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ABSTRACT

The growth and self-assembly of molecules on surfaces can be directly visualized at the
molecular level using studies which combine nanoscale lithography and high-resolution imaging.
Nanopatterning provides a unique and practical approach for direct views of surface changes after
the key chemical steps of nanopatterning, providing landmarks and baselines for measuring growth
in vertical and lateral dimensions. Controlling the arrangement of materials on surfaces at the
nanoscale can be achieved using particle lithography. Arrays of well-defined nanostructures can
be prepared with reproducible geometries and arrangement. Results for the preparation of
nanopatterns produced with particle lithography are presented using high resolution images
acquired with scanning probe microscopy (SPM). Samples were prepared using steps for
depositing nanoparticles, porphyrins, and phthalocyanines on patterned surfaces to generate
multicomponent nanopatterns. Studies of surface chemistry at the molecular level have practical
applications for emerging technologies with photovoltaic and photoelectronic devices. Atomic
force microscopy (AFM) was used to characterize samples to gain insight on the changes in surface
chemistry after patterning organosilanes, organothiols and nanoparticles. For studies of surface
chemistry at the nanoscale, AFM has unique capabilities for molecular visualization and
ultrasensitive measurements of surface properties.

The history of SPM, instrument set-up, and results for particle lithography with porphyrins,
zinc phthalocyanines and gold nanoparticles are described in this dissertation. Protocols for
patterning porphyrin nanostructures on Au(111) were developed based on steps with immersion
combined with particle lithography. Porphyrins with a central metal ion, 5,10,15,20-tetraphenyl-
21H,23H-porphine (TPP) and free-base 5,10,15,20-tetraphenyl-21H,23H-porphine nickel(ll)

(TPN) were studied. Samples of zinc phthalocyanines were prepared using particle lithography



with surfaces that were patterned with organosilanes. The dimensions and spacing can be
selectively tuned by using selected sizes of latex ad silica spheres as a surface mask. The metallated
phthalocyanines bound selectively to the spatially confined sites of nanopatterns, and did not bind
to areas of the organosilane resist. Bare gold nanoparticles and organosilane coated nanoparticles
were synthesized for characterizations with AFM. At the nanoscale, variations in the sizes of

patterns provide a surface test platform for evaluating size dependent physical properties.
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CHAPTER 1. INTRODUCTION

Nanostructures have applications in sensors,*? catalysis,® molecular separation* and electronic
devices.’ In this dissertation, the investigations presented in this dissertation describe
nanofabrication protocols based on particle lithography which has been developed for generating
nanostructures of organosilanes to produce well-defined surface platforms of complex,
multicomponent architectures. Using atomic force microscopy (AFM), characterizations were
successfully accomplished for molecular-level studies of morphology, self-assembly processes,
and the properties of designed nanostructures.

1.1 Patterning Surfaces at the Nanoscale with Particle Lithography

Particle lithography is a versatile, high throughput approach for fabrication that has been used
to generate periodic arrays of organic thin films, proteins and nanomaterials on surfaces.® Particle
lithography is used to pattern a substrate by placing a spherical mask of latex or silica beads to
direct the deposition of inorganic and organic materials. Preparation of exquisitely small, regular
nanostructures have been accomplished with a few basic chemistry steps. The samples reveal
relatively few defects at the nanoscale and are highly reproducible for patterning over relatively
large areas of tens of microns.'? Particle lithography has been used for patterning metals,'-12
nanoparticles,3131° proteins,6-18 polymers,'®?2 and self-assembled monolayers (SAMs).%=%" By
immersing substrates in dilute solutions of organosilanes, SAMs are formed through surface self-
assembly.28-2

The capability of AFM for achieving nanoscale resolution enables characterization of material
properties as well as fundamental investigations of chemical or biochemical reactions on surfaces
at the nanoscale. Fundamental studies of surface reactions and material properties at the molecular-

level can provide essential information for the development of new and advanced technologies in



fields such as materials engineering *°-! and molecular electronics.®2-3* A comprehensive literature
review of contemporary approaches with particle lithography applied for patterning SAMs is
presented in Chapter 2. The background, history, and basic operating principles of AFM are
summarized for the methods used for studies of nanostructures. The AFM modes that were used
for the studies described below include contact mode, tapping-mode, and magnetic sample
modulation.

1.2 Preparations of Porphyrin Nanostructures using Immersion Particle Lithography

The steps for binding porphyrins to sites exposed inside nanoholes fabricated within
dodecanethiol on Au(111) were characterized ex situ using AFM. Experiments are described in
Chapter 3 for the basic steps of the patterning process using immersion particle lithography,
disclosing AFM images of the nanostructures of porphyrins. Arrays of nanoholes were prepared
using particle lithography combined with immersion in solutions of dodecanethiol. Self-assembled
monolayers (SAMs) provide advantages for selecting the chemistry of surfaces with desired
carbon chain lengths and functional groups. Wettability, adhesion, and acidity can be controlled
by choosing functional head groups. In our study, methyl-terminated SAMs such as dodecanethiol
were chosen as a resist layer to direct the adsorption of porphyrins onto gold substrates. For
potential applications in molecular electronics and photovoltaics, porphyrins have become a focus
in engineering nanostructures on surfaces. Porphyrins can be synthesized with substituents and
metal ions to tune electrical and photoelectrical properties. However, preparing nanostructures of
porphyrins on surfaces can be challenging. Porphyrins tend to stack through z-x interactions and
form columnar structures throughout the surface, rather than forming a continuous thin film. To
accomplish immersion particle lithography with porphyrins, silica spheres were used as a surface
mask to control the deposition of dodecanethiol to produce nanoholes. Selected porphyrins were

introduced to selectively bind within nanoholes by a second immersion step in dilute solutions.
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Scanning probe microscopy was used to characterize morphological and physical properties of
nanomaterials deposited on surfaces. The nanopatterned surfaces exhibit millions of reproducible
test structures arranged in a periodic array according to the dimensions and spacing of the surface
masks. Spatial selectivity was accomplished for directing the attachment of zinc-coordinated
porphyrins within exposed sites of gold inside nanoholes with exposed sites of the gold substrate
The test structures are ideal for further characterizations of conductive surface properties at the
molecular level.

1.3 Nanopatterns of Zinc Phthalocyanines Prepared using Particle Lithography:
Characterization of Patterning Steps with Scanning Probe Microscopy3*

Surface characterizations of the patterning steps for preparing nanostructures of zinc
phthalocyanines are presented in Chapter 4, describing the basic steps of the particle lithography.
It can be challenging to prepare durable films and nanostructures of phthalocyanines because the
molecules tend to bind in a coplanar orientation through physisorption to the surface and can stack
together through n-x interactions between adjacent macrocycles. Spatial selectivity was achieved
for directing the attachment of Zn-Pc to the surface using a resist film of 2-
methoxy(polyethyleneoxy)propyl]trichlorosilane (PEG-silane) or with octadecyltrimethoxysilane
(OTMS). The molecule chosen as a linker was (3-aminopropyltriethoxysilane (APTES) which
presents an amine group at the interface. Patterned arrays of nanoholes and nanorings were
prepared using particle lithography combined with steps of solution immersion and vapor
deposition of organosilanes. Heterostructures of APTES and zinc phthalocyanines were
constructed using nanopatterns as sites for binding. Samples prepared with particle lithography
exhibit millions of reproducible test structures in a periodic arrangement throughout areas of the
surface according to the dimensions and spacing of the particle mask. A surface mask of latex or

silica spheres protects discrete areas of the substrate from deposition of organosilanes. When the



mask was removed, the uncovered areas of the surface provide sites for further chemical reactions.
The changes in size and morphology of the nanostructures were visualized with tapping-mode

atomic force microscopy.

Two Zn-phthalocyanine compounds with designed functional groups were synthesized for
deposition using particle lithography. Photodynamic therapy has been used to treat pathogenic
infections with light-triggered treatments in the presence of phthalocyanines as a photosensitizer.*®
With fluorescent hues of green and blue, phthalocyanines have been used in molecular electronics,
textiles, inks, and paint.%¢%® The steps for binding phthalocyanines to amine organosilanes
backfilled into nanoholes patterned on silicon and glass substrates were characterized using AFM.
Patterned arrays of nanoholes were prepared using steps of particle lithography combined with
immersion in organosilane solutions. Organosilanes provide advantages for selecting the
chemistry of surfaces with desired carbon chain lengths and functional groups. Methyl-terminated
SAMs such as OTMS and PEG-silane were chosen as a resist layer to direct the deposition of the
ZnPc compounds. Spatial selectivity was accomplished for directing the attachment of ZnPc to the
surface using amine linker chemistry with an amine terminated organosilane, 3-
aminopropyltriethoxysilane. Preparing nanostructures of phthalocyanines on surfaces can be
challenging. Phthalocyanines tend to stack together through pi-pi interactions, solubility is poor,
and aggregation can occur in concentrated solutions. To accomplish immersion particle
lithography with phthalocyanines, silica spheres were used as a surface mask to produce nanoholes
using protocols with immersion. Latex spheres were used to prepare nanorings with vapor
deposition of PEG-silane. Linker molecules of 3-aminopropyltriethoxysilane were successfully
backfilled into the nanoholes to form sites for selected deposition of the ZnPcs with a second

immersion step. Scanning probe microscopy can be used to probe morphological and physical



properties of nanomaterials deposited on surfaces at the molecular-level. The nanopatterned
surfaces exhibit millions of reproducible test structures arranged in a periodic array according to

the dimensions and spacing of the surface masks. Examples are shown in Chapter 4.

1.4 Protocols Developed with Particle Lithography using Organosilanes for Patterning Gold
Nanoparticles

Studies of nanostructures of silane-functionalized nanoparticles prepared within resists of
organosilane nanopatterns produced with particle lithography are described in Chapter 5. Periodic
arrays of organosilane nanostructures were prepared with particle lithography to provide a
foundation to define sites for attachment of nanoparticles. Wettability, adhesion, and acidity can
be controlled by choosing the desired functional head groups of SAMs to provide model surfaces
for fundamental studies of interfacial chemistry, solvent-molecule interactions and self-
organization.** Using octadecyltrimethoxysilane (OTMS) and 2-[methoxy(polyethyleneoxy)-
propyl]trichlorosilane (PEG-silane) as a resist, nanopatterns were prepared on a glass surface using
particle lithography concurrently with steps of vapor deposition and immersion in solutions.
Nanorings and nanoholes were produced using basic steps of particle lithography. The morphology
and selectivity of designed surfaces of SAMs formed with OTMS and PEG-silane using steps of
particle lithography were evaluated using high resolution atomic force microscopy (AFM).
Thickness measurements from AFM cursor profiles were used to evaluate the orientation and
density of the OTMS and PEG-silane nanostructures. The direction planned for the designed
experiments will apply particle lithography with organosilanes to develop spatially selective
surfaces for patterning nanoparticles. Arrays of nanoparticles will provide practical test structures
for applications based on localized surface plasmon resonance (LSPR), surface-enhanced Raman

scattering (SERS) as well as advanced measurement modes of scanning probe microscopy.



1.5 Synopsis

Chapter 6 provides an overview of the future directions for the research presented in this
dissertation. The fundamental studies that were conducted are multidisciplinary, encompassing
applications in molecular electronics, photonic studies, materials design and biomedicine. The use
of nanopatterns of metalloporphyrins on metal surfaces enables further studies using conductive
probe-AFM for probing metal-molecule-metal heterojunctions. Studying the surfaces that have
been patterned with metal nanomaterials have impact for understanding energy conversion
processes for photovoltaics at the nanoscale. Comparisons of samples with different transition
metals as well as diverse metal surfaces can be used to evaluate the best patterning strategy for
preparing devices. Studies using linkers with selected functional groups were completed to
successfully pattern zinc-coordinated phthalocyanines. With the nanopatterning protocols
developed with particle lithography, conductive probe-AFM can be applied to measure charge
transport properties of zinc-phthalocyanines at the molecular level. Procedures were also
investigated for nanopatterning gold nanoparticles incorporating functional groups to direct the
growth of nanoparticles within the nanopatterns of surface test platforms. Nanoscale research will
continue to progress in areas such as materials chemistry and nanotechnology to give further

insight on fundamental structure and size-dependent properties of nanomaterials.



CHAPTER 2. EXPERIMENTAL APPROACHES USING PARTICLE LITHOGRAPHY
AND ATOMIC FORCE MICROSCOPY CHARACTERIZATIONS

2.1 Introduction

Particle lithography is a high throughput surface patterning approach that provides control
of the deposition of thin films and nanomaterial using the chemistry of surface self-assembly.
Materials that have been patterned include polymers,*-*2 metals,***” organic thin films,10:24 26-27.
4850 nanoparticles,®'* 5t and proteins.® %2-°3 For the research presented in this dissertation, particle
lithography was used to pattern surfaces of glass, silicon wafers, and Au(111). An overview of the
patterning of nanomaterials using particle lithography to prepare nanostructured surfaces with
well-defined selectivity, morphology and reactivity is presented in this chapter. The operating
principles of the modes of atomic force microscopy (AFM) that were used for sample
measurements are also described.

The AFM was invented in 1986 by Binnig, Quate, and Gerber with the capability of
achieving unprecedented resolution at the atomic and molecular level.>* The advantages for using
AFM for surface characterizations include operation in nearly any environment, such as in liquid,
vacuum, or in ambient air, with capabilities for dynamic studies to monitor changes in surface
morphology that evolve over time using time-lapse AFM. Both conductive and insulating samples
can be characterized by AFM without the need for sample pretreatment. Lateral resolution of less
than 1 nm and a vertical resolution of 0.1 nm have been achieved with AFM.>
2.2 Development of Nanolithography Using Surface Masks of Spherical Particles

A method for preparing organosiloxane monolayers that are homogenous and compact
using adsorption to a solid surface was reported by Jacob Sagiv in 1980.%° An approach which
used latex spheres for patterning nanoparticles was described as “Natural Lithography” by

Deckman and Dunsmuir.>’ Latex spheres were used to prepare arrays of nanostructures of Ag, Au,



Cr, CaF,, and CoPc.”® By depositing spherical particles onto substrate to form surface masks, the
subsequent growth of organic thin films and nanomaterials can form well-defined nanoscale
patterns. The spheres are removed using selected solvents, only the nanopatterns of the materials
that were deposited persist on the surface. Particle lithography has also been referred to as colloidal
lithography, nanosphere lithography,®® ¢ evaporative lithography,® or natural lithography.®’

To accomplish particle lithography, solutions of size-sorted, monodisperse spheres of latex
or colloidal silica are used to prepare a surface mask through natural self-assembly to form
hexagonal lattices on atomically flat surfaces. An example mask of close-packed spheres with
hexagonal symmetry is shown with an AFM image in Figure 2.1. The heights of the spheres on
the glass surface is shown by the color scale in the topography frame of Figures 2.1A and 2.1C.
The bright areas of the spheres indicates a height change and the lighter colored areas represent
taller nanostructures. A map of the viscoelastic properties present on the surface is presented in

the phase images (Figures 2.1 and 2.1D) revealing a uniform composition for the latex spheres.
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Figure 2.1 Spherical mask prepared with 300 nm latex spheres on glass (A) Tapping-mode AFM
topograph (20 x 20 um?); (B) corresponding phase image; (C) magnified image (2 x 2 pm?); (D)
corresponding phase image (E) cursor profile for the line in C.



