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ABSTRACT

Approaches to prepare spatially selective surfaces were developed in this dissertation for
constructing assemblies of biomolecules and inorganic materials. Nanoscale surface patterns of
organic thin films were prepared using particle lithography combined with organosilane
chemistry. Biological and inorganic nanomaterials can be patterned with tailorable periodicities,
which can be controlled by selecting the diameter of mesospheres used as surface masks. The
surface platforms of well-defined nanopatterns are ideal for high resolution investigations using
scanning probe microscopy (SPM). Local measurements of surface properties combined with
visualization of the steps of chemical reactions at the molecular level were accomplished.

Fundamental studies of the chemical steps for patterning proteins are critical for the
integration of biomolecules into miniature biological-electronic devices for protein sensing. Rare
earth oxide (REO) nanomaterials have useful properties such as upconversion, catalysis, and
magnetism. For commercial applications REO nanomaterials should have well defined sizes and
be arranged as surface arrays.

Sample characterizations were accomplished with selected modes of SPM. Scanning
probe studies can be used to probe the morphological and physical properties of samples, when
discrete arrangements of nanomaterials are prepared. Atomic force microscopy (AFM) can be
used to analyze many types of samples in ambient and liquid environments. Arrays of protein
nanopatterns were fabricated using the spatial selectivity of chemical patterns prepared with
particle lithography. The steps for patterning protein and protein binding were visualized with
AFM. The protein arrays were tested for the selectivity of binding 1gG to evaluate if protein

function was retained.
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Studies were conducted with selected systems of inorganic and magnetic nanoparticles
using SPM. Synthesis of rare earth nanoparticles was accomplished using a novel approach with
organosilane surface templates. Surface changes during the steps of crystallization and solid state
synthesis were captured using AFM. The magnetic sample modulation (MSM) mode of AFM
was used to characterize the vibrational response of magnetic nanoparticles to externally applied
electromagnetic fields. An investigation of nanoparticle size versus the amplitude of oscillation
response was measured with MSM-AFM. Approaches for high-throughput patterning of
biomolecules and nanoparticles as well as a method for the template-directed synthesis of rare

earth oxide materials will be described.
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CHAPTER 1: INTRODUCTION

Approaches were developed in this dissertation to prepare spatially selective surfaces for
constructing assemblies of biomolecules and inorganic materials by combining particle
lithography with molecular self-assembly. The surface platforms are potentially useful for
applications as biosensors, surface supported catalysts, optical filters, and light emitting arrays.
The patterned arrays also serve as test platforms for fundamental investigations of newly
designed materials using atomic force microscopy (AFM). With particle lithography, the spacing
between nanopatterns is controlled by selecting the diameter of mesospheres used as surface
masks. Measurements with AFM provide molecular-level views of nanostructures and insight
into the processes of chemical assembly and surface binding.

1.1 Nanoscale studies using scanning probe microscopy (SPM)

The scanning probe microscope (SPM) has been used for imaging and measurements at
the nanoscale since 1981." Images of the atomic detail of nanoscale materials has been useful for
applications in biology,? ® materials science,* ® and molecular electronics.® ’ Since its invention,
developments for SPM instrumentation have advanced and now encompass more than 50
different modes for imaging and measurements. Newer SPM modes provide capabilities of
probing not only morphology, but also electronic and spectral properties of nanomaterials. In situ
measurement modes can be used for time-resolved studies of molecules in selected
environments. In Chapter 2, the history of SPM will be described as well as the operation for
measurement modes used in this dissertation. Self-assembly and particle lithography will also be

described as a means of preparing samples for AFM studies.



1.2 Dynamic measurements for imaging magnetic nanomaterials with AFM®

Magnetic sample modulation combined with contact mode atomic force microscopy
(AFM) provides a sensitive way to detect the vibration of magnetic nanomaterials at the level of
individual nanoparticles or ferroproteins. Rather than using a coated AFM probe as a magnetic
sensor, our strategy is to use a non-magnetic probe for contact mode AFM to characterize the
vibration of superparamagnetic nanomaterials responding to the flux of an AC electromagnetic
field. We refer to this hybrid imaging and measurement mode as magnetic sample modulation
AFM (MSM-AFM). An alternating electromagnetic field induces the actuation of magnetic and
superparamagnetic nanomaterials that are attached to surfaces, and the AFM tip is used to detect
the sample vibration. For MSM-AFM, an oscillating magnetic field is produced by applying an
AC current to a wire coil solenoid placed under the sample stage. The AFM is configured for
contact mode imaging, and the probe is scanned slowly across the vibrating samples. Selected
parameters of frequency and magnetic field strength can be tuned to study dynamic changes in
the vibrational response of samples.
1.3 Studies of the vibrational resonance of magnetic nanoparticles using MSM-AFM

Due to quantum confinement, nanoparticles exhibit unique physical and mechanical
properties that are attributable to nanoscale dimensions as compared to the bulk materials.
Studies of the magnetic response of metal nanoparticles were accomplished using a hybrid
imaging approach of magnetic sample modulation AFM (MSM-AFM). These studies reveal how
the composition and size of the nanoparticles affects their vibration in response to a magnetic
field.

Nanoparticles of FeNi; prepared by microwave synthesis were characterized with

tapping-mode atomic force microscopy (AFM) and X-ray diffraction. Studies of the magnetic



response of the nanoparticles were accomplished using MSM-AFM. The MSM imaging mode
provides characterizations at the level of individual nanoparticles for detecting changes in
vibrational resonance signatures in response to an AC electromagnetic flux, as well as revealing
differences in vibration amplitude versus size. Results will be presented which demonstrate the
measurement capabilities of MSM-AFM for characterizations of intermetallic nanoparticles of
FeNis.

Cube shaped iron oxide nanoparticles were received from Argonne National Lab and
imaged using atomic force microscopy. In Chapter 4 results from tapping-mode AFM
characterizations of the nanoparticles will be presented along with magnetic mapping using
MSM-AFM.

