bands between 500 and 600 nm in UV/Vis spectra of OEP solution after

addition of the silane.?®® 3% This is because the geometry of OEP is changed when Si is inserted
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into the macrocycle, and further structural changes occur as the molecules are bound to Au
nanoparticles. Analysis with UV/Vis spectroscopy shows that the peak for the Au nanoparticles
was consistent with previously published spectra which normally lies in the range of 520 and 580
nm.>®*2 However, the UV/Vis spectra of Si-OEP coated Au nanoparticles hardly show the
corresponding Au peak around 540 nm and rather an identical spectra, with increased absorbance,
to blue line which was given by the solution of absorbance of Si-OEP moiety is observed with the
red line in Figure 7.1. The reason for this is unknown at the moment. Further experiments need to
be conducted by tuning concentration ratio of Au nanoparticles to Si-OEP to study this
phenomenon as to why this occurs and how to achieve the correct stoichiometry between coating
molecules to nanoparticles.
7.3.2. Tapping-Mode AFM Characterization uncoated Au Nanoparticles

A range of sizes was observed for the nanoparticles when a drop of the nanoparticles was
placed on a glass slide and dried for AFM studies. The brighter spots in the tapping mode
topography frames (Figure 7.2a and 7.2b) reveal the dispersity individual nanoparticles on the
glass substrate. A size range of 1 nm to 2 nm for synthesized Au nanoparticles was measured with
the cursor profile (Figure 7.2c¢). This height information was used as the reference to study the
overall size change of nanoparticles after encapsulating within Si-OEP network. Corresponding
phase images (Figure 7.2d and 7.2e) acquired with tapping mode locate positioning of Au

nanoparticles immobilized on a glass substrate.
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Figure 7.2. Au Nanoparticles deposited on glass. Images were acquired using tapping-mode AFM.
(a) Topography image (4 x 4 um?); (b) corresponding phase image of a; (c) higher magnification
topography image (2 x 2 um?); (d) corresponding phase image for c;(e) cursor profile for the white
line drawn in c.

7.3.3. Particle Lithography with Au Nanoparticles
The basic idea for particle lithography was to prepare a surface mask of 500 nm silica
spheres as a surface mask, and then add a drop of a sample containing Au nanoparticles to organize

surrounding the beads of the template (Scheme 7.2). Typically, samples of dilute

dropcast Au Remove é
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nanoparticles spheres

LLLEELee ™ (eceeeey =

glass substrate glass substrate

Nanorings of Au
nanoparticles

Scheme 7.2. The process of forming rings of nanoparticles around silica spheres using particle
lithography. (a) Silica sphere mask was prepared on a glass substrate; (b) after Deposition of Au
nanoparticle suspension; (c)once the spheres are rinsed away from the substrate, rings of
nanoparticles persist in an organized pattern.
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solutions of nanoparticles are dried on a substrate for AFM characterizations. However, with
naturally dried samples, self-aggregation to form dense, close-packed clusters. This approach can
be problematic for resolving individual nanoparticles. Colloidal patterning can be applied to
generate uniform ring arrangements of nanoparticles. As the solution evaporates after a drop of
nanoparticle solution is deposited onto the hexagonally ordered silica sphere mask, the capillary
action drags smaller nanoparticles into the regions with less solution level. Since the diameter of
the nanoparticles is very smaller (50 to 100-fold), individual particles get packed in the regions

around the meniscus of the silica spheres forming a ring shape.

Figure 7.3. Ring arrangements of Au nanoparticles prepared with particle lithography. Images
were acquired using tapping mode AFM in ambient air. (a) Topography image (4 x 4 um?); (b)
zoom-in topography image (1.2 x 1.2 um?); (c) phase image for a; (d) phase image for b.
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Example results for samples of bare nanoparticles patterned using particle lithography are
shown in Figure 7.3. The smaller nanoparticles of Au attach to the surface surrounding the larger
spheres. The result is an arrangement of rings of Au nanoparticles that surround the circumference
of the silica particles as shown in Figures 7.3a and 7.3b. Since the silica particles have a diameter
of 500 nm, this is the distance in between each ring. The ring shapes are more clearly

distinguishable in the phase images of Figures 7.3c and 7.3d.

The morphology of a single ring formed by bare Au nanoparticles as viewed with tapping
mode AFM in topography and phase channels is shown in Figure 7.4. As the liquid evaporated
during drying, Au nanoparticles have localized in the meniscus area of colloidal spheres forming
a ring structure with 200 nm diameter. An average height of 2.4 £ 0.7 nm (n =50) was measured
for uncoated Au nanoparticles with height data gathered from cursor profiles. One example cursor

profile is shown in Figure 4c. (Figure 7.4c)
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Figure 7.4. A single nanoring formed with Au nanoparticles (a) topography view (500 x 500 nm?)
of; (b) corresponding phase image; (c) height profile for the line on a.

7.3.4. Tapping-Mode AFM Characterization of Si-OEP encapsulated Au Nanoparticles
After attaching OEP by reaction with silicon tetrachloride, a sample of the Si-OEP
nanoparticles was characterized with tapping-mode AFM. In Figures 7.5a and 7.5b, AFM images

show surface views of a random arrangement of Au nanoparticles encapsulated with Si-OEP that
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were deposited on glass substrates. The cursor profile (Figure 7.5c) shows a height of 2-3 nm,
which is taller than the measurement for bare Au nanoparticles (1-2 nm). The height increase is
evidence that the encapsulation was successful. The true gauge of whether OEP was linked to
metal cores is revealed in the concurrently acquired tapping-mode phase images (Figures 7.5d and
7.5e). Phase images can sensitively detect areas with differences in elastic response between the
core of the Au nanoparticles and the surrounding soft porphyrin coating. In this example, the
molecular shell is much softer than the central Au core, and therefore we see a bright halo
surrounding every particle in the frame. This suggests that a multilayer coating has formed which

has sufficient thickness to be detectable with a tapping AFM probe.