The images of the topography of 300 nm polystyrene latex discloses the arrangement of
spheres prepared by drying an aqueous drop of monodisperse spheres on glass in ambient
conditions. The interstitial areas in between the spheres provides sites for deposition of evaporated
metals, organic vapors or other nanomaterials. Areas where the spherical particles are in contact
with the substrate remain protected during deposition processes. The mask of spheres can be
removed by rinsing steps, sonication, or dissolution. Periodic structures of spheres with regular
geometries and interparticle spacing spontaneously self-assemble on the surface. Spin-coating,**
%8,61-62 golvent evaporation,® 1+ ®3and colloidal self-assembly occurring at an air-liquid interface or
in an electric field are approaches that were used to prepare arrays of colloidal spheres.%4%°
2.3 Surface Assembly of Alkanethiols and Alkylsilanes

Self-assembled monolayers (SAMs) of alkanethiols and alkylsilanes have been practical
for surface modification,® 68 corrosion inhibition,%®-"* biosensor design,’> " and molecular device
fabrication.”®"" A requirement for defining surface chemistry at the nanoscale is the ability to
create geometrically well-defined architectures with designed chemical functionality. The patterns
of SAMs are customizable which provides advantages for designing the chemistry of surfaces with
desired functional groups and spacer lengths (Figure 2.2).5

By choosing the functional headgroups of SAMs, properties such as wettability, acidity
and adhesion can be controlled. Designing surface chemistries to resist or adsorb nanomaterials in
further reaction steps can be achieved with SAMSs of organosilanes.?® 8" Organosilane
nanostructures of organosilanes can be prepared by depositing molecules through the surface
masks of spheres driven by steps of hydrolysis and condensation reactions. The stability and
durability of the nanostructures deposited on the surface is derived from the nature of covalent

siloxane bonds within silane SAMs.



crystalline

disordered
packing
of alkane
chains

Figure 2.2 General model of the surface structure of (A) organosilanes and (B) alkylthiol SAMs.

Silane SAMs form siloxane bonds that bind to the surface and cross-link to form
interconnections with adjacent molecules. Production of silanols, formation of Si—O bridges to
adjacent molecules, and connections to the substrate or production of silanols, Si—OH happens
simultaneously. The amount of cross-linking depends on various conditions of sample preparation
such as the nature of the substrate and immersion solvent and temperature.*® To bind to the
surfaces, organosilanes need nanoscopic amounts of water to initiate the hydrolysis reaction. The
interstitial sites of the spheres retain nanoscopic amounts of water which leads to organosilane
binding of organosilanes surrounding the base of the sphere. Drying intervals of the masks can be
used to regulate the nanoscopic amounts of water present on the surfaces.?®

The geometry, surface coverage and surface functionalities of the nanopatterns were
evaluated using AFM. After the mask of spheres were removed by steps of sonication in ethanol

and water, nanoholes within a film of octadecyltrimethoxysiloxane (OTMS) are formed. Examples
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are shown in topography and phase images in Figure 2.3. The circular dark areas are the nanoholes

of uncovered Si(111) substrate and the brighter areas are the OTMS resist film.

o 1nm

Figure 2.3 Nanoholes within OTMS on Si(111)prepared with particle lithography using a surface
mask of 250 nm silica spheres. (A) Tapping-mode topography frame (4 x 4 pm?) acquired in
ambient air; (B) simultaneously acquired phase image.

Densely packed, well ordered monolayers on coinage metal surfaces such as gold have
been used to produce SAMs of n-alkanethiols.2%8! Depending on the length of the alkane chain or
terminal chemistry of the molecule, the packing density of the SAM can be chosen to specify the
film thickness. The basic structure of an n-alkanethiol SAM consists of three parts: the tail, the
carbon backbone, and the head group. The surface attachment is determined by the tail being
composed of thiol molecules for chemisorption. The thiol is bonded directly to the alkane chain
that serves as a spacer for tuning the vertical thickness of SAM nanopatterns. Selected functional
groups can be used to determine the chemical properties of a surface such as esters, alkyls,
hydroxyls, carboxylates, amides, and other functional groups.? 828 Many alkylthiol compounds
are commercially available, depending on the desired application.

The preparation of n-alkanethiol SAMs involves immersion of Au(111) substrates in dilute

solutions of dissolved thiols in solvents such as ethanol for selected time intervals. Achieving a
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monolayer of the n-alkanethiol can be accomplished by controlling the solubility of the molecule,
concentration of the solution, and the time of immersion it can be accomplished as summarized in
Table 2.1.8% To prevent oxidation of thiols, the exposure to light should be minimized.®”®® The
thiol atoms of n-alkanethiol SAMS bind to the triple hollow sites of a Au(111) lattice by
chemisorption. 8 87.8%-91 On bare gold surfaces, the solution self-assembly of n-alkanethiol SAMs
occurs in a stripe phase and a crystalline phase. In the stripe phase, thiol molecules make contact

with the surface and the backbone of the molecules orient themselves parallel to the substrate.®

Table 2.1 Examples of the parameters used to prepare n-alkanethiols on Au(111).

SAM Substrate | Concentration | Time | Temp | Solvent | Ref.
(mM) (h) 0
n-dodecanethiol Au(111) 0.001 24 25 ETOH
169

1,1,1- Au(111) 0.01 3 25 ETOH
tris(mercaptomethyl)hepta 90
decane
16-[3,5- Au(111) 5 30 25 ETOH
bis(mercaptomethyl)phen 85
oxy]hexadecanoic acid

Molecules of n-alkanethiols eventually rearrange into a standing position with a tilt angle
of approximately 30°.°2 The tilt angle has been characterized using grazing incidence X-ray
diffraction, IR, near-edge X-ray absorption fine structure spectroscopy, and IR spectroscopy.®-%’
The close-packed commensurate (V3xV3)R30° configuration with respect to the plane of the Au(111)
lattice is formed by the mature crystalline phase.®®1%! Long range ordering of n-alkanethiols and the
surface structure have been revealed by STM and AFM to enable views of defect sites such as
steps, dislocations, and etch pits.?3 8% 9% Molecular island vacancies of etch pits are caused by

reconstruction of thiols during the binding between the thiols and Au(111) substrate.®® Etch pits are
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viewed as small depressions observed in high resolution images that result from the displacement of
atoms of the Au(111) substrate.

A representative AFM topographic image of nanoholes prepared with dodecanethiol on
Au(111) is presented in Figure 2.4A that was acquired by tapping-mode in ambient air. The dark areas
of the nanoholes reveal sites of exposed gold substrate, whereas the brighter areas are the matrix film
of organothiol. The corresponding phase image reveals the differences in tip-surface interactions for
a map of elastic properties (Figure 2.4B). Atomic resolution is achieved when images disclose
substrates that contain missing atoms, scars, or pinholes which lead to surface roughness. During
imaging, the surface looks as though it is rough but from the atomic perspective it is considered
flat. During observation of AFM images, the surface may appear rather rough and irregular.
However, the surface is quite flat from an atomic perspective. The overall surface roughness for a

gold substrate is considered less than 1 nm because the height of gold steps is only 0.25 nm.

0 9 nm

Figure 2.4 Nanoholes of Au(111) formed within a thin-film of dodecanethiol. (A) Topography
image (2 x 2 um?); (B) corresponding phase image.
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Nanoholes within dodecanethiol are shown in the topography image of Figure 2.5, which
displays height changes according to color contrast from dark to light, as a map of the heights of
the surface terrain. The gold steps of the underlying gold surface are visible among the nanoholes.
The step edges are uneven which reflects the true surface morphology of gold thin films. The dark
colors indicate the areas of the nanoholes which are shallower regions within the dodecanethiol

monolayer.

0 nm 17 nm

Figure 2.5 Gold steps within a self-assembled monolayer of dodecanethiol nanoholes prepared on
Au(111), topography frame, 6 x 6 um?.
2.4 Approaches for Scanning Probe Lithography

Nanostructures of organic thin films have been produced by Xx-ray and e-beam
lithographies,%?-1% nanosphere lithography,® 1911 and scanning probe-based lithography.®® &
112114 The highest spatial precision at the level of single molecule resolution has been achieved
with scanning probe lithography (SPL). Approaches have been advanced for regulating local tip-
material interactions with biological and organic thin film materials by using SPL. Approaches

using nanoscale lithography with AFM have been used for nanofabrication with SAMs.%
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Examples include tip-directed material deposition,!*>1!® dip-pen nanolithography (DPN),t7-120
local oxidation nanolithography,'?*124 local chemical or electrochemical lithography,3 % tip-
induced catalysis,'?®® thermal-mechanical based writing,'?"1? nanoshaving®®*¥2 and
nanografting.1**13* Nanografting and nanoshaving, enable in situ studies with high spatial
resolution for features as small as 2 nm. 1%
2.5 Imaging Principle of Atomic Force Microscopy

Characterizations using an AFM requires a sharp probe affixed to the end of a cantilever
that is scanned across the surface to collect information about sample morphology. Information
about tip-surface adhesion, magnetic forces, frictional forces, elastic compliance and sample
conductance can be obtained depending on the configuration of the instrument. The piezoceramic
scanner controls the movement of the tip over the sample surface. By applying voltages the
cantilever can be moved in the x, y, and z directions. The most common AFM tips are ultra-sharp
silicon (Si) or silicon nitride (SisN4) probes which are attached to either a VV-shaped or rectangular
cantilever. The cantilevers typically have lengths ranging from 10-200 um and widths of 20-40
um. The shapes of the apex of the tips are normally square-shaped pyramids or cylindrical cones
with a reflective coating on the back of the cantilever. A diode laser is focused on the back of the
cantilever while the tip is scanned in a line-by-line raster pattern across the sample. Changes in the
deflection or oscillation amplitude of the tip are monitored and detected using a position sensitive
photodetector. The setpoint value is used to maintain the tip position through the electronic
feedback loop. Images of the sample are digitally constructed by mapping the changes in cantilever
deflection caused tip-surface interactions as a function of the tip position. The three primary
operating approaches are based on how the AFM tip is operated in proximity with the sample

surface: contact, non-contact and intermittent-contact mode. In contact mode, the AFM tip remains
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in direct contact with the sample continuously during imaging, whereas in non-contact mode, the
tip is maintained at a discrete distance from the sample. When using intermittent-contact mode,
also known as tapping-mode, the tip is driven to oscillate at or near its resonance frequency and
“taps” the sample during scanning.
2.6 Contact Mode and Lateral Force Imaging

During contact mode imaging, the AFM tip is maintained in direct physical contact with
the surface during imaging. Contact mode and lateral force imaging are accomplished
simultaneously. A sharp probe at the end of a cantilever is raster-scanned across a surface using a
piezoelectric tube scanner. A voltage is applied to the piezoelectric material which causes it to
contract or expand for accurate positioning of the tip during a scan. A diode laser is reflected off
the back of the cantilever onto a photodetector as shown in Figure 2.6. The bending of the tip
during contact mode will produce changes in position, deflection, depending on the sample.
Deflection is related to the force applied to the sample and is maintained at a constant setpoint.
The feedback loop of the computer controller incrementally adjusts the voltage applied to the
piezoscanner to maintain the initial deflection setpoint values for the force applied between the tip
and sample. Changes of the surface topography induce bending of the cantilever which affects the
vertical displacement of the laser position in the top and bottom quadrants of the photodetector.
Lateral displacement of the position of the laser spot is caused by torsional twisting of the
cantilever. The lateral force mode of imaging is sensitive to differences in chemical composition
and mechanical (friction) properties of the sample.***-33" Torsional twisting is caused by frictional
forces between the tip and the sample as the tip is in direct contact with the surface. Torsional
twisting of the tip induces changes in the position of laser spot in the left and right quadrants of

the detector, constructing digital lateral force images.®® Changes in the frictional force between the
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tip and sample are mapped by lateral force images as the probe is scanned in contact with the
surface. Frictional force images are derived by subtracting the trace and retrace lateral force
frames. Lateral force images often show edge features of the surface because tip-surface adhesive
interactions are quite different at the sides of nanostructures. For contact mode AFM, topography

and lateral force images are acquired simultaneously.

Photodetector dh

Photodiode

Laser Piezoceramic tube
scanner

Figure 2.6 Operating principle of contact mode AFM.

There are a few disadvantages to using contact mode caused by shear forces caused by the
scanning tip which can damage fragile samples such as biomaterials. To alleviate such problems
soft cantilevers with small spring constants can be used to reduce the amount of force exerted on
the sample. Depending on the imaging environment, force settings for operating in air can range
from 1 to 10 nN, whereas settings less than 1 nN can be applied for imaging in liquid. To
successfully image polymers, delicate compounds, or spheres, it is often practical to use tapping-

mode to minimize perturbation of the surface.



2.6.1 Force Distance Measurements with AFM

Using AFM force spectroscopy, measurements of tip-sample interaction forces can be
accomplished at the nanoscale. The force between the AFM tip and sample can be measured by
collecting a force curve during imaging which produces a plot of cantilever deflection as a function
of the sample position along the z-axis. The Hooke’s law relation used to calculate forces is F = -
kz, where F is the force, k is the stiffness of the lever, and z is the distance the lever has bent.'*®
The force is calculated by measuring the deflection of the lever with knowledge of the stiffness of
the cantilever material. Studying force-distance curves while imaging provides knowledge of the
physics of contact acquired with pico-newton sensitivity,13%-140

For an individual approach-retreat cycle in air, force-distance curves display the tip
displacement versus the deflection of the cantilever. An example force-distance curve acquired in
ambient air for a sample of Zn phthalocyanine is presented in Figure 2.7. The deflection of the
cantilever is absent in the region of Label A, where the force between the tip and sample are
negligible when the tip is far away from the sample. The interaction with the sample and tip
increases as the tip approaches the sample causing the cantilever to bend upward until it locks into
contact due to repulsive forces shown in the region of Label B. Label B is used to measure The
combined forces of van der Waals interactions and electrostatic attraction between the tip and
sample are represented in Region B. The deflection increases as more force is applied to the tip
giving the maximum deflection of the cantilever in the area of Label C. The tip will overcome the
adhesion forces and detach from the surface during the retraction period Labeled D. The surface
energy and binding forces of the materials are estimated in this area of the curve. Acquiring

multiple force-distance curves at the beginning and conclusion of sample analyses during an AFM
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experiment is standard protocol for calculating the total imaging forces applied to samples for each

experiment.
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Figure 2.7 A typical force curve acquired in air for a sample of Zn-phthalocyanines patterned on
Si (111).