1.4 Fibrinogen nanopatterns prepared by ozone lithography with organosilanes®

An approach was developed based on particle lithography to prepare spatially selective
surface platforms of organosilanes that are suitable for nanoscale studies of protein binding.
Particle lithography was applied for patterning fibrinogen, a plasma protein that has a major role
in the clotting cascade for blood coagulation and wound healing. Surface nanopatterns of
mercaptosilanes were designed as sites for the attachment of fibrinogen within a protein resistant
matrix of PEG-silane. Preparing site-selective surfaces was problematic in our studies, because
of the self-reactive properties of PEG-organosilanes. Certain organosilanes presenting hydroxyl
head groups will cross-react to form mixed surface multilayers. We developed a strategy with
particle lithography using masks of silica mesospheres to protect small, discrete regions of the
surface from cross reactions. Images acquired with AFM disclose that fibrinogen attached
primarily to the surface areas presenting thiol head groups, which were surrounded by PEG-

silane. The activity for binding anti-fibrinogen was further evaluated using ex situ AFM studies,



confirming that after immobilization the fibrinogen nanopatterns retained capacity for binding
IgG. Studies with AFM provide advantages of achieving nanoscale resolution for detecting
surface changes during steps of biochemical surface reactions, without requiring chemical
modification of proteins or fluorescent labels.
1.5 New approach to synthesize nanoparticles of rare earth oxides

We introduce an approach to synthesize rare earth nanoparticles using high temperature
reactions without aggregation of the nanoparticles. The dispersity of the nanoparticles is
controlled at the nanoscale by using small organosilane molds as reaction containers. Zeptoliter
reaction vessels prepared from organosilane self-assembled monolayers (SAMs) were used for
the surface-directed synthesis of rare earth oxide (REO) nanoparticles. Nanopores of
octadecyltrichlorosilane were prepared on Si(111) using particle lithography with immersion
steps. The nanopores were filled with a precursor solution of erbium and yttrium salts to confine
the crystallization step to occur within individual zeptoliter-sized organosilane reaction vessels.
Areas between the nanopores were separated by a matrix film of octadecyltrichlorosilane. With
heating, the organosilane template was removed by calcination to generate a surface array of
erbium-doped yttria nanoparticles. Nanoparticles synthesized by the surface-directed approach
retain the periodic arrangement of the nanopores formed from mesoparticle masks. While bulk
rare earth oxides can be readily prepared by solid state methods at high temperature (>900 °C),
approaches for preparing REO nanoparticles are limited. Conventional wet chemistry methods
are limited to low temperatures according to the boiling points of the solvents used for synthesis.
To achieve crystallinity of REO nanoparticles requires steps for high temperature processing of

samples, which can cause self-aggregation and dispersity in sample diameters. The facile steps



for particle lithography address the problems of aggregation and the requirement for high
temperature synthesis.
1.6 Synopsis

Particle lithography combined with self-assembly can be used to generate nanostructures
with designed interfaces and sizes. The surface arrays demonstrated in this dissertation include
nanoscale protein arrays, rare earth oxide arrays, magnetic nanoparticle platforms, and patterned
surfaces of self-assembling molecules. For investigations using AFM, controlling the size and
orientation of samples on surfaces provides advantages for nanoscale measurements. In Chapter
8, the main results of this dissertation are presented along with a discussion of future directions

for research experiments.



CHAPTER 2: ATOMIC FORCE MICROSCOPY

2.1 Background and history of scanning probe microscopy

Scanning probe microscopy (SPM) is a technique used to obtain 3-D images of surface
morphology and surface properties with high resolution. For modes of SPM, a sharp probe is
scanned across a surface while interactions between the probe and the sample are measured and
recorded as digital images. Surface properties that can be measured with SPM include
magnetism, friction, elastic compliance, conductance, morphology, and spectroscopic
properties.’®** The first SPM methods developed were scanning tunneling microscopy
(STM)*and atomic force microscopy (AFM).™

The visualization of individual atoms and atomic vacancies within an atomic lattice was
achieved with the invention of the STM by Binnig and Rohrer at IBM." *® Prior to 1981, the
atomic structure of materials was only discernable through X-ray diffraction (XRD). Binnig and
Rohrer won the Nobel Prize in physics in 1986 for this achievement. Today, STM is routinely
used to image surfaces with atomic resolution.*”™ The principle of STM is based on monitoring
tunneling current between the sample and a sharp wire made of a conductive material, usually
tungsten or a platinum alloy.” The tip is scanned at a discrete distance of 1-2 nm from the
surface in “non-contact” mode. When a voltage is applied to the sample, electrons tunnel through
the potential energy barrier and causes current to flow between the tip and sample during
scanning. A map of sample topography can be generated by holding the current constant and
tracking the tip as it moves vertically to compensate for changes in tunneling current due to local
surface topography. The STM probe must be scanned extremely close to the sample surface
because the probability of electron tunneling between the tip and sample exponentially decays as

the tip-sample distance increases. While the distance-dependence provides high resolution with



STM, it has the limitation that measurements require atomically flat and conductive samples.
The invention of AFM overcomes the limitation of requiring conductive surfaces.