0.1 0.2 0.3 0.4
Distance (um)

Figure 7.5. Au nanoparticles encapsulated with Si-OEP prepared on a glass substrate by drop-
deposition. (a) Topography image (4 x 4 um?); (b) magnified topography image (1.5 x 1.5 um?);
(c) cursor profile for the line in c; (d) Phase image corresponding to a; (e) Simultaneously-acquired
phase image for b. Images acquired using tapping-mode AFM in air.
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7.3.5. Particle Lithography with Si-OEP Encapsulated Au Nanoparticles
In Figure 7.6, the set of AFM images show the results for preparing nanorings of Si-OEP

encapsulated Au nanoparticles using particle lithography. The topography frames show a

Figure 7.6. Nanorings of Au nanoparticles encapsulated with Si-OEP prepared on a glass substrate
by drop-deposition prepared with particle lithography. Images acquired using tapping-mode AFM.
(a) Topography image (4 x 4 um?); (b) Topography image (1.2 x 1.2 pm?); (c) phase image of a;
(d) corresponding phase image to b.

hexagonal arrangement of rings that follow the periodic arrangement of silica spheres of the
surface mask. The spacing between the rings is precisely 500 nm, which is the diameter of the
silica spheres used for patterning. We assume that the localization of Si-OEP/Au nanoparticles at

the meniscus sites is facilitated by two factors as compared to bare Au nanoparticles. One is the
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capillary forces arise with the evaporation of the solvent. The second factor is the free hydroxyl
groups present at the Si-OEP shish “kebob” at the opposite end to the OEP-Au attachment. These
free hydroxyl groups are attached to a silicon atom, essentially a silane backbone. The silane can
self-assemble onto glass substrate via forming siloxane bonds. Therefore, the covalent Si-O-Si
bond with the substrate facilitates the nanoring forming in the case of Au nanoparticles

encapsulated within Si-OEP.

Height (nm)
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Figure 7.7. A view of a single ring formed with Si-OEP coated Au nanoparticles (a) topography
view (500 x 500 um?); (b) corresponding phase image; (c) height profile for the line on a.

An individual nanoring formed with Si-OEP coated Au nanoparticles is in Figure 7.7. The
topography and phase images in figures 7a and 7b show domains of isolated nanoparticles. The
lateral dimension of an individual domain is much larger compared to the surrounding Si-OEP
molecules. The occurs as a tip convolution effect when the aspect ratio of the AFM tip is not sharp
enough to provide molecular resolution. In this example, the AFM images reveal that the overall
size of the nanoparticles has increased to 7.7 = 1.6 nm (n =50) evidencing nanoparticles have been
successfully encapsulated with Si-OEP.

7.4. Conclusion
Au nanoparticles were successfully synthesized and encapsulated with octaethylporphyrin

using a silane coupling reaction. A range of sizes was observed for the nanoparticles in the
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topography frame, however the true gauge of whether OEP was linked to metal cores is revealed
in the concurrently acquired tapping-mode phase image. Particle lithography was applied to
prepare nanostructures of Au nanoparticles encapsulated in octaethylporphyrin. After imaging, a
height increase was observed after encapsulation of the Au nanoparticles. Further evidence that
encapsulation of nanoparticles with Si-OEP was successful can be readily detected by observing
shifts in Soret and Q bands using UV/Vis spectroscopy. The absorption bands in systems of
porphyrins arise from electronic transitions between the HOMOs and LUMOs for pi-pi transitions
of the macrocycles. Structural changes of the central atom caused by attaching Au nanoparticles
affect the transition energies profiled in absorbance spectra providing a band shift. Future
experiments are planned to test this approach with nickel, iron or silver nanoparticles, as well as
using other porphyrin and phthalocyanines for the coatings. Advanced AFM modes such as
current-sensing AFM and conductive probe microscopy will be applied to study the changes of
photocurrent happen after attaching Au nanoparticles to Si-OEP architectures. The coated
nanoparticles will be patterned with particle lithography on conductive substrates for these studies.
Another aspect of developing these new materials is to investigate the possible application of Si-

OEP/Au nanoparticles to design heterojunction thin-film solar cells on semiconductor substrates.
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CHAPTER 8. CONCLUSIONS AND FUTURE WORKS

8.1 Conclusions

Investigations of the dissertation focused on the design, synthesis and characterization of
nanostructures, organic thin films and nanoparticles using measurement and imaging modes of
scanning probe microscopy (SPM). A key strategy was to prepare well-defined nanostructures for
controlling the arrangement of nanomaterials on surfaces using scanning probe lithography (SPL)
and chemical approaches with particle lithography. Local information of the detailed morphology
and physical characteristics of nanostructures were characterized in real space using advanced
modes of atomic force microscopy (AFM) with exquisite resolution. Test platforms of
organothiols, organosilanes, porphyrins, aryl thin films, Ni and Au nanoparticles were prepared
with high throughput using particle lithography, which enabled multiple, replicate measurements
of surface features with reproducible dimensions.

Periodic arrangements of nickel nanorings were fabricated by electroless deposition of
nickel onto organosilane nanorings that had been prepared with immersion particle lithography.
Control of the dimensions of surface features, such as the thickness, spacing, and shape of
composite nickel/palladium nanorings was accomplished with protocols of immersion particle
lithography. Sensitive mapping of magnetic areas of nickel nanopatterns prepared on Si(111) was
conducted with magnetic sample modulation (MSM) combined with contact mode AFM. The
MSM-AFM mode provided detailed maps of the location and vibrational response of Pd and Ni
nanorings specifically with respect to differences in the amplitude and phase of sample vibration-
actuated by an external electromagnetic field. For the MSM-AFM set-up, a non-magnetic AFM
probe is used to detect sample vibration. Dynamic measurements were obtained for samples by

incrementally ramping either the magnetic field strength and driving frequency parameters.
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Molecular-level studies of chemical and physical processes at vapor/solid interfaces that
are attributable to water and surface wetting phenomena were completed. Experiments were
designed to capture molecular-level events that occur after the self-assembly of organosilanes on
wetted surfaces. The research focus targeted understanding the detailed molecular mechanisms
which govern the hydrolysis and condensation reactions of trifunctional organosilanes with model
surfaces of mica and Si(111). The role of water is known to initiate reactions of organosilanes to
form crosslinked films, however, our understanding of the overall complex molecular mechanism
of surface self-assembly is incomplete. Nanolithography approaches with particle lithography
furnished a practical surface platform for studying events after the deposition and reaction of
vapor-phase water and heated organosilane vapor which assembled on model hydrophobic and
hydrophilic surfaces.