2.7 Tapping-Mode and Phase Imaging

Tapping-mode AFM is used when trying to avoid the challenges faced with contact mode
AFM for characterizing loosely bound or easily damaged materials, such as proteins,’® 7
polymers,”7* and nanoparticles.” The intermittent contact mode for “tapping” the surface was
developed as a method to achieve high resolution without destructive frictional and shear forces.
Damage to the tip or sample is minimized with tapping-mode by driving the oscillation of the
cantilever near its natural resonance frequency as illustrated in Figure 2.8.

Typical resonance frequencies for tapping-mode tips range from 150 to 300 kHz. With
spring constants, around 20-50 N/m, tapping-mode tips are stiffer than for contact mode. The
amplitude of the cantilever oscillation ranges from 50 to 100 nm to provide the cantilever with
enough energy to overcome adhesion forces between the tip and surface.'*142 An AC voltage is

applied to the piezoactuator within the AFM nosecone to induce tip oscillation. The tip is driven
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to intermittently touch the surface caused by the cantilever oscillation during scans. The amplitude
of the oscillating cantilever is controlled by the feedback loop to maintain a constant amplitude.
The feedback loop uses the error signal to determine the voltage needed to maintain a constant
amplitude.*3 The error signal is produced by the difference between the output and driving signals.
The measured amplitude is the output signal whereas the setpoint is the driving AC input signal.
Images of the surface topography are formed by changes in voltage that are required to maintain a
constant amplitude signal.
Photodiode

Laser Piezoceramic Tube
Scanner

Photodetector

Piezoactuator

Figure 2.8 Operating principle of tapping-mode AFM.

Phase images are acquired concurrently with topography frames with tapping-mode. The
phase lag is sensitive to variations in material properties. Phase images are acquired
simultaneously with surface topography with tapping-mode operation and to provide information

of surface composition, adhesion, stiffness, and viscoelasticity.4446 A lock-in amplifier is used to
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measure the phase lag of tip oscillation relative to the driving AC input signal for generating phase
images.
2.8 Current Sensing AFM and I-V Measurements

Conductive probe (CP-AFM) is used to measure and map conductive properties of samples
at the nanoscale.!*”1%® For materials which are conductive or semiconductive, topography and
current frames are simultaneously acquired by applying a DC bias voltage to the sample as
illustrated in Figure 2.9. To generate the flow of current, a voltage is applied between the substrate
and conducting cantilever which is sensitively measured at the AFM tip using a preamp within the

nosecone assembly.

Figure 2.9 Instrument set-up for conductive probe AFM.

The measured change in current is used to construct a spatially resolved conductivity
image. Changes in the polarity and magnitude of the bias voltage are measured to produce the
contrast for current images. Point measurements of current-voltage (V) characteristics can be
measured to obtain a set of measurement points with a selected area of the sample. The CP-AFM

mode has been used to characterize organic thin films,’*’ nanoparticles!®® and metals.*>°
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Measurements of current in the range of hundreds of femto to nearly micro amperes can be
acquired by changing the size of the preamp assembly.
2.9 Magnetic Sample Modulation AFM

Magnetic sample modulation is a combination of force-modulation AFM with selective
modulation of magnetic domains.**'"*2 Using contact mode, a non-magnetic tip is operated using
a MAC-mode sample plate to drive the selective modulation of magnetic or paramagnetic samples.
An alternating electromagnetic field is applied. An overview of the instrument set-up for MSM-

AFM is presented in Figure 2.10.
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Figure 2.10 Instrument configuration for AFM imaging with magnetic sample modulation.
Magnetic nanomaterials are caused to vibrate when an electromagnetic field is applied. The
vibrational motion of the samples are detected with a non-magnetic AFM tip operated in contact
mode. The oscillation, flux and strength of the magnetic field are controlled by selecting the
parameters for the AC current applied to a wire coil solenoid which is located underneath the
sample stage. The periodic motion of the sample vibration is tracked by changes in the deflection
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of the AFM tip. Changes in the phase angle and the amplitude of motion as the tip interacts with
the sample are plotted as a function of the tip position. Using the AC waveform as a reference
signal, digital channels for the amplitude and phase components of the tip motion are obtained by
directing an auxiliary output channel from the photodiode to the input of a lock-in amplifier.

Differences in contrast will be produced by the mechanical motion of the sample from the
domains vibrating in response to the flux of the AC electromagnetic field. When imaging in MSM
mode, it is important to select a nose cone and a nonmagnetic tip without any magnetic material
to prevent vibration from external parts other than the sample. Control spectra are acquired while
imaging in MSM mode for monitoring the tip trajectory as the AC field is ramped when the tip is
lifted from the surface or when the tip is placed at non-magnetic locations of the sample. For
magnetic nanomaterials present on the surface, the flux of the alternating magnetic field selectively
induces mechanical vibration. The sample must be free to vibrate on the surface and cannot be
embedded within the sample.
2.10 Conclusion

Particle lithography has been a successful method for the deposition of nanomaterials such
as metals, polymers, organic thin films and inorganic samples. Particle lithography serves as an
excellent method that is a highly reproducible and robust for patterning nanoparticles, porphyrins,
and phthalocyanines which will be described within this dissertation. Depending on the diameters
of the latex or silica spheres that were used, the periodicity and arrangement of nanostructures can
be controlled to dimensions as small as 100 nm. Organosilane and alkylthiol chemistry was
implemented for the linking materials to the surface with further steps of nanofabrication. The
samples were characterized using tapping-mode, contact mode, and MSM-AFM.

Characterizations with SPM enable ex situ studies of the changes of surface after key steps of
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nanofabrication. Future investigations will address the suitability of particle lithography for

preparing nanostructures for applications in photoelectronics and sensing.
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CHAPTER 3. SURFACE ASSEMBLY OF ORGANOTHIOLS AND PORPHYRINS ON
Au(111) INVESTIGATED USING SCANNING PROBE LITHOGRAPHY

3.1 Introduction

In nature, porphyrins are used in oxygen transport and storage, electron transport, and
harvesting of light energy.*> From a biological point of view, during photosynthesis the porphyrin
derivative chlorophyll A absorbs photons from sunlight for conversion into chemical energy
through charge-transfer processes. Processes for molecular electronics can use the same energy
transfer processes when porphyrin molecules are used for device designs. Applications such as
photovoltaics cells generate electricity directly from the sun by an electronic process that occurs
in semiconductors.'>* Electrons solar energy can be induced to travel through electronic circuits.
The surface assembly of porphyrins has been of interest for molecular electronics and are
influenced by the binding interactions between the surface and peripheral groups.
Metalloporphyrins have been proposed as constituents because of the intermolecular interactions
between macrocycles for molecule-based information-storage devices,'>>1%8 photovoltaic cells,*>*-
161 and organic light emitting diodes. 283 With the diverse structural motifs associated with
porphyrins the thermal stability, electrical, optical and chemical properties of metalloporphyrins
furnish exceptional materials for molecular electronics.*®* The organization of porphyrins on a
surface can be attributed to the function and efficiency of the samples.*®® A challenge for producing
monolayer films of porphyrins on surfaces is the n-& interactions between the macrocycles at high
concentrations. The porphyrins can aggregate in solution in the form of nanocrystals or stacked
arrangements. Previously, porphyrins have been reported to adapt a coplanar arrangement on

surfaces showing incomplete surface coverage and low-density. 1%
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Preparation of n-alkanethiol SAMs with functional groups designed for binding porphyrins
to the substrate consists of immersion of Au(111) in dilute solutions of the thiol dissolved in
ethanol for selected time intervals. The steps for particle lithography with immersion steps are
shown in Figure 3.1. To produce a hydrophilic surface, pre-treatment of the gold substrates were
treated using UV-irradiation to render the surface to be sufficiently hydrophilic for particle
lithography. Studies with single molecules of porphryins have been done using STM, along with
investigations of the conductivity of porphyrins.’®18 The conductive properties of

metalloporphyrins have also been studied using conductive probe AFM,16%-172

periodic arrangement of
Au nanoholes

{ ‘,‘ X ! v o
mask of Si sphers immersionof surfacemask ——
on Au(111) in Cy, solution
- A rinsing

nanodots of porphyrins
within Cy, film on Au (111)

Figure. 3.1 Procedure for preparing nanopatterns of porphyrins using particle lithography with
successive immersion steps.

3.2 Experimental Details
3.2.1 Materials

Gold pellets (99.99% purity) were purchased from Ted Pella (Redding, CA). Ruby
muscovite mica was acquired from S&J Trading Inc., (Glen Oaks, NY). Size-sorted monodisperse
silicon spheres (1 wt% solution) with a particle diameters of 200, 300 and 500 nm were obtained

from Thermo Scientific (Fremont, CA) and used as surface masks during the immersion steps with
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organothiols. The reagents 5,10,15,20-tetraphenyl-21H,23H-porphine (TPP), 1-dodecanethiol,
and dichloromethane were purchased from Sigma Aldrich (St. Louis, MO) and used without
further purification. The compound 5,10,15,20-tetraphenyl-21H,23H-porphine nickel(ll) (TPN)
was synthesized by Professor Vicente’s group. Ethanol was purchased from Deacon Labs (Prussia,
PA) and was used a received.
3.2.2 Preparation of Template-Stripped Au(111)

The process for preparing template-stripped gold (TSG) was reported previously.8> 173
Using a high-vacuum thermal evaporator (Angstrom Engineering Inc., Kitchener, OR) a thin layer,
approximately 150 nm of gold was thermally deposited onto mica at 107" Torr. Freshly cleaved
Ruby muscovite mica was preheated to 350°C prior to gold deposition using quartz lamps. The
gold pellets were thermally evaporated and deposited onto mica at 10~ Torr at a deposition rate of
3 A/s. The gold films were annealed at 365°C in vacuum for 30 min and then cooled to room
temperature before removing samples from the deposition chamber. The gold substrates and glass
slides were cleaned with deionized water and placed into a UV-ozone generator for 30 min to
further clean and hydrolyze the surface. Epoxy (EPO-TEK, Billerica, MA) was applied to the
cleaned glass slides and then attached onto the gold to make films on gold slides. The sample was
then heated in oven at 150°C for 2 h to anneal the epoxy. After annealing, the glass pieces were
carefully peeled from the mica to produce TSG with atomically flat surfaces.
3.2.3 Preparation of a Dodecanethiol Resist using Immersion Particle Lithography

Surface masks for immersion particle lithography were made by depositing monodisperse
silica spheres onto freshly stripped TSG. The spheres were cleaned before using by taking 400 uL
of a suspension of silica spheres and transferring them into a plastic microcentrifuge tube. The

spheres were centrifuged for 10 min at 20,000 rpm. The supernatant was decanted and then
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deionized water was added to the centrifuge tube for rinsing. The spheres were resuspended into
deionized water by vortex mixing. Centrifuging steps were repeated four times. A volume of 15
uL of the mesosphere suspension was deposited onto TSG and dried in ambient conditions. Before
immersing into thiol solutions, the surface masks were placed into an oven at 150°C for 12 h to
anneal the spheres to the substrate.
3.2.4 Preparation of Porphyrin Nanostructures using Immersion Particle Lithography

The samples with a surface mask of silica spheres were cooled to room temperature (25°C),
then immersed in a dodecanethiol/ethanol solution (10 M) for 24 h. Dodecanethiol formed on the
exposed areas of the TSG surfaces surroundmg the areas protected by the spheres. The spheres
were removed in a subsequent step by sonication in ethanol. Nanoholes were fabricated within a
matrix film of dodecanethiol, CH3(CH>)11:SH. The center-to-center spacing between the nanoholes
matches the diameter of the mesospheres. The samples with nanoholes were immersed into a 107
M solution of TPP or TPN in dichloromethane/ethanol (1:10000 vol.) for 30 h to produce
porphyrin nanostructures. Samples were rinsed with ethanol and dried under argon for AFM
studies.
3.2.5 Characterization of Nanopatterns using Scanning Probe Microscopy

Scanning probe characterizations of samples were obtained in ambient conditions with a
model 5500 scanning probe microscope (Keysight Technologies, Santa Rosa, CA). Ultrasharp
non-contact silicone cantilevers NSC15/CR-Au (MikroMasch) with a resonance frequency of 325
kHz and a force constant of 40 N m™ and silicon probes with aluminum reflex coating with an
average resonant frequency of 300 kHz and a force constant of 40 N m™* (Budget Sensors) were
used for AFM imaging with tapping-mode. Digital images were processed with Gwyddion open

source software (version 2.47).174
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3.3 Results and Discussion
3.3.1 Nanoholes within a Dodecanethiol Film Prepared by Immersion Particle Lithography

Self-assembled monolayers of alkanethiols have been used for development of
nanodevices for electronics, prevention of corrosion, and modification of wetting and wear
properties for solid surfaces.® 1">17" The reliability and durability of organic thin films is limited
because of the stability of organosulfur-based SAMs on noble metal surfaces.}’® Studies have
shown that n-alkanethiol molecules are well-ordered to form a commensurate (N3xV3)R30° lattice
on Au(111) with backbones tilted approximately 30° from the surface.? 8 179 Studies have shown
that thiol SAMs formed with longer alkane chains are more thermally stable than those formed
with shorter chain lengths.® 19018 |n an alkanethiol-gold system, the exchange of sulfur atoms on
a gold surface is a dynamic process during surface assembly.8

Immersion particle lithography was used to produce nanoholes within dodecanethiol. The
organothiol molecules deposit between the interstitial sites of the spheres. After removal of the
spheres through steps of rinsing and sonication, the arrangement of exquisitely small nanoholes is
apparent with a periodicity of 500 nm, matching the diameters of the silica mesospheres that were
used as a surface mask. An example of the nanoholes is shown in Figure 3.3. The areas of the
dodecanethiol resist layer are shown with brighter contrast in the topography frame of Figure 3.2A.
The darker areas are the bare gold substrate that were protected by the Si spheres. The differences
in surface chemistry between the nanoholes and surrounding matrix are mapped with the
simultaneously acquired phase image (Figure 3.2B). A magnified view of 14 nanoholes is shown
in the topography frame of Figure 3.2C, revealing the characteristic features of dodecanethiol/Au
such as etch pits and step edges. The sizes of the nanoholes depend on the actual area of contact

between the sphere and the planar surface. The shapes and sizes of the nanoholes are apparent in
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the corresponding phase image of Figure 3.2D. Phase images reveal fine details of the edges of

surface features and are not distorted by changes in height.