The atomic force microscope was invented in 1986 by Binnig, Quate, and Gerber.*® With
AFM, diverse samples could be imaged with high resolution in ambient environments. Atomic
resolution of a graphite surface was demonstrated using AFM in ambient air in 1987.* The
operating principle of AFM is based on tracking the movement of a sharp tip as it is scanned in a
raster pattern across a surface. The displacement of the probe is based on tip-surface interactions
during a scan. The first AFM instrument was operated using a probe constructed of a small
diamond glued to gold foil. As the diamond tip was raster scanned across the surface, the
movement was monitored by measuring the tunneling current between the gold foil and another
wire (in @ manner similar to STM). In more recent instrument designs, an optical lever setup is
used to monitor tip movement during a scan rather than tunneling current.” 2 Sub-angstrom
resolution can be achieved with the optical deflection configuration when working with
insulating samples and probes. The first commercial AFM instrument was released in 1988 by
Park Scientific Instruments. The most commonly used tips for AFM are made from
microfabricated silicon or silicon nitride.**

Characterizations with AFM have been applied for samples such as self-assembled
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monolayers (SAMSs),” % polymers,?” % nanoparticles,” * proteins,* *2 DNA,** ** and cells.
The resolution achieved with AFM is 0.1 nm for the x and y directions (depending on tip radius),
and 0.01 nm in the z direction.®” Unlike scanning electron microscopy (SEM) and transmission
electron (TEM) which provide 2D maps of surface morphology, images acquired using AFM
contain 3D topographical information about samples. For electron microscopy, samples must be

coated with a conductive metal for imaging in vacuum environments, which limits the types of



samples that can be imaged. With AFM, any sample surface which is relatively flat can be
imaged in ambient air, liquid environments or in vacuum, requiring little sample preparation. The
AFM can be used for in situ investigations of the self-assembly of molecules in liquid
environments.*** The ability to probe and manipulate biological samples in a native liquid
environment such as aqueous buffers with molecular resolution is useful for biochemical
studies.®

2.2 Imaging principle of atomic force microscopy

For AFM measurements, a sample is characterized by scanning a sharp tip attached to a
cantilever across the sample surface as shown in Figure 2.1. Interactions between the probe and
the sample will cause the tip to deflect and twist, these forces change the deflection of the laser
signal and can be monitored using a position sensitive detector. Images are generated by plotting
voltage changes of cantilever deflection versus the position of the tip.

The tips for AFM characterizations have specific shapes, spring constants, and
composition depending on the selected measurement mode. Tips are chosen based on the type of
sample to be probed and the tip-sample interaction under investigation. The tips most commonly
used for AFM imaging are made of Si or SizN4. Digital AFM images are a convolution of the
geometry of both the sample and tip. The dimensions of the tip will generally define the lateral
resolution of the AFM image.** *® The effects of tip-sample convolution can be minimized by
using a sharp AFM probe or by using deconvolution algorithms.*® " Commercially available tips
have diameters of 5-40 nm and are manufactured using microfabrication technologies. Etching
processes can be used to make Si and SizNy4 tips with 5 nm diameter. For high resolution imaging

of individual proteins, carbon nanotubes have been attached to the apex of the tip.*® Typical



diameters of carbon nanotube tips are 2 nm, however are limited to investigations in tapping-

mode.*®

Figure 2.1 Operation of the atomic force microscope shown with optical lever setup.

The movement of an AFM tip across the sample in the X, y, and z directions is controlled
through a piezoceramic transducer. When the tip is mounted on the piezotube, the setup is known
as a scan-by-tip configuration. An alternative configuration scans the sample against a stationary
probe, referred to as the scan-by-sample system. The tip-mounted scanner was used for studies
included in this dissertation. Piezoelectric materials used to fabricate AFM piezoscanners include

barium titanate and lead zirconate titanate which expand and contract when a potential is applied.



Several piezo designs have been constructed for AFM scanners, however the most commonly
used design for commercial AFM instruments is the tube scanner.* Surrounding the outside of
the tube, four or more electrodes translate the tip in the x and y directions. The movement in the
z direction is controlled by a single inner electrode.®® The inherent nonlinearities and hysteresis
of piezotube scanners under applied potentials can cause artifacts in AFM images. By applying a
sawtooth voltage to the x piezo element and a voltage ramp to the y piezo, the tip traces a raster
scanning pattern over the sample surface to produce an image. In the z direction, a feedback loop
is used to control the voltage applied to the z electrode. As the tip is scanned across the surface, a
voltage is applied to the z electrode to maintain constant force between the tip and sample. The
setpoint used for feedback can be modified to include cantilever deflection for static modes, or
amplitude and frequency for oscillating AFM modes. Topography images are generated by using
a calibrated sensitivity value to convert piezo voltage to real height data.

The changes in deflection or torsional movement of the AFM tip are monitored using an
optical deflection set up, shown in Figure 2.1.2° Other methods such as STM," interferometry,>
and crystal oscillators®® can be used to track the tip position which are less common. Before
AFM imaging, a red diode laser (670 nm typically) is positioned onto the back of a reflective
cantilever. A coating of aluminum or gold on the backside of the cantilever is used to reflect the
laser onto the center of a four quadrant photodiode detector. Small changes in cantilever
deflection due to surface topography will lead to vertical displacements of the laser spot on the
position sensitive photodiode. Also, torsional twisting of the AFM tip due to friction will
influence the lateral motion of the laser spot on the detector. The photodetectors within the four
quadrants are used to sensitively track the movement of the AFM tip. The data is compiled to

generate 3D images that represent the tip-sample interactions as a function of the tip position.
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Tip-surface interactions mapped with AFM include topography,® ** friction,>* elasticity,>

>7 %8 piezoresponsiveness,”® and electrostatics.”® There are over 50

conductivity,”® magnetism,
different modes of AFM that probe tip-sample interactions. Several common modes of SPM are
listed in Table 2.1. The SPM modes used in this dissertation are denoted by an asterisk.

Table 2.1 SPM imaging and measurement modes.

Imaging mode | Feedback Information obtained Probe type Refs.