Surface characterizations of molecularly thin films synthesized with aryl halides grafted
onto Au(111) surfaces via photoredox catalysis were accomplished using measurements with AFM
and nanofabrication protocols. The thickness of thin films of photografted radicals was measured
using particle lithography to form nanoholes in the film. The film thickness was derived by
referencing uncovered areas of the substrate as a baseline. Likewise, nanoshaving experiments in
ethanolic media provided information about how strongly the molecules adhered to the gold
substrate. Information about the role of photocatalyst and the reducing agent in a photografting
experiment was obtained by ex situ AFM characterization of samples after photografting reactions
were completed.

New films and nanomaterials with porphyrin and phthalocyanine chromophores were
synthesized, which are covalently bound by Si-O-surface linkages coordinated to the centers of

the macrocycles. Incorporating a central Si atom within the chromophores will impart interesting
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and tunable electronic and photonic properties to nanomaterials because of the capability for
skewering chromophores together in a “kebob” arrangement. Bonds of Si-O are suitable for
forming robust, covalent bridges to substrates such as silicon wafers, glass, mica, and metal oxides.
Likewise, the macrocycles of porphyrins and phthalocyanines can be linked together by hydrolysis
and condensation steps to form chains. Crystals of porphyrins and phthalocyanines have been
broadly used for electronic LCD displays and are integrated in the designs of photovoltaic cells
such as dye-sensitized and bulk heterojunction organic solar cells. The organic films within such
devices are formed with crystal aggregates of planar molecules which are held together mainly by
electrostatic interactions and pi-pi stacking. Our design for new thin film materials and core-shell
nanoparticles placed Si-O spacers between macrocycles to generate a discrete geometric
configuration such that the macrocycles is precisely arranged in a coplanar orientation relative to
the surface. Results were presented for making films and coated nanoparticles with octaethyl
porphyrin.

The AFM studies of this dissertation provide insight into the complexity of surface-
assembly reactions as well as routes for preparing metal and organic nanostructures. Experiments
with particle lithography were used to evaluate reaction outcomes at the solid interface. Protocols
with particle lithography and SPL can be applied for studies with both solution and vapor phase
reactions to gain information of size-dependent scaling of chemical and physical properties of
nanomaterials and thin films.

8.2 Future Directions

In future directions, composite nanopatterns containing two or three different metals will

be studied using MSM-AFM. Can the MSM approach be used to differentiate between different

metals of a mixture? Thus far, nickel nanorings were evaluated with MSM, however magnetic
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nanostructures with of a mixture of metals will be constructed and characterized to evaluate the
sensitivity of MSM. Since the atomic nature of the element determines magnetic character,
therefore differences in magnetic susceptibility in ambient conditions should be sensitively
resolved with MSM-AFM. Nanostructures can be constructed with Fe, Au and Ni for studies,
extending the ELD nanofabrication protocols combining particle lithography to other magnetic
elements. A common trend for studies of the synthesis and characterization of metal nanostructures
is to evaluate morphology and size dependent plasmonic properties.’>*>3%* The plasmonic
resonance characteristics of metal nanorings will be further studied in our future experiments.
Experimental studies with ex situ AFM were used for tracking water distribution at the
vapor/solid interface using organosilanes as marker molecules which localize in areas with water
deposits. Further studies will be designed to investigate the effects of molecular endgroups
(methyl, mercapto, amino, hydroxyl, etc.) for sequestration of water. We hypothesize that the
architectures selected as the functional head groups of organosilanes for experiments will
considerably influence the outcome of experiments. Water can be attracted by the free endgroups
of organosilanes over fairly long distances. The hydrophilicity of the headgroups likely may serve
to sequester water for localizing reactions to confined regions of a model surface. Current
experimental data provide the groundwork for designing predictive models with molecular
dynamics simulations. Water structure and dynamics at the solid-vapor interface will be studied
with a series of atomistic molecular dynamics simulations as a function of changing hydrophilicity
of the substrate. Another set of simulations will be carried out to examine the interfacial structure
of aqueous solution of water near the spherical particle substrates. The third set of simulations will
examine the solvation of organosilanes attached to different substrates as a function of headgroup

composition. For each system, studies will be designed to quantify the effects of changing water

145



concentration on interfacial properties including wetting and surface ordering. Further physical
experiments will also be conducted at the liquid/solid interface, by immersing wetted substrates
into solutions containing selected organosilanes.

Several future experiments will be conducted to evaluate reaction outcomes at the interface
resulting from coaxially oriented porphyrin macrocycles in a skewered arrangement. Specifically,
measurements of molecular orientation and material properties will be accomplished with
collaborative studies with LSU physics department to use synchrotron facilities at CAMD for
photoemission spectroscopy (PES), X-ray photoelectron spectroscopy (XPS) and NEXAFS
characterizations. At the molecular level, the electronic and photonic properties of materials are
derived from surface orientation and molecular arrangement. To broaden the scope of analysis and
to obtain a molecular level understanding of chemical structures and processes, the “kebob”
strategy will be tested with other porphyrins such as tetraphenyl porphyrin (TPP) and tetrapyridyl
porphyrin as well as with macrocycles of phthalocyanines. Physical measurements of electronic
conductance and photocurrents with advanced modes of scanning probe microscopy for
synthesized films and nanoparticles. The effect of systematic changes in molecular associations
with selected macrocycles (i.e. functional substituents, type of molecule) will be tested and
correlated with the associated electronic and photonic properties. Studies will be accomplished
with nanoparticles and films using conductive probe atomic force microscopy (CP-AFM) and
photocurrent AFM according to the nature of the substrate. The main target will be to find the
structures and configurations which generate photocurrents, building on the wealth of information
already published for porphyrins and phthalocyanines.

The future research plans for photografting of aryl halides will be to test protocols for

filling nanoholes within aryl thin films with n-alkanethiol molecules. Exposed areas of gold are
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available for self-assembly reactions with a second molecule, such as n-alkanethiols.
Nanostructures of n-alkanethiols that form in the exposed sites of nanoholes provide capabilities
to compare morphology and thickness side-by-side with photografted aryl films. The thiol
nanostructures can be further characterized using advanced AFM modes such as force modulation
microscopy. The FMM mode is used to sensitively characterized the mechanical properties of
samples, such as elastic response and viscoadhesion. Changes in elastic response can be used to
distinguish materials with differing composition.”* The mechanical properties of photografted aryl
thin films and nanopatterns will be examined with FMM.