(6 x 6 um?)

(2.5 x 2.5 um?)

Figure 3.2 Nanoholes with decanethiol prepared on Au(111). (A) Nanoholes of dodecanethiol
shown with an AFM topograph (6 x 6 um?) acquired with tapping-mode AFM in ambient air; (B)
corresponding phase image; (C) magnified image (2.5 x 2.5 pum?); (D) corresponding phase image.

A close up view of a single nanohole is shown in Figure 3.3. A circular area of the substrate
is exposed which is approximately 200 nm in width (Figure 3.3A). The shape of the nanoholes
indicates that actual area of physical contact between the spheres and the substrate. The area of the
nanohole is brighter than the surrounding matrix of dodecanethiol in the corresponding phase
image (Figure 3.3B) indicating the differences in surface chemistry presented at the interface. The
local morphology of the film is apparent for the sample at the nanoscale. The depth of the

nanoholes measured 2.0 £0.3 nm as shown with a representative cursor profile (Figure 3.3C). The

value matches the expected thickness of a single layer of a densely packed dodecanethiol film.
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Figure 3.3 Single gold nanhole within a dodecanethiol thin-film. (A) Magnified fiew of a single
nanohole (0.6 x 0.6 um?) acquired with tapping-mode AFM in air; (B) corresponding phase image;
(C) cursor profile for the line in B.
3.3.2 Nanopatterns of TPP and TPN Prepared using Immersion Particle Lithography

The nanoholes within dodecanethiol were immersed into dilute solutions of TPP and TPN
to produce nanodots. Chemical models of the compounds that were patterned are shown in Figure
3.4. Dilute solutions were prepared to prevent aggregation and -t stacking of the porphyrin
structures. The designed porphyrins bind within the nanoholes because the methyl-terminated
dodecanethiol layer should resist adsorption of new molecules. Porphyrins with a coordinated
metal were tested to prepare well-defined test structures for measuring conductive properties. In
Figure 3.4A, the structure contains macrocyclic rings with metal-free center and the R groups are
benzene rings. Figure 3.4B representats a metalloporphyrin because it contains a nickel bridged
within the macrocyles by nitrogen groups. The R groups present on Figure 3.4B also represent

benzene rings.
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Figure 3.4 Chemical model of (A) 5,10,15,20-tetraphenyl-21H,23 H-porphyrin (TPP) and (B)
5,10,15,20-tetraphenyl-21H,23H-porphine nickel (I1) (TPN).

After 30 h immersion in a soluton of TPP, clusters were grown within the nanoholes and
also on the resist, as evident in the topography frames of Figure 3.5. Successive zoom-in views
reveal that the dodecanethiol matrix did not prevent the onspecific adsorption of TPP and is not a
suitable resist. The pendant R groups present on the compound are benzene rings which do not
have a strong affinity for the bare gold substrate within the nanoholes. An area without nanoholes
provides a frame of reference for the magnified images. The random arrangement of bright dots of
TPP throughout the surface are more clearly viewed in Figures 3.5B and 3.5C. There are 12
nanoholes within the topography frame of Figure 3.5C. Interestingly, TPP adsorbed in the center

of the nanoholes and is not attached at the edges of the circles.

.
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Figure 3.5 TPP Nanodots prepared within dodecanethiol on Au(111) imaged with tapping-mode
AFM in air. (A) Nanodots of TPP shown with an AFM topograph (6 x 6 um?); (B) magnified view
(4 x 4 um?) (C) close-up view of a single nanostructure (2 x 2 pm?).
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The TPP nanodots are indicated by the bright nanoclusters present on the dodecanethiol
resist and within the nanoholes, as shown in Figure 3.6A. Isolated clusters of TPP adsorbates can
be discerned within and surrounding the nanoholes in the simultaneously acquired phase image of
Figure 3.6B. The circular small dots are molecules of TPP, Details for a single nanohole is
presented in Figure 3.6C along with the corresponding phase image in Figure 3.6D. The cursor
profile (Figure 3.6E) was derived from the line in Figure 3.6C indicating the height of the adsorbate
within the nanohole to be approximately 1.2 nm. This is roughly the dimension of a single TPP
molecule. The lateral dimensions are larger than the surface feature, due to the broadening of the

measurement by convolution of the tip size and geometry.
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Figure 3.6 Clusters of TPP that formed within nanoholes and on the surrounding dodecanethiol
thin-film. (A) Topography image of TPP nanodots (1.4 x1.4 um?); (B) corresponding phase image;
(C) Magnified view of an isolatedTPP nanocluster within a nanohole (0.5%0.5 pum?); (D)
Corresponding phase image; (E) Cursor profile for the line in C.

Parameters of immersion time and concentration were evalutated for binding the TPP into
nanoholes within a dodecanethiol resist (Figure 3.7). After 48 h of immersion the TPP did not

successfully bind within the nanoholes as revealed in Figure 3.7A. There are a few sparse
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adsorbates of TPP for the sample, as evident in the corresponding phase image is of Figure 3.7B.
The depth of the nanoholes measured 2.0 £ 0.3 nm as indicated with a representative cursor profile
in Figure 3.7CImmersion at higher concentration of TPP was investigated for the experiment in
Figures 3.7B and 3.7C. Greater surface coverage of TPP clusters are present throughout the
surface. A triangular facet of the TSG is visible in the top of the image of Figure 3.7C.
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Figure 3.7 Binding of TPP using selected parameters. (A) Topograph (2 x 2 um?) of TPP clusters
after 48 h immersion; (B) corresponding phase image; (C) Cursor profile for the line in A. (D)
Topograph of TPP clusters prepared at higher concentration 10° M (2 x 2 um?) (E) Corresponding
phase image.

The samples with nanoholes within dodecanethiol were immersed into dilute TPN solution
for 30 h in ambient conditions and the results are shown in Figure 3.8. In this example, successful
patterning within the nanoholes was achieved, with the localization of TPN within areas of the
nanoholes. The attachment occurs near the edges of the nanoholes, rather than in the very center
areas, as revealed in the topography frame of Figure 3.8A. The height measures approximately 3.5

nm for the clusteres of TPN, shown with a repreentative cursor profile in Figure 3.8B. The value
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corresponds to the dimensions of either a bilayer stack of TPN, or an upright configuration for the

molecule.
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Figure 3.8 TPN Nanodots on Au(111) prepared using particle lithography with dodecanethiol
imaged with tapping-mode AFM in ambient air. (A) Clusters of TPP shown with an AFM
topograph (3 x 3 um?); (B) cursor profile for the line in A.

The resist layer of dodecanethiol surrounding the clusters of TPN is methyl-terminated
which for the most part prevented the nonspecific adsorption of TPN for this experiment.
Porphyrins tend to bind to a flat surface in a stacked arrangement, with the macrocycle of the
molecules oriented parallel to the substrate due to strong n-m interactions between the planar
molecules and the gold surface. However when nickel was coordinated to the center of the
macrocyle, the nature of surface binding was changed.

3.4 Conclusions

A platform prepared with immersion particle lithography was evaluated for making
preparing nanostructures of porphyrins on gold substrates. Nanodot structures of porphyrins with
and without a metal center were selected for studies of surface self-assembly within nanoholes in

a matrix film of dodecanethiol. Future directions will be to measure the conductive properties of

the TPN and TPP porphyrins at the molecular level using conductive probe AFM.
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CHAPTER 4. NANOPATTERNS OF ZINC PHTHALOCYANINES PREPARED USING
PARTICLE LITHOGRAPHY: CHARACTERIZATION OF PATTERNING STEPS WITH
SCANNING PROBE MICROSCOPY?**

4.1 Introduction

Phthalocyanines are stable synthetic tetrapyrrolic compounds with interesting
spectroscopic properties and architectural flexibility. Phthalocyanines (Pcs) have a macrocyclic
aromatic system that produces a high degree of m-electron delocalization which means the
compound can easily donate and accept electrons.'® Phthalocyanines with metals chelated in the
center can form coordination complexes to the macrocycles formed by four pyrroles.
Phthalocyanines have been used as dyes and pigments in printing, painting, textile and paper
industries, chemical sensors, bioimaging, and photodynamic therapeutic agents.$2° 182 High-tech
applications of phthalocyanines include materials for electrophotography, photoconducting agents,
photoelectronics, and organic solar cells.!®18 Phthalocyanine complexes with non-transition
elements such as Zn have shown photodynamic activity against tumor cells, viruses, and bacteria
which can be attributed to the efficacy as a reactive oxygen species generator.18/-1%

Planar molecules of phthalocyanines (Pcs) have an extended pi-conjugated system and
form several distinct crystalline structures with characteristic physical and chromophore
properties.'® Phthalocyanines containing metal complexes have been widely used because of the
properties of color and chemical stability. Metal containing Pcs that have been studied include
Cu?* Ni%*, Co?* and Zn?*.1%2

The self-assembly of Pcs to form uniform thin films has been investigated.'*31%* Functional
groups such as amines, hydroxyl and carboxylic acids impart specific physical characteristics to
phthalocyanines such as solubility and reactivity.!®® The molecular self-assembly of thiol-

derivatized Pcs onto gold substrates via chemisorption have been reported.*®6-1% Nanostructures
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of Pcs have been prepared on substrates with nanoimprinting lithography,®® fabrication methods
and electrophotolithography.?°®-2%! The structure and optical properties of thin films of ZnPc and
AlPc prepared by vacuum sublimation were investigated by Kment et al.?%> The effect of
temperature, film thickness and type of substrate was evaluated for samples of ZnPc prepared by
vapor thermal evaporation.?%® The effects of annealing temperature on the optical and structural
properties of vacuum evaporated ZnPc thin films deposited at room temperature (30 °C) on quartz
glass and Si(100) substrates was investigated by Chowdhury et al.?** The effects of substrate
temperature were examined for films of zinc(ll) tetra-tert-butyl-phthalocyanine and zinc(ll)
phthalocyanine deposited on substrates of bisphenol A polycarbonate.?® The structure of ZnPc
thin films coated on glass substrates by thermal evaporation was reported by Senthilarasu et al.2%
The structure and morphology of ZnPc films of 80 nm thickness were investigated that were
prepared by evaporation on glass and Au-coated glass substrates after annealing at selected
temperatures.”’

Periodic arrays of organosilane nanostructures prepared with particle lithography provide
unique test structures to use as well-defined nanocontainer sites to define the location of further
surface reactions, such as with Pcs. The wettability, adhesion, and acidity of the interface can be
controlled by choosing desired functional groups of organosilanes.?® Our approach is to use
protocols of particle lithography with organosilanes to provide model surfaces for fundamental
studies of interfacial chemistry and molecular self-assembly. Particle lithography has been used to
prepare patterns of self-assembled monolayers (SAMs),2%214  metals,?%?1® nanorods,?!’
nanoparticles,'® 218220 and proteins.??1-222 Substrates that were covered with a thin metal film under
colloidal spheres were irradiated with polarized beams to produce nano-objects for plasmonic

applications.??
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The kinetics of surface reactions are dependent on the concentration and reactivity of the
reagents. For nanolithography studies, small microliter volumes of dilute reagents are appropriate
for preparing samples with particle lithography. Two resists were tested to evaluate the selectivity
for patterning Pcs. The organosilanes that were selected as the resist film contained either a methyl
group or a pegylated chain to minimize the nonspecific binding of APTES on areas between
nanopatterns of ZnPcs. Molecules of Zn-Pcs that were functionalized with either a hydroxyl or an
isothiocyanate groups were successfully patterned within matrix films of octadecyl-
trimethoxysilane (OTMS) and 2-[methoxy(polyethyleneoxy)propyl]trichlorosilane (PEG-silane).
An amine-terminated linker molecule, (3-aminopropyl)triethoxysilane (APTES), was deposited
within nanoholes prepared with particle lithography to furnish sites to attach ZnPcs. The chemical
and physical properties of the nanostructures were then characterized with scanning probe
microscopy (SPM) after each step of the surface assembly reactions.

4.2 Experimental
4.2.1 Materials and Reagents

Phthalocyanine compounds were synthesized as previously reported.??* Polished silicon wafers
were used as substrates that were obtained from Ted Pella, Inc. (Redding, CA). Concentrated
sulfuric acid (98.0%) (J.T. Baker Fisher, Scientific) and hydrogen peroxide (30%) (British Drug
Houses, VWR) were used as received. Size-sorted monodisperse silica and latex mesospheres with
diameters of 250 and 300 nm were obtained from Thermo Scientific (Fremont, CA) and used as
surface masks for particle lithography. Octadecyltrimethoxysilane (OTMS), (3-aminopropyl)
triethoxysilane (APTES), and 2-methoxy(polyethyleneoxy)propyl]trichlorosilane (PEG-silane)

were purchased from Gelest (Morrisville, PA) and used without further purification. Ethanol was
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purchased from Deacon Labs (Prussia, PA) and used as received. Anhydrous toluene was
purchased from Merck Millipore (Billerica, MA).
4.2.2 Synthesis of Zinc Phthalocyanines

The synthesis and purification of ZnPcs 1 and 2 was according to the procedures reported
in literature.?®2% Briefly, ZnPc 1 was prepared from the reaction of 3-hydroxyl,6-
triethyleneglycolmonomethyl-phthalonitrile  with  unsubstituted  phthalonitrile in  the
dimethylaminoethanol (DMAE) using a catalytic amount of DMN and excess zinc(ll) acetate 22°.
Using a similar procedure, ZnPc 2 was synthesized from 3-(4-N-Boc-aminophenol)phthalonitrile
and unsubstituted phthalonitrile. The resulting Pc was deprotected using trifluoroacetic acid, and
the amine group converted to isothiocyanate using 1,1’-thiocarbonyldi-2,2’-pyridone in

dimethylformamide.?®

Figure 4.1 Structures of ZnPcs that were patterned with particle lithography. (a) ZnPc 1; (b) ZnPc
2.