Contact mode* | cantilever topography and lateral force | Si or SigNy4 B
deflection

AAC tapping- | cantilever topography and phase Si or SizNy ot

mode* amplitude

MAC tapping- | cantilever topography and phase Magnetically 6

mode* amplitude coated cantilever

Magnetic sample | cantilever topography, amplitude and | Si or SigNy4 63

modulation deflection phase (of magnetic

AFM* nanoparticles)

Magnetic force | interleave mode | Topography and magnetic | Magnetically >

microscopy dipole information coated probe

Kelvin probe | interleave mode | surface work function Conductive probe | ®

microscopy

Conductive cantilever surface conductivity Conductive probe | *°

probe AFM deflection

2.3 Force spectroscopy measurements with AFM
Force spectroscopy measurements enable a quantitative measurement of the interactions

between the tip and the sample. A force-distance curve can be used to measure the strength of
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tip-sample interactions.®> ® It is also possible to measure local properties of materials using force

67, 68 69, 70

spectroscopy such as adhesion, elasticity, and bond rupture values.”* A force-distance
curve is acquired by applying a triangular waveform voltage to the z piezoelement within the
tube scanner to enalbe an approach-retreat cycle. In this cycle, the tip is forced to approach and
come into contact with the sample before being retracted. The deflection voltage is monitored
during the cycle to obtain the deflection versus distance curve. Deflection voltage can later be
converted to force using the deflection sensitivity (from the slope of the deflection-distance
curve) and Hooke’s Law (EQ. 1).

F = —kx Equation 1

The force exerted by the tip can be modeled using Hooke’s law (eq. 1) where F is equal
to the force applied to the tip from the sample, k is the spring constant of the probe’s
cantilever where x is the cantilever deflection. According to the Hooke’s model, the force of the
AFM tip will change proportionally with tip displacement.

An example of a force-distance curve is shown in Figure 2.2. During the approach and
retract cycle, the tip will sense both attractive and repulsive forces. In region I, no deflection of
the AFM cantilever is observed because the tip is far away from the sample. Upon approaching
the sample, the tip will snap into contact with the surface due to attractive Van der Waals and
electrostatic interactions between the sample and tip, which leads to the small dip found in region
I1. In region Il of the force-distance curve, the tip is in contact with the sample and slowly
begins to feel a repulsive force from the sample as it presses more into contact with the surface.
Short range repulsive forces between the tip and sample will cause the cantilever to bend as

shown in region IV at a maximum deflection value as set by the user. There is usually a

hysteresis observed for regions Il and 1V, because tips are not perfectly symmetric. Once the
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maximum deflection value is reached, the tip begins the retraction cycle. In region V, the tip
adhesive forces maintain tip-sample contact which leads to a minimum deflection single. This
long range attractive force is usually caused by a contamination layer and capillary interactions
between the tip and sample. Imaging in liquid will minimize this region of the force-distance
curve. Once the distance between the tip and the sample becomes large enough to overcome the

attractive forces, the tip will snap out of contact with the surface and return to zero deflection

(region V1),
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Figure 2.2 Force distance curve showing tip-sample interactions during an approach (blue) and
retract (red) cycle.

2.4 Contact mode atomic force microscopy

The first AFM images published in 1986 by Binnig et al. were acquired using contact
mode.'®> Contact mode AFM is the easiest mode of operation and has routinely been used to
resolve atomic lattices. During scanning, the AFM tip remains in continuous contact with the

surface. The feedback loop for contact mode operation maintains a constant force between the tip
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and the sample. As changes in force cause a change in the deflection of the cantilever, this is
sensed by the PSD. A voltage adjustment is applied to the z piezo electrode to compensate for
the change in force by vertically adjusting the position of the AFM probe. Topography images

are generated from plotting the z piezo voltage adjustments.

(b)

wu ¢

Figure 2.3 Contact mode images of 111-tris(mercaptomethyl)heptadecane on Au(111) acquired
in ethanol. (a) Topography, (b) deflection or error signal, and (c) lateral force image.

Three types of images can be acquired simultaneously with contact mode AFM:
topography, deflection, and lateral force as shown in Figure 2.2. The images reveal details of a
gold surface coated with 1,1,1-tris(mercaptomethyl)heptadecane and were acquired in ethanol
using contact mode. When imaging in liquid the force between the tip and sample are greatly
reduced to minimize sample perturbation.”® The local topography of the gold surface is shown in
Figure 2.2a, where protruding surface features are represented by a lighter color. Overlapping
step edges and terraces which are characteristic of the underlying gold surface are clearly visible
in the 1.5x1.5 um? topography image. The AFM deflection image (Figure 2.2b) represents the
error signal associated with the AFM feedback loop. When scanning parameters are optimized,
very little signal should be apparent in the deflection image. Since the feedback loop cannot

instantaneously compensate for changes in tip-sample forces some contrast will be observed,
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however deflection images are rarely reported. As the tip is scanned across the surface, frictional
forces influence the lateral tip movement depending on the chemistry of the surface. Frictional
forces cause a torsional twisting of the cantilever and produce lateral motion of the deflection
signal on the PSD. Lateral force images (Figure 2.2c) are used to distinguish differences of
chemical functionalities at the interface. Quantitative measurements of nanoscale friction can be
extracted from lateral force images.>* "
2.5 Intermittent contact or tapping-mode atomic force microscopy

Occasionally the shear forces exerted between the tip and the sample can damage the
probe or sample when operating in contact mode. Clearly resolved images are difficult to acquire
when there is stick-slip adhesion for soft or sticky samples. Oscillating modes of AFM such as
tapping-mode were invented to eliminate shear forces for problematic samples. For tapping-
mode, also known as intermittent contact or acoustic atomic force microscopy (AC AFM), the tip
is driven to oscillate at or near its natural resonance frequency. This dynamic mode of AFM is
particularly useful when imaging soft, delicate samples such as proteins on a solid substrate. An
example of the differences between contact mode and tapping-mode AFM is shown for
topography images of fibrinogen on mica in Figure 2.3. The contact mode image exhibits
horizontal lines which are artifacts caused by stick-slip adhesion and displacement of the protein
(Figure 2.3a). Individual proteins can easily be resolved in the tapping-mode image (Figure 2.3b)
due to the elimination of shear force.