A further research direction will be to use chemical force microscopy (CFM) to study
organic thin films prepared by photografting. For CFM, a functionalized AFM tip is used to
evaluate the chemical nature at the interface of a sample. Maps of chemical interactions between
an AFM tip and the sample can be sensitively visualized. The AFM tip can be coated with organic
molecules with selected functional groups to provide chemical sensitivity.3>® In previous reports,
CFM has been applied for studying interactions between SAMs with selected terminal functional
groups coated on the probe and the surface.®*® In future research direction, functionalized AFM
tips can be used to investigate chemical changes at the interface of different types of photografted
aryl thin films. Protocols could also be developed to functionalize AFM tips by photografting aryl
thin films onto AFM probes using visible-light photografting.

8.3 Synopsis

Surface investigations with SPM can provide molecular-level details of the associated size-
dependent electronic, magnetic and photochemical properties of nanomaterials. Such studies help
to further our fundamental understanding of the molecular designs which govern the electronic

and photophysical behavior of molecules and nanomaterials, which are already used for

147



commercial applications. Our studies provide insight of how the surface arrangements of inorganic
and molecular assemblies that are coordinated to a surface influence the overall properties of the
materials. Innovative strategies which apply physical experiments will be needed to fully
understand the complexity of the surface-assembly reactions as well as the structures of the
materials that are generated. At a fundamental level, the electronic and photonic properties of
materials are derived from surface orientation and molecular arrangement. Measurements of
molecular orientation and material properties are planned with collaborative studies in the
chemistry and physics departments at LSU using scanning probe microscopy (SPM) and radiation-

based spectroscopies.
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APPENDIX A. SUPPORTING INFORMATION FOR CHAPTER 3

El [b]
1 ' J remzve
“\\—» S

Latex (500 nm) vapor deposition immersion in Pd? immersion in Ni
sphere mask on Si(111) of APTES catalyst solution electroplating bath

Figure A.1. Overview of the steps for chemical fabrication of metallized nanorings using
immersion particle lithography. (a) A surface mask of monodisperse spheres was prepared on
Si(111) by drying a drop of colloidal latex suspension. (b) A heated vapor of 3-
aminopropyltriethoxysilane (APTES) was applied, then the mask was removed by rinsing and
sonication. (c) The sample with APTES nanorings was immersed in catalyst solution (amber
color). (d) In the final step, the sample was immersed in a Ni plating bath (blue color) to form
nanostructures.
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Figure A.2. The periodic arrangement of metal nanorings on nanopatterns of 3-aminopropyl
triethoxysilane (APTES), shown with successive zoom-in atomic force microscopy (AFM)
images. Samples were prepared by electroless deposition of Ni using a Pd catalyst. (a)
Topography view of a wide area (8 x 8 um?) of nanorings, prepared with 500 nm silica spheres.
(b) Zoom-in (2 x 2 p m?) topograph; (c) close-up topography view of an individual nanoring;
(d) concurrently acquired phase image for a; (e) phase image for b; (f) phase image for c. (g)
Height profile is drawn across three nanorings for the line in b; (h) cursor profile across a single
nanoring in ¢. Images were acquired using tapping-mode AFM in ambient air. This is a replicate
experiment for the example of Figure 3.1 which demonstrates the superb reproducibility of
chemistry-based approaches with colloidal lithography.
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Figure A.3. Height analysis for surface structures after each key step of sample preparation.
Histogram representing height distribution of (a) APTES nanorings, (b) after attaching Pd to
APTES nanorings and (c) Ni nanorings. The sizes of the nanorings increased after each step as
catalyst and Ni deposits were added. To collect the data, representative cursor profiles of
nanostructures (n = 50) were selected from several areas of each sample.
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Figure A.4. Histogram analysis of the changes in width for the outer and inner diameter of the
nanorings after each reaction step. Histogram representing outer diameter of (a) APTES
nanorings; (b) after attaching Pd; (c) Ni nanorings. The nanorings grew in width at each step of
the reaction, however the inside diameters of the center holes became smaller as the nanorings
increased in lateral dimensions. Changes measured for the inner diameter of (d) APTES
nanorings; (e) after attaching Pd, and (f) Ni nanorings. The charts represent measurements of
cursor profiles of 50 individual nanorings selected from several areas of each sample.
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Figure A.5. A control experiment was designed to assess the role of the Pd catalyst in forming Ni
coatings. Images are shown for APTES nanorings after conducting electroless nickel deposition
without a catalyst; (a) nanorings of APTES, topography image; (b) cursor profile traced across two
rings in a. (c) Topograph after immersion of the sample in a Ni plating bath; (d) cursor profile for
the line in c. In this experiment, samples containing
APTES nanorings were directly immersed in Ni electroless plating bath, skipping the step
of immersion in a Pd catalyst solution. After 3 h immersion in the Ni plating bath, the samples were
rinsed with ultrapure water and dried with nitrogen. Samples were then imaged with tapping-mode
AFM to evaluate changes in height and morphology. There were no significant differences in
dimensions detected for APTES nanorings after Ni plating in the absence of a catalyst. In data not

shown, MSM-AFM images likewise did not successfully resolve the presence of magnetic materials,

further indicating the essential role of the catalyst for electroless plating of Ni.
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Figure A.6. Changes in MSM images with and without an AC electromagnetic field tested with a
sample of Ni nanorings at a field strength of 0.2 T. (a) MSM topograph of Ni nanostructures (4
x4 pm?); (b) simultaneously acquired MSM amplitude frame; (c) corresponding MSM phase
image. The field was turned off halfway through the data acquisition.

During the first half of the scan, the MSM amplitude and phase channels reveal distinct
color contrast for the areas of Ni nanorings. Topography frames reveal sample topology by
mapping signals of the difference between the top and bottom elements of a quadrant
photodetector, which result from the up and down vertical motion of the AFM probe. The phase
and amplitude channels are derived with lock-in detection, by referencing the input waveform
used to drive sample modulation as a way to map dynamic changes in sample vibration during
the scan. When the AC electromagnetic field was turned off during the second half of imaging,
neither the amplitude or phase channels produce resolvable details, indicating when there was no
sample vibration. The top and bottom half of the topography frame are indistinguishable in this
example, which indicates that sample modulation occurs mainly in the z-direction, since lateral

vibration would produce broadening of features in topography images.
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Figure A.7. Images acquired with MSM-AFM for Ni nanorings shown for the replicate sample of
Figure A.1. Images were acquired in ambient air with 0.2 T field strength and a resonance
frequency of 222 kHz. (a) MSM-topography frame; concurrently acquired (b) phase and (c)
amplitude channels for a 2 x 2 um? area. The fine details of the surface corrugation in areas
between the Ni nanorings can be sensitively resolved in the phase image.