4.2.3 Method for Cleaning Silica and Latex Spheres

Standard dry form Angstromsphere silica powder was cleaned and dispersed prior to use as
template for particle lithography. First, 0.1 g of silica particles were sonicated in 10 ml of absolute
ethanol for 30 min. When the powder was completely dispersed in solution, a 400 uL aliquot was

transferred into a plastic centrifuge tube and diluted with deionized water to 1 mL. The mixture
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was centrifuged four times (10 min each cycle) at 20,000 rpm. The solid pellet was re-suspended
in 1 mL of deionized water by vortex mixing in between each centrifuge step. The solid pellet of
final centrifugation step, was resuspended in 400 puL of water. Latex spheres were cleaned using

the same method.

4.2.4 Overview of the Two Nanopatterning Protocols

Surfaces were designed for the selective nanopatterning of Pcs to produce multicomponent
nanopatterns as shown in Figure 2. In the first step, spheres were deposited on a clean substrate
and dried in ambient conditions. Nanoscopic amounts of water are formed surrounding the bottom
of the spheres to provide sites for the hydrolysis and condensation reactions with the selected
organosilanes. Areas of the surface with direct contact of the spheres are protected from silane
binding. In the top panel, OTMS the substrate containing the mask of silica spheres was immersed
in a solution of OTMS. In the lower panel of Figure 2, a mask of latex spheres was exposed to
PEG-silane using a vapor deposition step to form ring nanostructures. For both procedures, the
mask of latex or silica sphere were removed by sonication. In the final step, ZnPcs were attached

to the sample with an immersion step.

amine- .
mask terminated phthalocyanine
removal _asz  linker .
< 0..
— \'_..::::-'. “‘ — -‘ 3
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Figure 4.2 Outline of the steps for particle lithography to prepare nanopatterns of Zn-
phthalocyanines using protocols with steps of solution immersion (top) or vapor deposition
(bottom).
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4.2.5 Preparation of Nanoholes within a Film of OTMS using Particle Lithography with
Steps of Immersion

Nanoholes within an OTMS SAM was prepared by a previously reported procedure.?'® 22" A
suspension (5 uL) of cleaned silica spheres (250 nm) was deposited onto piranha cleaned silica
substrates and dried under ambient conditions for 4 h. The surface mask of a dried film of spheres
was immersed in OTMS (5 mM) in anhydrous toluene for 1 h. During the immersion step
molecules of OTMS form a surface film on areas of the silica substrate that are not protected by
the mask of spheres. Samples were rinsed by sonication with ethanol for 30 min to remove the
surface mask. The samples were further cleaned by sonication in deionized water and ethanol for
30 min and then dried under nitrogen.

4.2.6 Preparation of Nanorings within a Film of PEG-silane using Particle Lithography with
Vapor Deposition

Particle lithography with vapor deposition was used to generate organosilane nanopatterns
on surfaces, as previously reported.?’® A 10 uL suspension of clean latex spheres was deposited
onto piranha cleaned silica substrates and dried under ambient conditions for 4 h. The substrate
containing the dried film of latex spheres was placed into a sealed vessel for vapor deposition in
an oven for 12 h. A drop (200 pL) of PEG-silane was placed into the sealed vessel. During the
heating step, the silane became a vapor and deposited on the masked substrate at 70°C. After
heating, the samples were rinsed with water then the latex spheres were removed by sonication in
ethanol and deionized water.

4.2.7 Deposition of APTES and Zn(11)-Pcs using Steps of Immersion in Dilute Solutions
Nanoholes within a film of OTMS and nanorings of PEG-silane were fabricated as a matrix
film to enable spatially selective deposition of APTES. The center-to-center spacing between the

nanoholes and ring nanostructures corresponds to the diameter of the surface masks (250 nm) used
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as a patterning template for particle lithography. The samples were submerged in solution of
APTES (0.02%) in toluene for 3 h to fill in the areas of surface that were not covered with an
organosilane matrix film. The areas with APTES present amine groups for further steps of binding
Zn phthalocyanines. After removal from the solution of APTES, the samples were sonicated in
ethanol and water. The samples with patterns of nanoholes and nanorings were immersed in a
dilute solution (10" M) of ZnPc 1 in pyridine/methanol or in a solution (10° M) of ZnPc 2 in
pyridine/anhydrous toluene to produce Pc nanostructures. Samples were rinsed with methanol and
dried under argon. The concentration of ZnPc that was chosen for the immersion step depended
on the reactivity of the ZnPcs. Dilute solutions were used to prevent aggregation in solution.
Samples were rinsed with methanol and dried under argon. The uncovered areas of substrate that
had been masked by spheres provided well-defined surface sites for directing the subsequent
attachment of the APTES linker for the growth of phthalocyanine nanostructures.
4.2.8 Characterization of Samples with Scanning Probe Microscopy

Scanning probe characterizations of samples were obtained in ambient conditions with a model
5500 scanning probe microscope (Keysight Technologies, Santa Rosa, CA). Ultrasharp noncontact
silicone cantilevers (MikroMasch) with a resonance frequency of 325 kHz and a force constant of
40 N m* and silicon probes with aluminum reflex coating with an average resonant frequency of
300 kHz and a force constant of 40 N m™ (Budget Sensors) were used for imaging in tapping-
mode AFM. Digital images were processed with Gwyddion open source software (version

2.47).11

4.3 Results and discussion

Surfaces were designed for the spatially selective patterning of zinc phthalocyanines

(ZnPcs) to produce multicomponent nanopatterns. The site-selectivity of surfaces was designed

42



using organosilane nanopatterns for the adsorption of functionalized Zn-Pcs with either a
nucleophilic hydroxyl group ZnPc 1 or an electrophilic isothiocyanate, ZnPc 2, as shown in Figure
2. The methods of sample preparation can affect the growth and surface orientation of
organosilanes such as OTMS and PEG-silane.??® The approaches for surface patterning provide
new directions for studying surface chemistry at the molecular-level and have practical

applications for emerging nanotechnology.

4.3.1 Nanopatterns of OTMS and PEG-silane Prepared using Particle Lithography

Patterns of nanoholes within OTMS prepared with particle lithography are shown in Figure
4.3. The arrangement of nanopatterns span the entire sample, example topography frames reveal
the surface organization of the nanoholes. The dark areas indicate the locations where the silica
spheres were displaced from the substrate to leave sites of uncovered substrate for depositing
APTES. The interface of the OTMS areas between the nanoholes present methyl groups, which
have proven to be effective for preventing nonspecific binding in further patterning steps. 28 A
view of a broad area of the sample is shown in the topography frame in Figure 4.3A. The circular
areas of the nanopatterns are quite uniform in dimension throughout areas of the sample. A map
of the surface chemistry is revealed in the simultaneously acquired phase image of Figure 4.3B.
The color scale was chosen to indicate the areas of nanoholes as bright spots, showing the locations
of uncovered substrate. The high throughput capabilities of particle lithography are evident in
Figure 4.3. A view of 260 nanoholes is presented in the magnified topography frame of Figure
4.3C. The surface density of nanoholes is ~10° patterns/cm? according to the packing of the silica
spheres of the surface mask.

A close-up view of an individual nanohole is presented in Figure 4.3D, revealing the detailed

circular shape of the patterns. The thickness of the OTMS film is homogeneous even at the edges
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of the nanohole. The average depth for the nanoholes measured 1.9 £ 0.3 nm, which is slightly
smaller than the theoretical value of 2.5 = 0.3 nm. The depth and spacing were measured using 50
individual cursor profiles. The measurements indicate a relatively densely packed film, however
the matrix layer does not have saturation surface coverage. The width and depth of the nanohole
structure is shown with a representative cursor profile (Figure 4.2E), measuring 250 nm wide and
approximately 2 nm deep. The distance matches the diameter of the silica spheres used as the

surface mask.
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Figure 4.3 Nanoholes within OTMS prepared on Si(111) by particle lithography combined with
solution immersion using a surface mask of 250 nm silica spheres. (A) Film of OTS with nanoholes
of uncovered substrate shown with an AFM topograph (8 x 8 um?); (B) corresponding phase image
of A; (C) magnified topography image of the arrangement of nanoholes (2 x 2 um?); (D) close-up
view of a single nanohole within an OTS film (0.5 x 0.5 um?); (E) cursor profile for the line in D.

Particle lithography combined with vapor deposition of PEG-silane was used to produce
ring-shaped nanopatterns (Figure 4.4). The ring nanopatterns consist of multilayers of PEG-silane
and form at the sites of the water meniscus surrounding the latex spheres of the surface mask. The

periodic arrangement and regular shapes of the rings are apparent in the representative topography
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frame of Figure 4.4A. Phase images provide information of sample details that are not convoluted
by the height scale. The chemistry at the edges of the nanorings have a dark outline in the phase
image of Figure 4.4B. The uniformity of the ring shapes, sizes and spacing are apparent in the
magnified topography image of Figure 4.4C. There are 19 nanorings that are visible within the 1
x 1 um? area, which scales to ~10° patterns/cm? A further magnified view is presented in Figure
4.4D for five nanorings. Three height domains are apparent, the center of the rings which are
darkest, the areas between the nanopatterns has an intermediate height, and the tallest areas are the
rings which have a multilayer of PEG-silane.

The average depth of the multilayer areas of the PEG-silane nanorings measured 3.0 + 0.3
nm. An example cursor profile is shown in Figure 4.3E. The center-to-center spacing of the
nanorings measured 250 nm which matches the diameter of the latex spheres used as the surface
mask. The deepest areas within the nanorings are apparent in the cursor plot, where the peaks
indicate the areas where there is polymerization of the PEG-silane surrounding the exposed
substrate. There is a shorter film of PEG-silane between the nanopatterns. With PEG-silane as a
resist layer the further added reagents will no bind nonspecifically to areas surrounding the
nanorings. The binding of APTES will be confined to the areas of the exposed substrate within the
nanorings. Exquisitely small areas within the PEG-silane nanorings are sites of uncovered
substrate that are available for depositing a reactive silane such as APTES as a linker for attaching
ZnPcs. Both OTMS and PEG- silane provide suitable resist films for preventing the nonspecific

binding in successive protocols of solution immersion to form multicomponent nanostructures.
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Figure 4.4 Nanorings within PEG-silane on Si(111) prepared by particle lithography combined
with a vapor deposition step using 250 nm latex masks. (A) PEG-silane film with nanorings of
uncovered substrate shown with an AFM topograph (6 x 6 um?); (B) corresponding phase image
of A; (C) magnified image (1 x 1 pm?); (D) magnified image of C (0.5 x 0.5 pm?); (E) cursor
profile for the line in D.
4.3.2 Addition of APTES within Nanopatterns for Binding Phthalocyanines
Amine-terminated APTES was used to form reactive sites to bind ZnPcs for both the
OTMS and PEG-silane nanopatterns. After the immersion step for backfilling nanoholes with
APTES, scanning probe images were acquired to directly view surface changes (Figure 4.5). The
procedure for backfilling the nanoholes and nanorings was accomplished by immersion of the
patterned substrates in a dilute solution of APTES (0.02%) in anhydrous toluene. The hexagonal
arrangement of APTES nanodots is evident in the example topography frame of Figure 4.5A. The
shapes and sizes of the nanodots of APTES is further revealed in the corresponding phase image
(Figure 4.5B) The periodicity corresponds to the diameter (250 nm) of the silica spheres that was

used as a surface mask. The selectivity for binding of APTES within nanoholes is apparent. A

magnified view of 10 nanodots is presented in Figure 4.5C showing the uniformity of the round
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shapes at the nanoscale. A further close-up of four nanodots is presented in Figure 4.5D. The tallest
areas are located at the very center of the nanodots. The average height of APTES nanodots
measured 2.0 £0.8 nm (n=50) above the matrix areas of OTMS. An example line profile across
two nanodots is shown in Figure 4.5E. Adding the value for the depth of the OTMS nanoholes
from Figure 4.3, the overall thickness of APTES is ~3.0 nm, indicating that a double layer was

formed inside the nanorings.
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Distance (um)

0 2nm 0 2nm

Figure 4.5 Nanoholes within OTMS were backfilled with APTES. (A) Matrix film of OTMS with
a periodic arrangement of APTES nanodots viewed with an AFM topograph (4 x 4 um?); (B)
corresponding phase image for A; (C) Zoom-in topography image (1.5 x1.5 um?); (D) topography
frame of four APTES nanopatterns (0.7 x 0.7 um?); (E) cursor profile for the line in D.

Example results for backfilling nanorings of PEG-silane with APTES are shown in Figure
4.6 with successive zoom-in views. The high-throughput arrangement of close-packed
nanopatterns is revealed in Figure 4.6A. The periodicity and hexagonal packing are further

visualized in the corresponding phase image (Figure 4.6B). A magnified view of the APTES filled

nanorings is presented in Figure 4.6C. A few areas with bright spots indicate binding of

47



organosilanes or contaminants, however there is very little nonspecific binding on the PEG-silane
resist. A further close-up view of four nanostructures is shown in Figure 6D. In the previous step
with PEG-silane nanorings, there was a hole inside the rings (Figure 4.4). After the filling step, the
rings are filled with reactive sites for attaching ZnPcs. An example cursor plot is shown for two
nanostructures in Figure 4.6E. The average height of APTES nanostructures measured 3.2 = 0.4

nm (n=30) above the PEG-silane matrix, indicating growth of a multilayer of APTES.
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Figure 4.6 Nanopatterns of APTES backfilled into PEG-silane nanorings that were prepared on
Si(111). (A) Arrangement of APTES nanopatterns shown with an AFM topograph (8 x 8 um?);
(B) corresponding phase image; (C) zoom-in topography view (4 x4 pum?); (D) close-up
topography frame of nanostructures (0.5 x 0.5 um?); (E) cursor profile for the line in D.
4.3.3 Spatially Selective Binding of ZnPcs to Sites of APTES Nanodots

The samples containing APTES nanopatterns were treated with a further immersion step
to produce ZnPc nanostructures. The solvents that were used for the steps of immersion were

chosen according to the solubility of the ZnPcs. The PEG-chain of ZnPc 1 was chosen to increase

the solubility of the compound. Successful patterning of ZnPcs was accomplished with both resists,
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results with OTMS are shown in Figure 4.7 and the PEG-silane sample is presented in Figure 4.8.
A boundary area of uncovered substrate is apparent in the upper right corner of Figure 4.7A. Broad
areas of densely packed nanostructures are visible for an area spanning microns. The surface
chemistry of the patterns have a dark contrast compared to the surrounding matrix film of OTMS
in the phase image of Figure 4.7B because the ZnPcs nanostructures have a different elastic
response than the surrounding resist layer. With greater magnification the shapes of the patterns
can be resolved in Figure 4.7C. The shapes of the nanostructures are less round than in the previous
steps with APTES after binding ZnPc. A close-up view of 12 nanostructures is presented in Figure
4.7D.The tallest areas are located at the very center of the patterns where ZnPc 1 attached to the
APTES patterns. The nanopatterns are slightly wider, however the distinct shapes of

nanostructures persisted without nonspecific binding on the matrix areas of OTMS patterns.
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Figure 4.7 Growth of ZnPc 1 on APTES nanopatterns within an OTMS resist. (A) View of
nanostructures after immersion in ZnPc 1, topograph (8 x 8 um?); (B) corresponding phase image;
(C) magnified topography image (4 x 4 pm?); (D) Close-up view (1 x 1 um?); (E) cursor profile
for the line in D.
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The height of the nanopatterns has increased after binding ZnPc 1 as evidenced in the
cursor profile (Figure 4.7E). The average height above the OTMS matrix film for ZnPc 1
nanostructures measured 3.3 £0.7 nm (n=50) which is an increase of 1.3 nm from the height of
APTES nanodots. The height change corresponds to an upright configuration with a tilted
orientation. The increase in thickness would be ~0.5 nm for a co-planar arrangement.