Two distinct mechanisms have been developed to drive the actuation of the AFM tip for
tapping-mode. For acoustically driven vibration (AAC AFM) the tip is attached to a small

piezoceramic actuator to cause mechanical vibration of the AFM tip. This setup can be

problematic when imaging in liquids. Vibration of both the liquid and the liquid cell assembly
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make it difficult to locate and select a resonance frequency for imaging.” Selective vibration of
the tip can be achieved by applying an AC magnetic field to a magnetic lever (MAC AFM). If
the cantilever is coated with a magnetic material, the tip will be driven to vibrate to minimize
problems for imaging in liquids.®* % The feedback loop for AC AFM is operated by maintaining

constant amplitude of the probe oscillation.

(a) (b)

wu T
wu T

Figure 2.4 Improvements in resolution for imaging fibrinogen on mica(0001) imaged in ambient
air using contact versus intermittent contact mode of AFM. (a) Contact mode topography frame;
(b) tapping-mode image.

Three information channels can be simultaneously acquired using tapping-mode AFM,
topography, amplitude and phase, as shown in Figure 2.5. Ring nanostructures of polyethylene
glycol (PEG) silane rings were prepared using particle lithography.” Details of the sample
morphology are revealed in the topography frame (750x750 nm?) of Figure 2.5a, which are
indistinguishable from contact mode images. The amplitude channel (Figure 2.5b) is derived
from the changes in the amplitude of oscillation of the probe. Amplitude is used for instrument
feedback in AC AFM, therefore the amplitude frames are not publishable. Changes in the phase

of tip oscillation with respect to the driving signal are plotted as a phase image (Figure 2.5c). The
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change in the phase of oscillation arises from changes in the energy dissipation between the

76,77

sample and the probe.

Figure 2.5 Tapping-mode images of PEG-silane nanorings on silicon prepared with particle
lithography. Images were acquired in air. (a) Topography shown with simultaneously acquired
(b) amplitude and (c) phase.

During tapping-mode operation, changes in the local adhesion, viscoelasticity, and slope
(contact area between the tip and sample) of the sample will cause changes in phase of the tip
oscillation.” Phase images are useful for discriminating the domains of phase separated
polymeric samples where the domains may be similar in height and not resolved in topography
images. The viscoelastic properties of the separated domains can be detected in AFM phase
images.’*®
2.6 Structure and chemistry of organothiol and organosilane self-assembled monolayers

Self assembled monolayers were used to direct the deposition of proteins, nanoparticles,
and inorganic salts on surfaces to prepare well-defined nanostructures for SPM studies. The
methods for selectively positioning nanomaterials on surfaces are based on designed chemical
interactions. The term self assembled monolayers (SAMs) refers to molecules which

spontaneously form ordered molecular assemblies at a surface.®? ® The spontaneous assembly is

driven by the affinity of a reactive headgroup for the surface while interactions between
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neighboring molecules drive the organization of the assembly in the lateral directions.
Advantages of SAMs include ease of preparation and the ability to design surface chemistry at
the interface. An endgroup present on the self-assembling molecules can be used to tailor surface
properties. The interfacial chemistry of SAMs has been used for applications in protective

84, 85

coatings for molecular device fabrication and biosensing chips.®® Organothiols form well-

ordered assemblies on coinage metal surfaces due to the affinity of the sulfur headgroup to the
surface.®” %
Organothiol SAMs can be prepared by immersing a clean gold substrate into a dilute
solution of the thiol molecule in ethanol (~10 M) or 2-butanol. Over a few hours, alkanethiol
molecules will physisorb to the surface in a lying down orientation. As the density of molecules
increases on the surface, van der Waals interactions between adjacent hydrocarbon backbones
cause the molecules to adopt a standing orientation. Reorganization of the molecules occurs until
a densely packed film is formed.?® Alkanethiol SAMs are crystalline films that adopt a
commensurate (V3x\3)R30° lattice on Au(111) with backbones tilted approximately 30° from
surface normal (Figure 2.6a).%* 8% Mixed monolayers of n-alkanethiols on gold have been used
to selectively attach proteins,*! calcite crystals,® metals,®* and cells.** Organothiols have the
advantage of assembling on a conductive gold substrate which is beneficial for molecular
electronic applications; however, films prepared from n-alkanethiols are not chemically stable
with exposure to heat, light or oxidation.

Organosilane SAMs self-organize on hydrophilic surfaces that present free hydroxyl

groups. Examples of substrates used to prepare organosilane SAMs include silicon oxide,®* %
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quartz, and aluminum oxide.”” ® The structure of an organosilane SAM is presented in

Figure 2.6b. While n-alkanethiol SAMs are known to be densely packed and well-ordered, n-
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alkylsilane SAMs are more disordered. The surface density of organosilane SAMs depends
sensitively on preparation parameters such as immersion time, temperature, humidity, and
solvent choice.***™ Organosilane SAMs are thermally stable and chemically robust due to the
covalent nature of the siloxane network which links the molecules to the substrate and to
neighboring molecules. Covalent bonds that makeup the siloxane networks are formed through
condensation reactions between neighboring silanol molecules (Si-OH) and free hydroxyl groups
present on the substrate. Due to the high reactivity of the silanol group, silanes are functionalized
with trichloro or trialkoxy headgroups. Before condensation occurs, a hydrolysis step converts
the parent molecule to a trisilanol. Trace amounts of water are necessary to initiate the hydrolysis
of silanes to silanols.'® Too much water will cause polymerization of the silanes, and may
generate multiple layers to form on the substrate. During preparation of organosilane SAMs,
control of reaction conditions is critical for film quality. Because of the properties of
organosilanes, surface architectures can be prepared by controlling the presence of water on the
support surface.”” Organosilane SAMs can be prepared through the vapor phase or the solution
phase. In solution, the substrate is immersed in a 0.1% solution of silane in a dry solvent such as
bicyclohexyl or toluene for a few hours. To deposit molecules from a vapor phase, heat can be

applied to a substrate placed within a sealed jar containing neat silane solution.