0 30 nm

Figure A.8. Three nickel rings shown with MSM-AFM for the replicate sample of Figure A.2.
Images were acquired in ambient air with 0.2 T field strength and a resonance frequency of 222
kHz. (a) MSM-topography frame; concurrently acquired (b) phase and (c) amplitude channels
fora 2 x 2 um? area.
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Figure A.9. Changes in contrast within a single frame were detected during MSM imaging of Ni
nanopatterns shown in Figure A.1 using selected resonance frequencies to drive the sample
oscillation. (a) MSM topography channel; (b) concurrently acquired MSM amplitude and (c)
MSM phase image. (d) Frequency spectra obtained with a field strength of 0.2 T. Images were
acquired in ambient air for an image area of 4 x 4 um?.
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Figure A.10. Si(111) substrates with APTES nanorings immersed in each reaction solutions used
for nickel electroless deposition. (a) Pd catalyst solution; (b) nickel electroless plating bath; (c)
UV-visible spectra of Pd and Ni solutions. When the samples were immersed in a nickel solution,
the formation of air bubbles around the liquid/substrate interface was observed. This occurred as

a result of Hz formation during the reaction between Pd and Ni?* ions that undergo autocatalytic
reaction.
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Figure A.11. Successive zoom-in images of Ni nanorings prepared with longer immersion (6 h)
time. (a) Tapping-mode topography image (4x 4 um?); (b) zoom-in view of a 2 x 2 um? area; (c)
magnified view of three nanorings (1.2 x 1.2 pm?); (d) phase channel for a; (€) corresponding
phase channel for b; (f) the cursor profile for line drawn on c.

The electroless deposition of nickel was conducted for 6 h to examine how the morphology
and the size change with longer immersion times. The height of resultant nanorings remained
fairly similar to the nanostructures produced with 3 h reaction. However, longer deposition

formed more Ni deposits in the surrounding areas of the actual nanorings.
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APPENDIX B. OPERATING PROCEDURE OF MAGNETIC SAMPLE
MODULATION (MSM)

1. Use the MAC mode sample stage and a contact mode nosecone that does not contain any

magnetic parts for MSM, shown in Figure B.1.

Figure B.1. Photographs of the equipment used for MSM imaging. (a) Front side of the MAC
mode sample stage; (b) back side showing the wire coil solenoid; (c) side view of the contact
mode nose cone; (d) top view of the nosecone assembly.

2. Connect BNC cables between the AFM controller (model N9605A), head electronic box
(HEB) and MAX 11 controller as shown in Figure B.2.

e The AUX output of the HEB back panel should be connected to the phase output of the MAC
[11 controller.

e A second cable should be connected to the amplitude output of the MAC |11 controller and to

the AUX IN of the AFM controller.
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Ext.input Ext. Sync MAC Il controller HEB back panel
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To HEB or MAC

controller
From AFM of MAC IlI

To microscope
controller

To microscope

Figure B.2. Cable diagram for MSM operation and data collection.

3. Install the nosecone into the AFM multipurpose scanner and place the sample onto the MAC

mode sample stage.

4. Once the sample is mounted, connect the wires of sample stage to the bottom of the microscope

stand (Figure B.3).

Figure B.3. Connect the lead wires of the sample stage to the scanner support stand.
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5. Use a soft cantilever for contact mode operation for MSM-AFM. (Tips with magnetic coating
or high spring constants should not be used.)

6. Install the AFM tip onto the scanner and connect the scanner into the microscope. Before
installing the scanner to the microscope, the sample stage approach distance should be adjusted
using the “open/close’ switch of the head electronic box to leave a sufficient gap between the
scanner and the sample.

7. In the PicoView (v 1.20.2) software, select contact mode (Figure B.4a) parameters under the
main menu. Focus the laser spot on the tip and program the acquisition software with typical

contact mode settings: deflection to -1 and friction to 0 (Figure B.4b).

Technologies PicoView 1.20.2 - Contact AFM mode

ols Environment Help

STM

b Laser Alignment | Oscilloscope: l Trace/Retrace

Contact AFM
ACAFM
Force Modulation
DLFM
EFM
KFM

Harmonic

Expert

Sum 964V
Deflection -1.03W
Friction -0.00V

Sum 880V
Defiection -1.00V
Friction  0.02V

¥|Laser On

2‘{
ey T T T Smany T SaRssuansy
256 259 260 261 262 263 264 265 206 267 268 269 2|
deg Phase vs Frequency

200-

Figure B.4. Software settings for MSM (a) contact mode selection (b) laser alignment.
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Open the AFM AC mode frequency plot window from AC tune under the main menu. and

select MAC mode settings under drive mechanism (Figure B.5).
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Figure B.5. AC tune and MAC mode settings selection.
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11. On the output tab of advanced AC controls window, set Aux1 to Amplitudel (corresponds to
MSM amplitude), Aux 2 to Phasel (corresponds to MSM amplitude). Uncheck the pass-
through boxes for both Aux 1 and Aux 2 to pass the signal directly from the microscope to the

AFM controller (Figure B.6).
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Figure B.6. Selection of output channels for MSM imaging.
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10. In the real-time imaging window, choose eight channels of Topography (trace and retrace),

Aux1(trace and retrace), Aux2 (trace and retrace), Deflection and Friction (Figure B.7)
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Figure B.7. Real time imaging windows selected for MSM imaging.
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11. Acquire frequency spectra when the tip is disengaged. With the manual tune tab, enter 0 kHz
as the starting frequency and 400 kHz as the end frequency. Make sure the drive mechanism
is set to MAC. Then obtain a frequency sweep. Ideally, no peaks will be present when the tip
is disengaged (Figure B.8).
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Figure B.8. Frequency spectra are obtained while the tip is disengaged.
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12. In the scan and z controls window, select the Servo tab and enter force setpoint as 0 V. Then

approach the tip to make contact with the sample (Figure B.9).
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Figure B.9. PicoView software messages observed during the approach cycle for the AFM tip
to make contact with sample.
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13. Once tip has made contact with the sample, acquire images in contact mode to find an area that
contains features of interest.