Growth of ZnPc 1 was also accomplished on APTES nanostructures prepared within PEG-
silane nanorings (Figure 4.8). The arrangement of ZnPc 1 nanostructures is shown in the
topography frame of Figure 4.8A. The circular shapes and heights of the nanostructures are quite
uniform over broad micron-size areas. There is little nonspecific adsorption on the matrix areas of
PEG-silane located in between the nanostructures, shown in the phase image of Figure 4.8B. A
close-up view of 40 nanostructures is presented in the topography frame of Figure 4.8C. The
shapes and heights of the ZnPc 1 nanostructures are quite uniform at the nanoscale. The regular
sizes are apparent in the high magnification topography frame of Figure 4.8D. The average height
measured 4.3 £ 0.5 nm (n=30) which corresponds to an increase of the height of APTES
nanopatterns of ~1.1 nm. This matches closely with the value for adsorption within an OTMS

matrix film.
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Figure 4.8 Growth of nanostructures of ZnPc 1 on APTES nanodots within a PEG-silane matrix
film. (A) Wide area topography frame (10 x 10 um?); (B) simultaneously acquired phase image;
(C) magnified topography view (2 x 2 um?); (D) close-up of 4 nanostructures (0.5 x 0.5 um?); (E)
cursor profile for the line in D.

The self-assembly and growth of ZnPc 2 was evaluated for a sample prepared with APTES
nanostructures within an OTMS matrix film (Figure 4.9). A view of a relatively broad area of the
surface reveals the organization of ZnPc 2 nanostructures in the topography frame of Figure
4.9A.The hexagonal arrangement of nanostructures is also apparent in the phase image of Figure
4.9B, showing a map of the difference in surface chemistry between the matrix and nanostructures.
A close-up view of 11 nanostructures is presented in the topography frame of Figure 4.9C. The
shapes and sizes are not as uniform for the heterostructures of APTES and ZnPc 2 as viewed in
the high magnification topography frame of Figure 4.9D. However, the matrix areas of OTMS are

mostly free of adsorbates and contaminants. The height of the ZnPc 2 nanostructures in Figure

4.9D range in height from 15-17 nm, as shown with an example cursor profile in Figure 4.9C.
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Figure 4.9 Nanoclusters of ZnPc 2 on APTES (a) ZnPc 2 shown with an AFM topograph (4 x 4
um?); (b) corresponding phase image; (c) magnified image (1 x 1 um?) ; (d) close-up view (0.6 x
0.6 um?) (e) cursor profile for the line in d.

A comparison of the height increases after binding ZnPcs to APTES nanopatterns is
presented in Figure 4.10. The data was derived by subtracting the average value of the heights of
APTES nanodots, so the values are an approximation obtained from multiple cursor measurements
(n=50). The average change in height after binding ZnPc 1 was 1.3 + 0.7 nm. The change measured
for the average height after binding ZnPc 2 was 6.3 £ 4 nm.

The dimensions of ZnPc 1 and ZnPc 2 are comparable, therefore the height of the
nanopatterns depends mostly on the orientation of the ZnPcs. The size differences suggest that the
affinity of ZnPc 1 and ZnPc 2 for binding to the sites of APTES nanodots is not similar, attributable
to the chemistry of the substituents. The increase in height indicate that a single molecular layer

of ZnPc was bound to the APTES nanodots, however the orientation of the molecules is not the

same depending on the structure of the substituents.
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Figure 4.10 Size distribution for the measured height increase of APTES nanodots after binding
(@) ZnPc 1 and (b) ZnPc 2.

The amine-terminated groups present at the interface of the APTES nanodots are available
to react with the functional groups presented on the ZnPcs. The hydroxyl group of ZnPc 1 does
not form a covalent bond with the APTES linker, however electrostatic interactions can lead to
binding with the phthalocyanine macrocycle with a coplanar configuration. The NCS
isothiocyanate group on ZnPc 2 reacts with the amine present on APTES to produce a covalent
thiourea linkage. The height measured after binding ZnPc 2 to APTES nanodots corresponds
roughly to an upright conformation, with a slightly tilted arrangement. Both methyl-terminated
OTMS and PEG-silane proved to be effective as resist layers, without apparent areas of non-
specific binding of ZnPcs or APTES on matrix areas surrounding the nanopatterns. For the selected
ZnPcs, the nature of the substituents determined whether the molecules assembled in a side-on

orientation or in a coplanar arrangement with the substrate.
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4.4 Conclusions

Nanostructures prepared using particle lithography provide a practical approach to obtain
information of chemical reactions on surfaces. Molecular-level investigations of the morphology,
self-assembly processes, and properties of designed nanostructures of organosilanes and ZnPcs
were accomplished using protocols of particle lithography. Both OTMS and PEG-silane proved to
be effective as resists to enable site-selective binding of ZnPcs on APTES nanopatterns. Well-
defined surfaces with desired functionalities can be achieved with protocols of particle lithography.
Nanoholes and nanorings of organosilanes were prepared with highly reproducible sizes, shapes
and periodicity for further steps of chemical reactions. Molecules of Zn-Pcs that were
functionalized with either a hydroxyl or an isothiocyanate group were successfully patterned onto
reactive sites of APTES without apparent nonspecific adsorption on matrix areas of OTMS and
PEG-silane. The changes in surface chemistry were visualized with great detail after each key step
of the nanopatterning protocols, enabling measurement of nanometer scale changes of the

thickness of molecular layers.
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CHAPTER 5. PATTERNS OF GOLD NANOPARTICLES PREPARED USING
PARTICLE LITHOGRAPHY

5.1 Introduction

Particle lithography has enabled surface-based chemical reactions at the molecular level
providing highly reproducible and practical approaches for the fabrication of nanopatterns from
organosilane and organothiol SAMSs.%! 22° The nature of SAMs provide advantages for designing
the chemistry of surfaces with desired carbon chain lengths and functional groups. Using OTMS
and PEG-silane as a resist, nanopatterns were prepared on a glass surface using particle lithography
combined with steps of either vapor deposition or immersion in solutions. Surface morphologies
of nanorings and nanoholes were produced using basic steps of particle lithography. The
morphology and selectivity of designed surfaces of SAMs formed with OTS, OTMS, and PEG-
silane using steps of particle lithography have were evaluated using high resolution AFM.
Thickness measurements from AFM cursor profiles were used to determine the orientation and
density of OTS, OTMS, and PEG-silane nanostructures.

Surfaces can be designed with methyl-terminated organosilane nanopatterns to furnish a
resist to create multicomponent nanostructures using further chemical steps. Uniform patterns of
nanoholes prepared within a film of OTMS were prepared using particle lithography combined
with a vapor deposition step. Exposed areas of the substrate that were protected by the mesosphere
mask furnish sites for selectively binding gold nanoparticles, whereas areas with methyl-
terminated organosilane provide an effective resist to prevent nonspecific attachment of
nanomaterial. Surface changes throughout the steps of particle lithography were investigated ex
situ using tapping-mode AFM. Particle lithography is used to pattern a substrate by placing a
surface mask of monodisperse latex or silica spheres to direct the deposition of inorganic and

organic materials.?® °% 213 Preparation of exquisitely small, regular nanostructures have been
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accomplished with a few basic chemistry steps. The samples reveal relatively few defects at the
nanoscale, and highly reproducible for patterning over relatively large areas of tens of microns.*

Periodic arrays of organosilane nanostructures prepared with particle lithography provide
a foundation to spatially define sites for adsorption of nanoparticles. Advantages of particle
lithography include relatively low cost, the use of basic lab equipment and experimental steps, and
the capability for tuning the dimensions of surface structures according to the diameters of spheres.
The nanopatterns of SAMs must provide selectivity for binding organic molecules, metals, and
other nanomaterials. Solutions of monodisperse spheres spontaneously assemble into close-packed
arrangements on surfaces during the evaporation of solvents. Self-assembled monolayers provide
model surfaces for fundamental studies of interfacial chemistry and self-organization due to the
flexible chemistry of functional head groups. Self-assembled monolayers of organosilanes attach
to the interstitial sites between the spheres by covalent bonding at areas where nanoscopic residues
of water are present. The film thickness and molecular density of SAMs depends on the chemical
nature of the surface, the type of organosilane, adsorption time, amount of water, temperature, and
choice of immersion solutions.*

A procedure for preparing arrays of gold nanoparticles prepared within resists of
organosilane nanopatterns was developed with particle lithography for glass and quartz substrates.
Surfaces can be fabricated with methyl-terminated organosilane nanopatterns to provide a resist
for further chemical steps. Exposed areas of the substrate provide sites for selectively binding
functionalized nanoparticles, whereas areas with methyl- or chloro- terminated organosilane
provide an effective resist to prevent nonspecific adsorption. Thus far, particle lithography and
organosilane chemistry were used successfully to prepare nanoholes within a thin film of OTMS.

The steps of sample preparation of the surface platform were characterized with AFM. The
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capability of AFM for achieving nanoscale resolution enables characterization of material
properties, as well as fundamental investigations of chemical reactions.
5.2 Experimental Details
5.2.1 Materials and Reagents

Glass microscope coverslips were obtained from Fisher Scientific (Hampton, NH).
Concentrated sulfuric acid (98.0%) (J.T. Baker Hampton, NH) and hydrogen peroxide (30%)
(British Drug Houses, VWR) were used as received from Sigma-Aldrich. Size-sorted
monodisperse silicon spheres (1 wt.% solution) with sulfate surface groups with a particle diameter
200, 300, and 500 nm were obtained from Thermo Scientific (Fremont, CA) and used as surface
masks during vapor deposition of organosilanes. Octadecyltrimethoxysilane and 2-[methoxy
(polyethyleneoxy)propyl]trichlorosilane (PEG-silane) were purchased from Gelest (Morrisville,
PA) and used without further purification. Ethanol was purchased from Deacon Labs (Prussia, PA)
and was used a received. Anhydrous toluene was purchased from Merck Millipore (Billerica, MA)
and was used as received.
5.2.2 Substrate Preparation

Glass and Si (111) substrates were cleaned by soaking in piranha solution (3:1 v/v ratio of
concentrated sulfuric acid and 30% hydrogen peroxide) for 1 h. Piranha solution is corrosive and
should be handled with caution. After cleaning, surfaces were rinsed with copious amounts of
deionized water purified by a Millipore Milli-Q purification system (18 MQ cm, Boston, MA) and

dried in air.
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5.2.3 Synthesis of Gold Nanoparticles

A solution of trisodium citrate (40 mM) was freshly made by dissolving 0.113 g of the
solid into 10 mL of deionized water. A 0.25 mM gold solution was made by dissolving
HAUCI4-3H20 in 25 mL of deionized water. An aliquot of 10 mL of the gold solution was refluxed
at 300°C for approximately 10 min before adding 500 pL of the trisodium citrate solution. After
10 min, the solution was removed from heat and stirred at room temp for approximately 30 min
yielding gold nanoparticles with a particle size of approximately 5 nm.
5.2.4 Synthesis of MPTMS Coated Gold Nanoparticles

Nanoparticles coated with MPTMS were synthesized as previously reported.?° A 0.35 mM
solution of tetraoctylammonium bromide was freshly made by dissolving 0.547 g into 10 mL of
toluene. A 15mM gold solution was made by dissolving 0.015 mL of HAuCl4-3H20 in 10 mL of
water. After combining the solutions, the organic phase was isolate and 0.065 g of MPTMS was
added to the layer. The solution was further stirred for 10 minutes in ambient conditions and the
colorless phase was isolated. 10 mL of a 150mM NaBH3 solution was added to the color phase
slowly to yield the MPTMS coated Au nanoparticles. After stirring at room temperature for
approximately 45 min, the dark layer containing the nanoparticles was removed.
5.2.5 Nanofabrication of Nanoholes with a Matrix of OTMS

A drop of latex spheres (diameter 200 nm) was deposited onto clean glass substrates and
dried in ambient conditions. Next the samples were placed on a platform within a sealed reaction
vial containing 400 pL of neat OTMS. To generate a vapor the reaction vessel was placed into an
oven at 70°C for approximately 12 h. After cooling samples were rinsed with water and sonicated

in toluene, ethanol, and water in 30 min increments to fully remove the mask of latex spheres.
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5.2.6 Preparation of Nanodots of MPTMS for Binding Gold Nanoparticles

The samples containing OTMS nanoholes were placed into a 0.1% solution of MPTMS in
anhydrous toluene to enable growth of nanodots for binding Au nanoparticles. The samples were
placed in solution for 5 h and then removed and sonicated in ethanol, chloroform, and water to
clean the surfaces.
5.2.7 Nanofabrication of Nanoholes of MPTMS within a PEG-silane Matrix Film

The samples with a surface mask of latex spheres on glass were placed on a platform within
a sealed reaction vial containing 400 pl of neat MPTMS. To generate a vapor for deposition onto
the glass substrate to produce a thin film of MPTMS. The reaction vial was placed into an oven at
70°C. After 4 h, the samples were rinsed and sonicated in ethanol for approximately 30 min and
dried under argon gas. An aliquot of 400 pL of an aqueous suspension of monodisperse 200 nm
silica spheres (200 nm diameter) were cleaned using successive steps of rinsing and sonication.
The solution of silica spheres was centrifuged four times (10 min each cycle) at 20,000 rpm. The
liquid portion was carefully decanted and the solid pellet was resuspended in 1 mL of deionized
water by vortex mixing. The solid pellet of the final centrifugation step was resuspended in 400
uL of deionized water. To prepare a surface mask, 10 pl of the spheres were deposited on the
MPTMS/glass sample and dried at 4°C for 16 h. The samples were then treated with UV—ozone
for 20 min to oxidize areas exposed in the interstitial sites of the spheres. Immediately after UV—
ozone treatment, the samples were immersed in a 1% (v/v) solution of PEG-silane in anhydrous
toluene for 5 h. The areas surrounding the spheres were backfilled with PEG-silane to form a resist
layer to enable nanopatterning with further chemical steps. The samples were rinsed with water

and sonicated in ethanol for approximately 30 min to remove the silica spheres.
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5.2.8 Time Study of the Immersion of Samples in Solutions of Nanoparticles