Silicon with native oxide layer

Figure 2.6 Two types of self-assembled monolayers. (a) Alkanethiol SAM of Au(111). (b)
Organosilane SAM of the native oxide layer of silicon.
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2.7 Particle lithography
Methods to fabricate chemically patterned surfaces of SAMs with sub-micron resolution

103,104 microcontact printing,’® scanning probe lithography

include electron beam lithography,
(SPL),'%*% and particle lithography.'®™* Approaches with particle lithography provide high-
throughput capabilities to generate nanoscale features.'> The first illustration of particle
lithography demonstrated the fabrication of an array of plasmonic silver triangles, reported by

Deckman and Dunsmuir in 1982.1*> 3 particle lithography has been used to pattern
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nanomaterials such as nanoparticles,"** proteins,*** organosilanes,*'® and metals.

o)

-t r
. 600 nm |

Figure 2.7 Mesosphere template of 300 nm latex used for particle lithography. (a) Long range
order over tens of microns shown in the 80 x 80 pm® SEM micrograph; (b) hexagonal
arrangement of the mesospheres is apparent in the AFM topograph.

By naturally drying a suspension of polystyrene latex or silica mesospheres on a flat
surface, convective and capillary interactions drive the spheres to form a crystalline array. The
surface coating of mesospheres provides a surface mask or template for nanoscale lithography.
Tapping-mode images of a film of 300 nm polystyrene latex formed on mica are shown in Figure

2.7. The film of mesospheres exhibit long range order for domains as wide as 30 um, as seen in

20



the SEM of Figure 2.7a.While individual spheres are difficult to resolve at this magnification, the
white lines present in the image show the domain boundaries of the packed spheres. The close-
packed arrangement of monodisperse silica or latex mesoparticles is demonstrated in the AFM
topography frame in Figure 2.7b. The terminal groups of patterned SAMs prepared by particle
lithography provide spatial selectivity to direct the adsorption of other nanomaterials to build

surface architectures.™™
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CHAPTER 3: DYNAMIC MAGNETIC CHARACTERIZATIONS AT THE
NANOSCALE: A NEW MODE FOR AFM IMAGING WITH MAGNETIC SAMPLE
MODULATION (MSM-AFM)®*

3.1 Introduction

Magnetic sample modulation (MSM) combined with contact mode atomic force
microscopy (AFM) provides a sensitive way to detect the vibration of magnetic nanomaterials at
the level of individual nanoparticles or ferroproteins. Rather than using a magnetically coated
AFM probe as a sensor, the strategy is to use a non-magnetic probe for contact mode imaging to
characterize the vibration of nanomaterials responding to the flux of an AC electromagnetic
field. The hybrid mode of imaging under electromagnetic flux is referred to as magnetic sample
modulation AFM (MSM-AFM). An alternating electromagnetic field drives the actuation of
magnetic and superparamagnetic nanomaterials that are attached to surfaces, and the AFM tip is
used to detect the vibration of the samples. For MSM-AFM, an oscillating magnetic field is
produced by applying an AC current to a wire coil solenoid placed under the sample stage. The
AFM is configured for contact mode imaging, and the probe is scanned slowly across the
vibrating samples. Selected parameters of frequency and magnetic field strength can be tuned to
study dynamic changes in the vibrational response of samples.

The MSM-AFM imaging mode has been used successfully to detect the vibration of
nanomaterials with dimensions less than 1.0 nm*** and has been applied for measurements with
ferritin, an iron-containing protein.®® Dynamic measurements can be accomplished by changing
the modulation frequency and the strength of the applied electromagnetic field. With MSM-
AFM, responses of both the amplitude and phase signal along with spatial maps of the
* Chapter 3 previously appeared as Englade-Franklin, L. E.; Serem, W. K.; Daniels, S. L;
Garno, J. C. Dynamic magnetic characterizations at the nanoscale: A new mode for AFM

imagaing with magnetic sample modulation (MSM-AFM), 2014. It is reprinted by permission of
Nova Science Publishers (see page 122).
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topography channel can be collected simultaneously. The hybrid approach of combining MSM
with contact mode AFM provides nanoscale characterizations for detecting the changes in
vibrational resonance signatures, differences in vibrational amplitude versus size, and coupling
effects of the magnetic response due to the proximity of adjacent magnetic nanomaterials.
Scanning probe microscopy (SPM) encompasses surface measurements to visualize and
study the surface properties of nanomaterials with molecular resolution.™ *** Modes of SPM
have been developed to measure material properties at the nanoscale, including magnetic forces.

To measure magnetic forces, SPM modes include magnetic force microscopy (MFM),>" 123127

magnetic resonance force microscopy (MRFM),'#%1%

and magnetic sample modulation
(MSM).2** 3% A comparison of several SPM imaging modes that use magnetic probes is
presented in Table 3.1, including MAC-mode AFM.>" %2 125132, 134137 A\Jthogh MAC-mode is
not actually used to measure magnetic forces, the electromagnetic actuation of a probes with
magnetic coatings is used to achieve tapping-mode characterizations.'*®

Magnetic force microscopy and MRFM are operated in non-contact mode and sense
small magnetic forces between the tip and sample probed at relatively large distances (20-200
nm). 8 139 149 N\agnetic resonance force microscopy produces images using magnetic resonance
at the nanoscale.

The resonance signatures and electronic spins of magnetic nuclei in samples are captured
using MRFM. Magnetic force microscopy (MFM) is used to map domains and polarities of
magnetic samples. Although MAC-mode is listed in Table 3.1, this mode is not actually used for
measuring magnetic forces.