14. Next, obtain frequency sweeps while tip remains in contact with the sample (Figure B.10).
Enter a value for Drive %, select the MAC drive mechanism in the manual tune tab. Check the

box of drive % of the lock-in 1 channel in the lock-in tab to ensure that the AC drive is ON.
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Figure B.10. Frequency spectra acquired when the tip is engaged with the sample.
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15. Several sample resonance peaks are generated when the tip is engaged. Resonance peaks with
higher amplitude can be selected for imaging. Contrast changes in the amplitude and phase

channels can be evaluated to select the best resonance frequency for imaging. (Figure B.11)
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Drive OFF

d Amplitude vs Frequency
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Figure B.11. View of Ni nanostructures acquired with selected resonance frequencies using dynamic
MSM-AFM. (a) Topography; (b) MSM-amplitude; (c) MSM-phase; (d) spectrum showing the selected
frequencies.
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APPENDIX D. SUPPORTING INFORMATION FOR CHAPTER 4
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Figure D.1. Distribution of the heights of OTS assemblies on Si(111) when selected amounts of
water were added to the reaction vessels. Histograms are shown for (a) 0 mg; (b) 2 mg; (c) 10 mg;
(d) 100 mg; and (e) 300 mg added to the containers. Information of the heights were obtained from
individual cursors drawn across 100 different nanostructures within atomic force microscopy

(AFM) topography images. The average and standard deviation values are shown in the right
corner of each graph.
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Figure D.2. Successive changes in the height of OTS assemblies formed on mica with selected
amounts of water added to reaction vessels. Histograms are shown for samples prepared (a) 0 mg;
(b) 2 mg; (c) 10 mg; (d) 100 mg; and (e) 300 mg of added water. Cursor profiles were taken across
100 individual nanostructures. The average value and standard deviation are shown in the right
corner of each plot.
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Table D.1. Surface coverage of OTS measured for silicon and mica wetted with increments of
water added to the reaction vessel.

Silicon Mica
Water Added (mg) Surface coverage (%) Surface coverage (%)
0 15+3.3 3.4+£25
2 9.7+29 3.6+0.8
10 23+4.8 68 +4.0
100 32+5.0 92+1.3
300 56 +4.3 93+4.9

The overall surface coverage of OTS ranged from 10% to 56% on silicon and from 3% to
93% on mica. The trend for surface coverage increased with water content for both substrates,
however the hydrophilic interface mica showed higher values compared to silicon. The water
condensed to form a continuous film and spread out on mica, and the subsequent binding of OTS
followed the arrangement of water deposits to assemble as a film. The water repellency of silicon
produced a discontinuous arrangement of droplets, preferentially localizing at the meniscus sites
of silicon. The contained areas enclosed in the water meniscus sites of the latex particle mask
generated multilayered assemblies of nanorings on the hydrophobic interface of silicon. The
estimates of surface coverage of OTS films formed on Si(111) and mica(0001) were derived by
pixel counting, using a manually derived color threshold. Values in the table are an average

obtained from 10 topographs of different regions of the samples. (2 x 2 pm?)
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Figure D.3. Nanorings of OTS formed on (a) Si(111) and (b) mica substrates with vapor deposition
with ambient drying of the masked substrates. Samples with latex films were dried under ambient

conditions for 4 h on silica substrates and for 24 h on mica. The samples were immediately
transferred to glass jars containing 300 pL of neat octadecyltrichlorosilane (OTS).

Additional water was not added to the jars. Vapor deposition was completed after 18 h
exposure for Si(111) and 6 h for mica. The sphere mask was removed from Si(111) samples by
sonication in ethanol. Mica samples were multiple rinses to remove the latex mask, without
sonication. The OTS layers on Si(111) had an average height of 4.2 £0.9 nm (n=50) with a surface

coverage of 26 + 5%. The average height for the samples prepared on mica measured 2.6 = 0.6

nm with 66 = 8 % surface coverage.
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Figure D.4. Height distribution of OTS layers on (a) Si(111) and (b) mica(0001) prepared without
adding water or heating the substrates, as described in Figure D.3.
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Figure D.5. Successive zoom-in views revealing the localization of water on Si(111) showing the
distribution of OTS for a control sample prepared without water. a) Topography view (8x 8 um?);
(b) Zoom in topography image (4 x 4 um?); (c) magnified view of two OTS nanostructures (1 x 1
um?); (d) simultaneously acquired phase image for a; (E) corresponding phase image for b; (f)
phase image for c.