Glass substrates prepared with MPTMS filled nanoholes within PEG-silane were immersed
in gold nanoparticle solutions for selected time periods to determine the best parameters for
nanopatterning. Substrates containing the OTMS nanoholes were immersed into the MPTMS
coated gold nanoparticle solution. The samples were immersed for intervals ranging from 12 h to
2 weeks.
5.2.9 AFM Characterization of Nanopatterns

Scanning probe characterizations of samples were obtained in ambient conditions with a
model 5500 scanning probe microscope (Keysight Technologies, Santa Rosa, CA). Non-contact
tapping-mode silicone cantilevers ATEC-NC-SPL (Nanosensors) with a resonance frequency
range of 210-490 kHz and a force constant range of 12-110 N m™ and silicon probes with
aluminum reflex coating with an average resonant frequency of 300 kHz and a force constant of
40 N m (Budget Sensors) were used for imaging in tapping-mode AFM. Digital images were
processed with Gwyddion open source software (version 2.47).174
5.3 Results and Discussion
5.3.1 Preparations of Glass Surfaces with OTMS and MPTMS Nanopatterns

Controlling the humidity in the environment is a critical step in the self-assembly process
for organosilane SAMs. During the drying time of latex films, a water meniscus forms at the base
of each latex sphere on the surface, which will define the reaction sites for hydrolysis and
condensation of the organosilanes. The mask of spheres can be removed by rinsing with solvents
and sonication after vapor deposition is complete to produce a periodic array of nanoholes within
an organosilane matrix. The arrangement of nanopatterns span the entire sample, example

topography frames reveal the surface organization of the nanoholes. Within the representative
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topography frame in Figure 5.1, the dark areas indicate the locations where the surface mask of
latex spheres were displaced from the substrate to leave sites of uncovered glass substrate. The
interface of the OTMS areas between the nanoholes present methyl groups at the interface, which
have proven to be effective for preventing nonspecific binding in further patterning steps. The
measured distance between nanoholes matches the diameter of the latex spheres used as a surface
mask. A broad area of the sample is shown in the topography frame in Figure 5.1A. The circular
areas of the nanopatterns are uniform in dimension throughout the sample. A map of the surface
chemistry is revealed in the simultaneously acquired phase image of Figure 5.1B. The color scale
was chosen to indicate the areas of nanoholes as bright spots, showing the locations of uncovered
substrate. The high throughput capabilities of particle lithography are evident, there are 152
nanoholes within the frame, which scales to ~10° nanopatterns pum=. The thickness of the OTMS
film measures 1.2 + 0.5 nm, referencing the bare areas of substrate within the nanoholes as a

baseline.

Height (nm)

0 T T T 1
0.0 0.5 1.0 1.5 2.0
Distance (um)

Figure 5.1 Nanoholes within OTMS prepared with vapor deposition. Images were acquired in air
using tapping-mode AFM. (A) topography (8% 8 um?) and (B) corresponding phase image; (C)
Cursor profile for the line in A.
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Addition of selected organosilanes to the areas within the nanoholes (backfilling), changes
the nature of the surface to impart selectivity for attaching further molecules or nanomaterials. A
foundation of spatially defined sites for adsorption of nanoparticles was prepared with particle
lithography to form periodic arrays of organosilane nanostructures. The procedure for backfilling
the nanoholes is an immersion step. By immersing patterned substrates into a 1% solution of
toluene and 3-mercaptopropyl-trimethoxysilane (MPTMS), nanodots with uniform geometry and
periodic spacing were formed on surfaces of glass (Figure 5.2). Nanoholes of OTMS were
successfully backfilled with MPTMS to define areas with selectivity for the next step of
nanoparticle deposition. The brighter areas in the topography images indicate sites where there
was growth of MPTMS, whereas the darker areas represent the surrounding areas of the OTMS

resist.

0 3nm

Figure 5.2 Nanoholes of OTMS backfilled with MPTMS imaged with tapping-mode AFM. (A)
Topography (2x 2 um?) and (B) corresponding phase image.

Sulfur-terminated MPTMS was used to form reactive sites to bind the gold nanoparticles

to the OTMS nanopatterns. After the immersion step for backfilling nanoholes with MPTMS,
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scanning probe images were acquired to directly view surface changes (Figure 5.2). The procedure
for backfilling the nanoholes and nanorings was accomplished by immersion of the patterned
substrates in a dilute solution of MPTMS (0.1%) in anhydrous toluene. The glass substrate
containing the nanoholes was immersed into a dilute solution of MPTMS. A hexagonal
arrangement of the nanoholes backfilled with MPTMS is shown in the zoom-in frame (2 x 2 um?)
of Figure 5.2A. The nanoholes were formed according to the arrangement of the packing of the
surface mask of spheres. There is a small amount of nonspecific binding of MPTMS between the
nanopatterns, however most of the adsorption occurred within the exposed sites of the nanoholes,
as revealed in the corresponding phase image of Figure 5.2B. The spacing between the
nanopatterns measured 500 £ 0.1 nm. The MPTMS was successfully patterned within the exposed
sites of the substrate.

5.3.2 AFM Characterization of MPTMS Nanostructures that were Prepared using Vapor
Deposition and Immersion

To determine which parameters worked best for depositing the gold nanoparticles the
method shown in Figure 5.3 was done with sample prepares using protocols of particle lithography.
The self-reactive properties of hydroxyl groups can be problematic due to cross reacting to form
mixed surface multilayers when using PEG-silane as a resist.??® A compositionally patterned glass
surface of MPTMS nanostructures was prepared using PEG-silane as a resist to provide sites for
the selective attachment of gold nanoparticles. Nanoholes of MPTMS were successfully produced
using steps of vapor deposition and immersion shown in Figure 5.3. The three key steps for the
deposition of gold nanoparticles with particle lithography were to prepare surface film of MPTMS
with vapor deposition; depositing as mask of silica spheres on the MPTMS film; and treating the
sample with UV-ozone. After rinsing away the mask of silica spheres, the areas beneath the silica

spheres that were protected provide reactive sites for attaching gold nanoparticles.
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Figure 5.3 Steps for preparing the surface for the deposition of gold nanoparticles with particle
lithography. (A) A surface film of MPTMS was prepared by vapor deposition on glass substrates;
(B) after coating the MPTMS surface with a mask of silica spheres, the samples were treated with
UV — ozone. (C) Samples were immersed in a PEG-silane solution and cleaned to eventually fill
the exposed surface sites with gold nanoparticles.

Surface changes after completing the steps shown in Figure 5.3 can be characterized ex situ
using AFM. An example experiment is shown in Figure 5.4 revealing nanopatterns of MPTMS
within a PEG-silane matrix. The 8 x 8 um? topography image (Figure 5.4A) was acquired with
tapping-mode in ambient conditions. The dark areas indicate the sites of the nanopatterns, whereas
the brighter areas indicate the surrounding matrix film of PEG-silane. The arrangement of
nanopatterns is disclosed in the simultaneously acquired phase image in Figure 5.4B. The
nanopatterns measure 1.2 £ 0.2 nm in depth, as shown in the example line profile of Figure 5.4C.
The nanopatterns contain MPTMS as spatially selective sites for depositing nanopatterns. The

matrix areas surrounding the nanopatterns present hydroxyl groups at the interface to resist the

attachment of nanoparticles.
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Figure 5.4 Nanoholes within a film of MPTMS produced by steps of vapor deposition and
immersion imaged with tapping-mode AFM. (A) Topography (8 x 8 um?), (B) corresponding
phase image, (C) height profile for the white line in A.
5.3.3 Patterning Gold Nanoparticles on MPTMS Nanopatterns

To determine the best parameters for patterning of the gold nanoparticles, experiments
were conducted to evaluate selected intervals for the immersion time. The substrates containing
nanoholes of MPTMS were immersed into individual vials of concentrated solutions of the gold
nanoparticles for 24 h, 48 h, 72 h and 2 weeks in ambient conditions. The gold nanoparticles should
bind to the thiol group of the MPTMS sites through chemisorption. The resist layer of PEG-silane
should prevent nonspecific adsorption on areas surrounding the MPTMS nanopatterns. After the
selected time of immersion, the samples were removed from solution, rinsed with ethanol, and
dried with argon. Example experiments are shown in Figure 5.5. After 24 h of immersion in the
Au nanoparticle solution the Au nanoparticles were not evident on the surface, as shown in Figure
5.5A. There are three distinct regions of contrast revealed in the corresponding phase image of
Figure 5.5B. The darkest circular areas are the sites of MPTMS, the brightest areas are the rings

surrounding the MPTMS nanopatterns, and the intermediate color indicates the surrounding matrix
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film of PET-silane. Nanoparticles were not evident in either topography or phase images after 24
h immersion.

The sample that was immersed for 48 h is shown in Figures 5.5C and 5.5C. Gold
nanoparticles are evident throughout the sample, however the arrangement of the nanopatterns
does not follow the periodicity of the MPTMS nanopatterns. A rectangular shape is observed due
to the blunt shape of the AFM tip. The convolution of tip geometry and sample is apparent, so that
the shape observed indicates the profile of the AFM probe rather than the size and shape of the
nanoparticles. The substrate that was immersed for 72 h showed no evidence of the patterning of

nanoparticles, as revealed in Figures 5.5E and 5.5F.

Figure 5.5 Immersion of nanopatterned samples in solutions of nanoparticles for time intervals
ranging from 24- 72 h. (A) 24 h immersion topography (1.4 x 1.4 um?), (B) corresponding phase
image of A, (C) 48 h immersion topography (2.5 x 2.5 um?), (D) corresponding phase image of C,
(E) 72 h immersion topography (10 x 10 um?), (F) corresponding phase image of E.
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The attachment of gold nanoparticles to the thiol groups of MPTMS nanopatterns was
investigated for a sample that was immersed for two weeks as shown with an example topography
image in Figure 5.6. There are approximately 30 areas of MPTMS nanopatterns with the
topography frame in Figure 5.6A. The regions of the matrix film surrounding the nanopatterns
contain characteristic features of a film of PEG-silane exhibiting homogeneous surface coverage.
The sizes and shapes of the nanopatterns are relatively uniform at the nanoscale, with diameters
measuring 500 £ 0.2 nm. The arrangement and shapes of the MPTMS nanopatterns is further
disclosed in the phase image (Figure 5.6B). It is clear from the topography and phase images that
nanoparticles did not bind to the sample. The depth of the nanopattern measure 3.4 £ 0.2 nm,

indicated with a representative cursor profile across 3 nanopatterns in Figure 5.6C.
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Figure 5.6 Results for a sample prepared after 2 weeks of immersion of a substrate containing
MPTMS within nanoholes into a solution with gold nanoparticles. (A) Topography image (4 x 4
um?) acquired in air with tapping-mode AFM; (B) corresponding phase image; (C) Cursor profile
for the line in A.

A sample containing MPTMS in PEG-silane nanoholes was immersed for 33 h as shown
in Figure 5.7. The arrangement and spacing of MPTMS nanopatterns is apparent, and it is clear
that nanoparticles are not present on the surface in the topography frame of Figure 5.7B. The

circular geometry and ring shapes of the MPTMS nanopatterns are further revealed in the phase

image of Figure 5.7B. Measurements of the depth of the nanopatterns are not accurate this
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magnification, however the periodicity of the patterns measured 500 + 0.3 nm, as shown with a

representative cursor profile across 3 nanopatterns in Figure 5.7C.
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Figure 5.7 After immersion of a sample containing MPTMS in PEG-silane nanopatterns into a
solution of gold nanoparticles for 33 h. (A) topography (6 x 6 um?) and (B) corresponding phase
image; (C) Cursor profile for the line in A.

5.3.4 Deposition of MPTMS Coated Gold Nanoparticles onto Patterned Glass Substrates

To promote the binding of nanoparticles to the MPTMS functional groups, another method
was evaluated using nanoparticles coated with organosilanes. In this study the nanoparticle was
coated with MPTMS to bind to glass substrates.?*° The procedure for particle lithography can be
done with three steps: self-assembly of a resist layer, rinsing to remove the surface mask, and
patterning of the nanoparticles which is shown in Figure 5.8.

The Au nanoparticles were coated with MPTMS to direct the nanostructures to the
nanopatterns. The thiol group present on MPTMS should bind to the Au nanoparticle to promote
coating of the nanoparticles. The silane groups present on the terminal end of the organosilane that
coats the Au nanoparticle will direct the nanoparticle to bind within the nanoholes present within

the OTMS matrix.
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Figure 5.8 Steps for patterning the surface for the deposition of MPTMS coated Au nanoparticles.
(A) A surface film of OTMS was prepared by vapor deposition on glass substrates through a mask
of 500 nm silica spheres prepared on glass substrates; (B) Spheres were removed by sonication;
(C) Samples containing OTMS nanoholes were immersed in a MPTMS coated Au nanoparticle
solution for patterning.

The samples of nanoholes within an OTMS matrix on glass were immersed in separate
vials for 12, 24 and 48 h in ambient conditions. The results after immersing a sample of nanoholes
within a film of OTMS prepared on gold into a solution of MPTMS-coated nanoparticles for 12 h
immersion are shown in Figure 5.9. Nanoparticles have attached to the surface, as indicated in the
topography frame of Figure 5.9A and simultaneously-acquired phase image of Figure 5.9B.
Results for a sample immersed for 24 h in a solution of nanoparticles are shown in Figures 5.9C
and 5.9D. A sample prepared with 48 h of immersion is shown with the topography and phase

images in Figures 5.9E and Figure 5.9F, respectively. Although nanoparticles are present for each

experiment, there are areas where the coated nanoparticles attached to the matrix areas, as well as
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nanopattern sites of exposed substrate that do not contain nanoparticles. The results are not
consistent, particularly with immersion intervals of 12 and 24 h. An immersion time of 48 h shows
the most successful results for nanopatterns (Figure 5.9E), however there are also relatively large

aggregates of coated nanoparticles apparent in areas of the sample.