A magnetic coating is required for the top-side of MAC-mode probes to drive the

actuation of the probe for tapping-mode AFM studies. The tip is actuated by an AC
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electromagnetic field which is generated from a wire coil solenoid located in the sample stage or
scanner nose cone. With MAC-mode, the tip is driven to gently tap the sample as a means to

improve the resolution of AFM for studies of soft and sticky samples such as biological

materials.
Table 3.1 Scanning probe imaging modes used for magnetic measurements
SPM Mode Operation | Type of | Information Types of Resolutio | Ref.
Probe Obtained samples n
Magnetic Force | lift-mode | magnetic | magnetic magnetic ~25nm | 5-10
Microscopy, noncontac | tip mapping; samples
MFM t information
(1987) force- about dipole
deflection orientation
feedback
Magnetic non- magnetic | magnetic samples that | <10nm | 11-15
Resonance contact tip resonance contain
Force force- images; atoms with
Microscopy, deflection including magnetic
MRFM feedback resonance nuclei
(1992) signatures and
electronic
spins
Magnetically tapping- magnetic | high nonmagnetic | <1nm 17-20
Actuated mode tip resolution samples;
Cantilever, amplitude tapping-mode | suitable for
MAC-mode feedback images of tapping-
(1996) samples mode in
liquids
Magnetic contact nonmagn | magnetic magnetic, <1lnm 2,16
Sample mode etic tip, mapping; paramagnetic
Modulation force- with a studies of ,
AFM (2009) deflection | soft magnetic superparama
feedback | cantilever | response with | gnetic
changes in nanomaterial
magnetic field | s
strength and
frequency
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The strategy of the conventional SPM imaging mode for magnetic detection known as

magnetic force microscopy (MFM) °7 124 141-144

Is quite different from the magnetic sample
modulation mode. For MFM, one must use an AFM tip with an underside coated with a magnetic
material to sense the relatively weak long-range forces of magnetic areas of surfaces operating
over distances of 50-200 nm. The strength of the magnetic field of the sample must be strong
enough to deflect or attract a micrometer-sized cantilever to enable mapping of the magnetic
domains with MFM. However, the MFM approach provides a means to map the strength and
polarity of the magnetic field at certain distances, (e.g. 50, 100, 150 nm) from the surface. When
the tip is attracted towards the surface, dark contrast is generated in images; as the tip is repelled
by the sample, brighter contrast results. Thus, MFM indicates the relative strength and polarity of
magnetic regions.

For operation with magnetic force microscopy (MFM) little modification of the AFM
instrument is required. A magnetically coated tip (underside of the probe) is used to detect long
range magnetic forces of surface domains. An initial topographic scan is used to obtain a line
profile of the sample, and then the probe is lifted from the surface for a second scan to measure
magnetic forces. At a certain distance above the sample, lift mode (also called interleave mode)
is used to retrace the probe along the memorized topography profile to construct an image of
magnetic forces. During the second pass, the magnetic probe will either be attracted towards or
repelled by the sample, according to the polarity of the magnetic field to generate a map of the
forces of magnetic domains. The limitation of MFM detection intrinsically depends on the size
and spring constant of the magnetic lever. The topography resolution is generally poor with
MFM, since the magnetic coatings on the underside of the tips results in probes that are blunt and

bulky. Magnetic coatings increase the diameter of the apex of the AFM probes, and therefore
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decrease the resolution that can be achieved.'* '*® Also, depending on the nature of the sample,
magnetized probes may attract and remove magnetic nanomaterials from the surface.

In a few cases, specially engineered probes have been used to attain greater sensitivity for
MFM studies. A single ferritin molecule was attached to the end of a functionalized AFM probe
to obtain a resolution of 10 nm using MFM by Kim et al.**” Tips fabricated through a method of
facing target sputtering (FTS) have a narrow tip apex on the order of 20 nm, compared to 50 nm
for commercially available MFM probes.**® The FTS fabricated probes were shown to achieve
12 nm lateral resolution for MFM studies.

Magnetic sample modulation has several advantages compared to conventional SPM
magnetic imaging modes. Since the probe is operated in contact mode without a bulky coating on
the underside of the tip, MSM-AFM is more sensitive to surface topography. Rather than
respond to magnetic forces of the sample, for MSM-AFM the tip is used as a force and motion
sensor to detect how the sample responds to an external magnetic field. Magnetic coatings of
MFM tips are prone to wear off or oxidize, and therefore cannot be used for extended times.
Over time, the thin magnetic films of the probes lose strength and need to be remagnetized. Also,
for the purpose of calibration, it is difficult to actually measure the strength of the magnetic field
for such ultrasmall probes which are a few microns in length.

3.2 Operating principle for magnetic sample modulation AFM (MSM-AFM)

Changes in vibrational response ranging from ferromagnetism to superparamagnetism
can be detected with MSM-AFM. Operating in direct contact mode, a nonmagnetic probe is used
to map the locations and motion of nanomaterials that are driven to vibrate on surfaces. A
solenoid underneath the sample stage generates an oscillating electromagnetic field that causes

magnetic nanomaterials to vibrate. With MSM-AFM the size and location of magnetic domains
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can be detected, as well as acquiring information of the magnetic response and mechanical

resonances of sample vibration.

nanaparticles are
driven to vibraie

[

Figure 3.1 Concept for magnetic sample modulation (MSM-AFM). A non-magnetic AFM tip
responds to the physical vibration of nanoparticles on a surface as a mechanism for sensing
magnetic domains. The flux of the magnetic field generated by a solenoid underneath the sample
induces nanoparticles to vibrate. Reprinted with permission from reference 57.

The sensitivity of lock-in detection enables magnetic domains as small as 1 nm to be
detected with MSM-AFM. Dynamic studies of single nanoparticles can be accomplished by
parking the probe on nanostructures and sweeping the field strength and frequency parameters.

For the MSM-AFM imaging mode, non-magnetic levers and probes are required for

direct contact mode scanning under the condition of magnetic actuation of the sample.
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Essentially, MSM-AFM enables the visualization of how nanomaterials respond to the flux of an
applied AC electromagnetic field. When samples are exposed to an alternating field, certain
magnetic nanomaterials are induced to vibrate. By slowly scanning an AFM probe across a
vibrating sample, the frequency and amplitude of the motion of the sample is tracked by changes
in deflection of the tip. The concept for MSM-AFM imaging is shown in Figure 3.1. The AFM
probe is much larger than the nanomaterials, thus it is important to use a soft cantilever with a
relatively small force constant (e.g. 0.005-0.01 N/m). The amplitude and phase components of
the tip motion are tracked during the scan by a lock-in amplifier to generate spatial maps of the
magnetic domains. Magnetic areas can be mapped with exquisite resolution because of the high
sensitivity of lock-in detection.