202



Figure D.6. The localization of water on Si(111) detected by the distribution of OTS at the water
volume of 2 mg.(a) Topography view (8x 8 um?); (b) Zoom in topography image (4 x 4 pm?); (c)
magnified view of two OTS nanostructures (1 x 1 um?); (d) simultaneously acquired phase image
for a; (e) phase image for b; (f) phase image for c.
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Figure D.7. Attachment of OTS to wetted areas of a silicon substrate when 100 mg of water was
added to the reaction vessel. (a) Topography view (8x 8 um?); (b) Zoom in topography image (4
x 4 um?); (c) magnified view of two OTS nanostructures (1 x 1 um?); (d) concurrently acquired
phase image for a; (e) phase image for b; (f) phase image for c.
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Figure D.8. The distribution of OTS assembled on Si(111) at the water volume of 300 mg. (a)
Topography view (8x 8 um?); (b) Zoom in topograph (4 x 4 um?); (c) magnified view of two OTS
nanostructures (1 x 1 um?); (d) phase image for a; (e) phase image for b; (f) phase image for c.
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Figure D.9. Nanostructures of OTS formed on Si(111) surface vapor deposition with ambient
drying of the masked substrates. (a) Topography view (8x 8 um?); (b) Zoom in topograph (4 x 4
um?); (c) magnified view of two OTS nanostructures (1 x 1 um?); (d) phase image for a; ()
corresponding phase image for b; (f) phase image for c.
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Figure D.10. The distribution of OTS assemblies formed on sites with water residues that formed
on mica with no water added to the reaction vessel. (a) Topography view (8% 8 um?); (b) Zoom in
topography view (4 x 4 um?); (c) magnified w of two OTS nanostructures (1 x 1 pum?); (d)
simultaneously acquired phase image for a; (e) phase image for b; (f) phase image for c.
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Figure D.11. Nanopatterns of OTS formed on mica with 2 mg of water added to the reaction vessel.
(a) Topography view (8x 8 pm?); (b) Zoom in topography view (4 x 4 um?); (c) magnified view
of two OTS nanostructures (1 x 1 um?); (d) phase image for a; (e) phase image for b; (f) phase
image for c.
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Figure D.12. Film of OTS with nanoholes of uncovered substrate formed on mica with 100 mg of
water added to the reaction vessel. (a) Topography view (8% 8 um?); (b) Zoom in topography view
(4 x 4 pm?); (c) magnified view a nanohole within OTS (1 x 1 um?); (d) lateral force image for a;
(e) lateral force image for b; (f) lateral force image for c.
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Figure D.13. Nanostructured film of OTS formed when 300 mg of water was added to the reaction
vessel with a masked mica substrate. (a) Topography view (8x 8 um?); (b) Zoom in topograph (4
x 4 um?); (c) magnified view of two OTS nanostructures (1.2 x 1.2 pm?); (d) lateral force image
for a; (e) lateral force image for b; (f) lateral force image for c.
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Figure D.14. Sample prepared with vapor deposition of OTS onto a silica mask that was dried for
4 h in ambient conditions on mica. The sample was immediately transferred to a vessel containing
300 pL of OTS. Water was not added to the reaction vessel. (a) Topography view (8x 8 pm?); (b)
Zoom in view (4 x 4 pm?); (c) close-up view of a single OTS nanoring (1 x 1 pm?); (d)
simultaneously acquired phase image for a; (e) phase image for b; (f) phase image for c.
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APPENDIX E. SUPPORTING INFORMATION FOR CHAPTER 6

Figure E.1. Control experiment to investigate the surface adsorption of octaethyl porphyrin (OEP)
without the addition of silicon tetrachloride, SiCls. Without SiCls, there are a few adsorbates of
OEP on the Si(111) surface, no film was formed as shown in (A) the topography frame; and (B)
corresponding phase image. Most of the OEP that was bound to the surface was removed by the
rinsing step, however there are a few small adsorbates and aggregates of OEP molecules.
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Figure E.2. Surface morphology of a film of Si-OEP formed after 5 h immersion of a silicon
substrate in a solution of OEP and SiCls.With addition of SiCls, an irregular, dense film formed
on the surface with multiple island protrusions. Tapping-mode topography frames are shown in
the top row with the matching phase frames in the bottom panels. The true sizes of the surface
features are exaggerated in lateral dimensions due to a convolution of the probe shape and the
geometry of ultra-small nanostructures.
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Figure E.3.Absorbance spectra for octaethyl porphyrin (OEP) before and after addition of SiCl4
show a characteristic red shift of the Q bands indicating that Si was incorporated into the
macrocycle.

Bands attributed to © - w* transitions (Q-Bands) appear in the spectra of porphyrins
between 480-720 nm as an indicator that changes of molecular structure have occurred.?®® When
the porphyrin macrocycle is coordinated with elements or metals, changes will be observed for the
pattern and number of Q bands. Depending on molecular symmetry, there are typically four Q
bands for transitions that involve the four nitrogens of the porphyrin macrocycle. The relative

intensity of Q bands is due to the position and nature of substituents on the macrocycle. In this

example, the intense Soret bands between 400-450 nm were saturated.
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Figure E.4. Nanodots of Si-OEP assembled within nanoholes of an OTS matrix film after 24 h
reaction. (a) Topography view (6 x 6 um?); (b) Zoom-in topograph (2 x 2 um2); (c) simultaneously
acquired phase frame for a; (d) Cursor profile across two nanodots in b. Tapping-mode images
were acquired in ambient air. A double-tip artifact is evident in the images which is caused by
multiple asperities at the apex of the probe.
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Figure E.5. Successive zoom-in views of nanoholes within a film of Si-OEP on Si(111) obtained
with tapping mode. (a) to (c) Topography frames; (d) cursor profile for the line on c; (e) to (g) are
corresponding phase images of a, b and c respectively; (h) cursor profile for the line drawn over
two nanoholes in b.

An interesting morphology of nanoholes formed within Si-OEP thin films during a 24 h
reaction is shown in tapping mode images in Figure E.5. The distribution of molecular domains
on Si(111) is rather less homogeneous compared to the sample presented in Figure 6.2. We assume
this happens due to the variations of water deposits on the surface for this sample. Amount of
surface water has not been enough to facilitate a dense assembly of porphyrin skewers with

complete surface coverage. The full-length growth of S-OEP strands in the vertical direction has

also been limited. The average height of these films was measured 5.4+ 1.4 nm (n=50).
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Figure E.6. The histogram comparison for height measurements of Si-OEP nanodots prepared on
Si(111) for 5 h and 24 h immersion. Height was measured from individual cursor profiles across
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50 nanoholes taking surrounding OTS matrix as the reference.

At the nanoscale, there is variability for the heights of the nanodots with an average value
of 5.8 + 1.3 nm for 5 h immersion and 8.7 + 1.9 nm average height for 24 h immersion. The mean
values of the two data sets (5h and 24 h) are statistically different, compared using a paired t-test
at the 99.5 percentile. The variability of the heights of nanodots can be attributed to slight changes

in the diameters of the nanoholes which occur naturally from variations of particle sizes of the

surface.
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Figure E.8. Ring-shaped nanostructures of OEP-silane formed on Si(111) by increasing the drying
period of the surface mask to 20 h in an oven at 150 °C before immersion in the reaction vessel.
(a) Topography view of nanorings (4 x 4 pm?); (b) zoom-in topograph (2 x 2 pm?); (¢) zoom-in
view of a single Si-OEP nanoring (1 x 1 um?); (d) cursor profile of the line traced in c; (€), (f) and

(9) are corresponding phase images of a, b and c; (h) cursor profile for the line on b. Images were
acquired with tapping-mode AFM in the air.
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APPENDIX G. FORCE MODULATION MICROSCOPY STUDY OF
SPATIALLY CONFINED PHTHALOCYANINES NANOPATTERNS*

G.1. Overview

Nanopatterns of 3-aminopropyltriethoxysilane (APTES) were used as a surface template
to bind zinc phthalocyanine (ZnPc) to silicon substrates. Protocols with solution immersion and
particle lithography were used to direct the attachment and growth of ZnPcs on Si(111). An array
of nanoholes was generated within a matrix of octadecyltri-methoxysilane (OTMS) as containers
for the subsequent assembly of 3-aminopropyltriethoxysilane (APTES) molecules. Further
immersion steps enabled the site-selective patterning ZnPc with designed substituents (Figure F.1).
Characterizations with the force modulation microscopy (FMM) mode of AFM were used to
evaluate local differences in elastic and viscoelastic properties of the nanostructures of ZnPc
assembled on APTES nanodots. The FMM mode provided ultra-sensitive surface maps the elastic
response of for compositional differences between areas of the surface patterns compared to the
surrounding matrix film of OTMS.