Figure 5.9 Immersion of patterned substrates in solutions of MPTMS-coated nanoparticles for time
intervals ranging from 12 to 48 h. (A) Topography frame after 12 h immersion (2 x 2 um?); (B)
simultaneously phase image; (C) Topography image after 24 h immersion (3 x 3 um?); (D)
corresponding phase image; (E) Topography imaged after 48 h immersion (3 x 3 pm?); (F)
matching phase image.
5.4 Conclusions

The approaches for surface patterning provide new directions for studying surface

chemistry at the molecular-level and have practical applications for emerging nanotechnology.

Surfaces were designed for the selective deposition of gold nanoparticles to produce
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multicomponent nanopatterns. Molecular-level investigations of the morphology, self-assembly
processes, and properties of designed nanostructures of organosilanes were accomplished using
AFM. Using particle lithography, well-defined surfaces with desired functionality and spatially
defined areas can be achieved. Size-sorted, monodisperse latex or silica spheres were used as a
particle mask for nanoscale lithography with designed dimensions and interparticle spacing. By
changing the diameter of the spheres, the dimensions and size of nanopatterns can be tuned to
define the surface density and arrangement of nanostructures. For future studies, samples will
provide model test structures for further studies with AFM measurement modes such as with
conductive probe AFM or magnetic imaging. Nanoparticles comprised of other metals and
coatings can be evaluated in future experiments. The results presented in this dissertation
demonstrate the combination of nanofabrication with detailed AFM characterizations to
investigate structure and property relationships as well as measure size-dependent nanoscale

properties.
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CHAPTER 6. SUMMARY AND FUTURE PROSPECTUS

The research presented in this dissertation highlights results of fundamental AFM studies
with metal nanoparticles, metalloporphyrins and zinc phthalocyanines using protocols developed
with particle lithography. The investigations described the developments for generating
nanostructures of resist layers to produce surface test platforms with complex, multicomponent
architectures. Using AFM, characterizations were successfully accomplished for molecular-level
investigations of morphology, self-assembly processes, and the properties of designed
nanostructures. Characterization with AFM imaging modes such as conductive probe, magnetic
sample modulation AFM, and phase imaging were demonstrated, showcasing the capabilities for
obtaining structural and physical information with nanometer resolution.

With particle lithography, other possible directions for tailoring the deposition of
nanomaterials are to alter the composition of nanoparticles, coatings and functional groups. The
metal used for the nanoparticle as well as the surface material can be changed. For the porphyrins
and phthalocyanines, the constituents can be functionalized to facilitate surface attachment and
strategies for linker chemistry can be investigated. Preliminary results with AFM and particle
lithography provide a solid foundation to build upon for further investigations with metal
nanoparticles.

The steps of binding porphyrins to exposed sites inside nanoholes fabricated within
dodecanethiol on Au(111) were characterized using atomic force microscopy (AFM). Patterned
arrays of nanoholes were prepared using steps of particle lithography combined with immersion
in thiol solutions. Methyl-terminated SAMs such as dodecanethiol were chosen as a resist layer to
direct the adsorption of porphyrins. Spatial selectivity was accomplished for directing the

attachment of porphyrins within exposed sites and on the resist. To facilitate binding within the
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dodecanethiol nanoholes, a porphyrin with reactive functional groups would increase the binding
affinity. For potential applications in miniaturized electronics and photovoltaics, porphyrins have
become a focus in engineering functionalized nanostructures on surfaces. Porphyrins can be
synthesized with substituents and metal ions to tune electrical and photoelectronic properties.

In collaboration with Professor Graca Vicente’s research group, zinc phthalocyanine
compounds with designed functional groups were synthesized for studies using protocols for
nanopatterning using particle lithography. Spatial selectivity was accomplished for directing the
attachment of zinc phthalocyanines to the surface using amine linker chemistry with an amine
terminated organosilane, 3-aminopropyltriethoxysilane (APTES). Scanning probe microscopy can
probe morphological and physical properties of nanomaterials deposited on surfaces.
Phthalocyanines can be chelated with magnetic metals which will offer materials for SPM studies
with advanced measurements and imaging modes such as CP-AFM, FMM and MSM.
Fluorescence studies were also investigated with samples, however the signals were far too weak
for molecularly thin films and nanostructures. Studies with NSOM would be sufficiently sensitive
for studying fluorescent properties of the nanostructures. The nanopatterned surfaces exhibit
millions of reproducible test structures arranged in a periodic array according to the dimensions
and spacing of the surface masks.

Phthalocyanines are antimicrobial which is important for decontaminating body fluids such
as blood for patients needing transfusions. The antimicrobial property is dependent on the bacteria
used because certain functional groups diminish several strands of bacteria. Inactivation
of Escherichia coli bacteria using phthalocyanines together with conjugates with silver nanoparticles
was reported by Rapulenyane et al.?®! Bacterial death can be investigated by incubating the

substrates containing phthalocyanines to known concentrations of bacteria.
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Periodic arrays of organosilane nanostructures were prepared with particle lithography to
provide a foundation to spatially define sites for adsorption of nanoparticles. Using
octadecyltrimethoxysilane (OTMS) and 2-[methoxy(polyethyleneoxy)propyl] trichlorosilane
(PEG-silane) as a resist, nanopatterns were prepared on a glass surface using particle lithography
combined with vapor deposition and solution immersion. Thickness measurements from AFM
cursor profiles were used to evaluate the orientation and density of the OTMS and PEG-silane
nanostructures. Future planned directions for this research will apply particle lithography with
organosilanes to develop spatially selective surfaces for patterning nanoparticles. Arrays of
nanoparticles will provide useful structures for applications. To ensure that only the properties of
the nanoparticles can be studied, crystalline surfaces must be used for accurate photonic
measurements. Aside from using crystalline quartz as a surface, surfaces with CaF> and MgF2 may
also be studied.

There are advanced modes of AFM that can be used to measure surface properties of
nanomaterials. Future studies that are planned will include using Kelvin probe force microscopy
(KPFM) which is a noncontact mode. Kelvin probe force microscopy was invented in 1991 by
Nonnenmacher.?32 The work function of surfaces can be observed at molecular scales which is
relevant for samples of ceria and gold. The work functions measured by KPFM provide
fundamental information about the electronic states and composition of the nanoparticles. Using
KPFM, the work functions of gold and ceria will be studied on a single surface to understand
composition and electronic state. The samples will be prepared using two particle lithography.
Depending on the concentration and ratios of smaller particles, the patterns generated on surfaces
will be nanoholes within a film of nanoparticles or arrays of nanoring surface structures. The arrays

should exhibit uniform geometries and periodicity, spanning micrometer-sized areas. The density
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and periodicity of the arrays can be controlled by choosing the diameters of the spheres and ratios
of nanoparticles. The nanoparticles will be approximately the same size but a difference in

conductivity should be apparent due to the difference in work functions.
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APPENDIX A: SUPPORTING INFORMATION FOR CHAPTER 4

Control Studies of ZnPc 1 in the Absence of APTES

To ensure that a linker is needed to successfully control deposition and the aggregation of
the Zn-Pc onto glass surfaces, a control experiment was designed without backfilling the nanoholes
with APTES. Nanoholes within a film of OTS were prepared and immersed in the diluted ZnPc 1
solution for 3 h. It is evident in Figure A.1 that without a linker, ZnPc 1 formed aggregates on the
surface and did not fill in the nanoholes with exposed substrate. There is no affinity for binding
between the functional group on the ZnPc 1 or on surrounding areas of the methyl-terminated OTS

resist.

Figure A.1 Control sample of ZnPc 1 in the absence of APTES. (A) Tapping-mode topography
image (10 x 10 um?); (B) magnified view (3 x 3 pm?).

Control Studies of ZnPc 2 in the Absence of APTES

The procedure was repeated for ZnPc 2, shown with example results in Figure A.2. Within
the broader area of Figure A.2A there are a few aggregates that were deposition, and adsorption
did not occur within the nanoholes of exposed glass substrate. A zoom-in view reveals further that
the deposition of ZnPc 1 is random, and clusters are scatter throughout the surface on the matrix

and areas of nanoholes in a random arrangement.
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0 24nm 0 2nm
Figure A.2 Control sample of ZnPc 2 prepared without the APTES linker. (A) Topography frame
for a broad areas of the sample (10 x 10 um?); topography image (B) magnified view (4 x 4 pm?).
Histogram Analysis of the Dimensions of Nanostructures Prepared with Particle
Lithography
Histograms were made to evaluate the heights of the nanostructures after each key step of

sample preparation with particle lithography. The first experiment is shown in Figure A.3 reveals

the depth of the nanoholes ranged from 1.0 to 2.2 nm, with an average value of 1.9 £ 0.3 nm.
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Figure A.3 Histogram of the depth measurements of nanoholes within OTMS (n=50).
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The size distribution of the thickness of nanorings within a matrix film of PEG-silane is
presented in the histogram of Figure A.4. The mean value measured 3.0 = 0.3 nm, with heights
ranging from 3 to 4.6 nm referencing the inside areas of the nanopatterns as a baseline for

measurements.
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Figure A.4 Histogram of the height measurements of PEG-silane nanorings (n=50).

After the sample of nanoholes within OTMS was prepared, the samples was immersed in
a solution of APTES for 3 h at RT. The nanopatterns formed selectively within the areas of
uncovered substrate inside the nanoholes to form nanodots. The size distribution of cursor height
measurements is shown in Figure A.5, revealing heights ranging from 1 to 5 nm, and an average

value of 2.0 + 0.8 nm.
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Figure A.5 Size distribution showing the growth of APTES within nanoholes surrounded by a
matrix of OTMS. The heights indicate the height of the nanostructures above the matrix (n=50).

The sample with nanoholes surrounded by PEG-silane were immersed in APTES solution
for 3 h at RT. The increase in height above the PEG-silane film was measured for multiple
nanopatterns using AFM cursor profiles. The height distribution is shown in Figure A.6, indicating

a range of values from 2.5 to 4 nm, and an average thickness of 3.2 + 0.4 nm.
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Figure A.6 Growth of APTES nanostructures within a PEG-silane matrix (n=50).
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The sample with APTES nanodots on the OTMS matrix were immersed in a dilute solution
of ZnPc 1. The increase in height was measured for multiple nanopatterns using AFM cursor
profiles. The height distribution is shown in Figure A.7, indicating a range of values from 2.2 to

5.2 nm, and an average thickness of 3.3 + 0.7 nm.
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Figure A.7 Histogram of the growth of ZnPc 1 on APTES nanopatterns surrounded by a matrix
film of OTMS (n=50).

The sample with APTES nanodots on the PEG-silane matrix were also immersed in a dilute
solution of ZnPc 1. The increase in height was measured for multiple nanopatterns using AFM
cursor profiles. The height distribution is shown in Figure A.8, indicating a range of values from

3.5t0 5.0 nm, and an average thickness of 4.3 £ 0.5 nm.
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Figure A.8 Histogram showing the height of nanostructures after growth of ZnPc 1 on
APTES/PEG-silane matrix (n=30).

The sample with APTES nanodots on the OTMS matrix were also immersed in a dilute
solution of ZnPc 2. The increase in height was measured for multiple nanopatterns using AFM
cursor profiles. The height distribution is shown in Figure A.9, indicating a range of values from

510 17.5 nm, and an average thickness of 6.3 £ 4 nm.
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Figure A.9 Histogram showing the heights of nanostructures after growth of ZnPc 2 on
APTES/OTMS matrix (n=50)
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APPENDIX B: LABORATORY PROCEDURE FOR PARTICLE LITHOGRAPHY

COMBINED WITH PDMS STAMPS

1. Blank CD-ROMS were immersed in a dilute solution of nitric acid and stripped of the

polymer and aluminum coating. After rinsing with deionized water and drying with
nitrogen gas, the bare CD-ROM was cut into 2x2 cm? squares and placed into a petri dish.
. A portion of 50 g of prepolymer and 5 g of curing agent of PDMS was added to a plastic
cup with vigorous mixing before adding it to the glass petri dish containing the CD-ROM
pieces. The mixture remained undisturbed at room temperature for 2 h to enable the
removal of air bubbles. The petri dish was placed in the oven for 1 h at 70°C. After the
sample cooled to room temperature, the PDMS stamp was cut into 2x2 cm? pieces and
rinsed with ethanol. The pieces were stored in ethanol for future use.

. A solutions of Fe(lll) (0.1 M was made by dissolving 0.675 g of FeCls-6H20 in a 25 mL
volumetric flask containing degassed water. A 0.1 M Fe(ll) solution was made by
dissolving 0.497 g of FeCl,-4H>0 in a 25 mL volumetric flask containing degassed water.
Ammonium hydroxide was diluted by adding 22.3 mL of NH4+OH into a 25 mL volumetric
flask of degassed water (14.8 M).

Iron oxide nanoparticles were synthesized in a highly basic solution of Fe(ll) and Fe(l1l)
salt ions prepared with a 1:2 ratio. In a double neck round bottom flask, 10 mL of the 0.1
M Fe(ll) was added to 20 mL of 0.1 M Fe(lll) and stirred at 60°C under a nitrogen
environment. The 14.8 M ammonium solution was added drop wise to the solution until
pH 12 was reached. The solution was stirred for an hour to produce black nanoparticles.
Aliquots of the nanoparticle solution was centrifuged in degassed water to remove any

contaminants before use.
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5. Glass and Si(111) substrates were cleaned using piranha solution. An aliquot of the Fe3O4
nanoparticles (20 pL) was diluted in a 10 mL volumetric flask to prevent aggregation. A
40 pL solution was diluted into a 10 mL volumetric flask. The PDMS stamps were placed
onto the glass and silica substrates and secured with clamps. The FesO4 nanoparticles (30
ML) were injected into the corners of the substrates to spread across the substrate through
capillary forces. The samples were dried in ambient conditions for 24 h.
Results
Magnetic sample modulation-AFM imaging is selective for detecting nanomaterials that
vibrate in response to an applied current. Contact mode AFM images without the influence of a
magnetic field were acquired to obtain topography frames of the Fe3O4 nanoparticles patterned
by the PDMS stamp (Figures 3.5A and 3.5D). The magnetic field was applied to produce a
signal from the vibrations of the nanoparticles. For Figures 3.5A-3.5C a frequency of 211.2 kHz
was used. The MSM amplitude (Figure 3.5B) and phase (Figure 3.5C) images show signals from
the vibrations of the Fe3O4 nanoparticles. For Figures 3.5D-3.5F a frequency of 217.4 kHz was

used to produce the signal that is present within the amplitude and phase images.
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Figure B.1 Vibrational response of FesO4 nanoparticles mapped with MSM-AFM. (A)
Topography (12x12 pm?); (B) MSM-amplitude image; (C) Corresponding MSM-phase frame;
(D) Magnified view (4x4 pm?) (E) MSM-amplitude (4x4 um?) (F) Corresponding phase
channel.
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