G.2. Force Modulation Microscopy (FMM)

A model 5500 scanning probe microscope (Keysight Technologies, Santa Rosa, CA) was
used for AFM characterizations with FMM. The nosecone assembly for contact mode which does
not have metal components was attached to the scanner. Silicon SPM-sensor tips (NanoWorld,
Watsonville, CA) with an average force constant of 2.8 N/m and 75 kHz of resonance frequency
were used for FMM imaging in ambient conditions. A home-constructed sample stage

incorporating a piezoactuator was used for FMM studies, as previously described. 7

* The Figures in Appendix F were previously published in Colloids and Surfaces A as a research
article!® titled “Nanopatterns of zinc phthalocyanines prepared using particle lithography:
Characterization of patterning steps with scanning probe microscopy” (See Appendix H).
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G.3. Protocol for Nanolithography
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Figure G.1. Outline of the steps of colloidal lithography to prepare nanopatterns of ZnPcs. (a) A
mask of latex or silica particles was dried on Si(111). (b) The masked substrate was either
immersed in solution (left) or exposed to an organic vapor (right) to form a resist. (c) After rinsing
away the particles, the samples were immersed in APTES solution. (c) After rinsing, the samples

were then immersed in solutions of ZnPcs.
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G.4. Results and Discussion
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Figure G.2. Example results for ZnPc nanostructures acquired with FMM. (a) Topograph
(1x1um[12) for ZnPc 1 nanostructures acquired in ambient air; (b) simultaneously acquired
amplitude frame; (c) histogram plot of amplitude signal for b; (d) Topography image for ZnPc 2
nanostructures; (e) corresponding amplitude channel; (f) histogram for e. For FMM studies, 250
nm silica spheres were used for colloidal lithography with both ZnPc 1 and ZnPc 2 using an OTMS
matrix.

Characterizations with FMM were completed for nanopatterns prepared with ZnPc 1 and
ZnPc 2. Topography and concurrently acquired amplitude frames are shown for 1x1 pm? scans for
nanopatterns of ZnPc 1 (top row) and ZnPc 2 (bottom row) of Figure G.2. In the topography frames
the bright areas are the taller regions with ZnPc, surrounded by the matrix film of OTMS. The
contrast is reversed in the amplitude images, showing dark spots for the areas of ZnPc
nanopatterns. The AFM experiments reveal that there can be considerable variance in the
diameters and shapes of nanostructures that are made with colloidal lithography. For the sphere

masks used in lithography, the actual physical area of contact between the spheres with the
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substrate is not always uniform between samples. The size of the contact area is influenced by
capillary interactions of water as well as the deformation of the spheres. Although the patterns
have regular round geometries, relatively wide nanopatterns measuring 144+36 nm (n=20) in
diameter were detected for ZnPc 1 (top row, Figures G.2a and G.2b); whereas exquisitely small
nanodots measuring 469 nm (n=20) in width were observed with ZnPc 2 (bottom panels, Figures
G.2d and G.2e). The width measurements also can include significant errors due to the well-known
artifact of tip-sample convolution. The AFM probe is much wider than the nanostructures which
propagates significant errors in lateral measurements.

The differences in elastic response between surface domains of the matrix and nanopatterns
can be discerned using FMM amplitude images. The taller, bright areas of ZnPc nanostructures in
topography frames (left) coincide with the darker areas of the amplitude frames (center) in Figure
G.2. Two peaks are apparent in the histogram of Figure G.2c, indicating a distinct change in
softness between the nanostructures versus the matrix regions. The surface coverage of ZnPc 1
measured 32% compared to 3.5% for ZnPc 2, calculated using the amplitude images. The
topography image (Figure G.2d) can be mapped along with the amplitude frame (Figure G.2e) for
ZnPc 2 as well, although the nanostructures are far smaller in diameter than with ZnPc 1. With
such small areas of ZnPc 2, there is only one-color contrast that can be resolved in the histogram
of Figure G.2f. The FMM experiments show a discrete change in surface chemistry as well as
softness for the ZnPcs compared to the matrix layer. The highly sensitive detection of chemical
differences for tip-surface interactions plotted in FMM channels shows that there is virtually no
nonspecific attachment of adsorbates on the methyl-terminated areas between nanopatterns.

Additional FMM data acquired with ZnPc 1 (top row) and ZnPc 2 (bottom row)

nanopatterns are presented in Figure G.3. The color contrast between FMM amplitude and phase
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channels indicate two distinct regions that correspond to ZnPc nanodots and the surrounding
organosilane SAMs. The areas of ZnPc¢ nanodots show brighter contrast in topography frame. The
phthalocyanines appear to have a softer texture compared to organosilanes because a darker
contrast or a smaller amplitude is apparent for ZnPc regions in amplitude frames. These results
suggest that FMM is an ideal tool to investigate elastic properties of nanostructures prepared with
phthalocyanine macrocycles.

Topography Amplitude Phase

% | 500nm

Figure G.3 Example images for FMM characterization of ZnPc nanostructures. Top row:
Simultaneously acquired (a) topography; (b) amplitude; and (c) phase channels for a 2 x 2 um? area
of the sample with nanopatterns of ZnPc 1 formed on APTES nanodots within an OTMS matrix.
Bottom panels: Concurrent frames obtained for (d) topography; (e) amplitude; and (f) phase images
using FMM with a sample of ZnPc 2 attached to APTES nanodots within OTMS.
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