The instrument set-up for MSM-AFM is a hybrid of contact mode AFM combined with
selective actuation of magnetic samples. A typical approach for imaging first involves acquiring
conventional contact mode topography images. Next, the same area of the surface is scanned
again, however with an oscillating electromagnetic field applied by the solenoid within the
sample stage. The polarity, oscillation and flux of the magnetic field is generated and controlled
by selection of parameters for the AC current applied to a wire coil solenoid, which is placed
under the sample stage. When an electromagnetic field is applied to samples, only the magnetic
domains vibrate, providing selective contrast for areas that are in motion. The differences for
images with and without an applied magnetic field are used to map the response of magnetic
samples. Changes in the phase and amplitude of vibrating nanomaterials are mapped, relative to
the driving AC signal. Since a lock-in amplifier is used to acquire the amplitude and phase
components of the deflection signals, exquisite sensitivity is achieved for slight changes in tip

movement. Using MSM-AFM, responses of both the amplitude and phase signal acquired
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simultaneously with the topographic channel, as well as spectra of the vibrational response can
be mapped with angstrom resolution.

Oscillating magnetic fields can be applied to samples using a “MAC-mode” sample plate
accessory (Figure 3.2). For operating the MAC-mode sample stage, an AC current is applied to a
coil of wire, which produces an oscillating magnetic field. When a wire is formed into a loop or
several loops to form a coil, a magnetic field develops that flows through the center of the loop
or coil along its longitudinal axis and circles back around the outside of the loop or coil, as
shown in Figure 3.2b. The magnetic field lines circling each loop of wire combines with the
fields from the other loops to produce a concentrated field down the center of the coil. The AC
current generates a magnetic field which alternates in polarity and strength which can increase or

decrease in strength according to the frequency and amplitude parameters of the driving current.

Figure 3.2 An alternating electromagnetic field is applied to samples for MSM-AFM studies. (a)
Photograph of the underside of a MAC-mode sample plate incorporating a wire coil solenoid
used to generate an electromagnetic field (Agilent, Inc.). (b) Electromagnetic field lines
generated by a solenoid.
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The strength of the magnetic field of the solenoid increases proportionately as the current
is increased. In comparison to conventional macroscopic magnetic measurement approaches, the
field strength for MSM-AFM is on the order of 0.05 to 0.6 Tesla. In the MAC-mode stage,
samples are placed close to one end of the solenoid to experience the strongest flux of the AC
electromagnetic field.

For the instrument set-up of MSM, positional feedback for the scanner is unchanged and
force-deflection settings typical for scanning in contact mode are used for topographic data
acquisition. The positional feedback loop for MSM-AFM is the same as that used for force
modulation and contact mode AFM; however the vibration of the sample is detected using
channels of a lock-in amplifier. To obtain digital channels for the amplitude and phase
components of the tip motion, an auxiliary output channel from the quadrant photodiode of the
AFM scanner is directed to input channels of a lock-in amplifier, using the driving AC waveform
as a reference. When an AC current is applied to the solenoid, the frequency of the AC field
causes a switching of the north and south poles of the magnetic field produced by the solenoid to
create a flux. Magnetic nanomaterials on the surface are driven to align with the flux of the
switching magnetic field to induce vibration. Thus, the periodic motion of the sample vibration
can be tracked by changes in the deflection of the tip. The changes in phase angle and amplitude
as the tip interacts with the vibrating sample are plotted as a function of tip position to create
MSM-phase and MSM-amplitude images. Topography images can be influenced by sample
motion, detected by a broadening of the surface features, and changes in lateral force frames may
also be apparent.

The imaging frequency and strength of the AC field should be chosen to generate tip-

sample resonance. The parameters are evaluated for each individual experiment by sweeping a
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range of frequencies and plotting the amplitude response. Control sweeps are done while the
probe is disengaged from the surface to ensure that the tip does not respond to the AC field.
When the AFM tip is not in contact with the vibrating sample, no peaks should be observed in
the spectra. When the tip is placed in contact with a vibrating area of the sample, the spectra will
reveal several prominent resonance peaks which can be used for imaging. Typically, frequencies
with higher amplitude are chosen for characterizations. Different locations of the sample will
produce changes in the characteristic resonance profiles, depending on the sizes and shapes of
the nanomaterials.

Example images and spectra from an MSM-AFM experiment are shown in Figure 3.3 for
a sample of FeNiz nanoparticles prepared on mica. Using the same AFM probe, conventional
contact mode AFM images are shown in the top row of Figure 3.3, and the same area was
imaged with an electromagnetic field applied when acquiring images shown in the second row.
Bright spots pinpoint the locations of individual nanoparticles in the topography frame of Figure
3.3a; the nanoparticles are well dispersed throughout the 5x5 pm? area. When a magnetic field
was not present (Figures 3.3a-c), there is no contrast apparent in the amplitude and phase
channels. However, when the field was turned on (Figures 3.3d-f) the phase and amplitude
images disclose the positions of vibrating nanoparticles with exquisite sensitivity. In fact, very
small nanoparticles which cannot be resolved at this magnification in topography frames
(Figures 3.3a and 3.3d) are easily distinguished in MSM-amplitude and MSM-phase images.

Beyond capabilities for mapping magnetic domains, MSM-AFM protocols have been
developed to obtain dynamic information about the vibrational resonances of samples with

changes in frequency and magnetic field strength.*?
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Figure 3.3 Nanoparticles of FeNis prepared on mica substrates imaged with MSM-AFM. (a)
Topograph in the absence of an AC field; simultaneously acquired (b) MSM-amplitude and (c)
MSM-phase images. When an AC field is applied: (d) Topograph (¢) MSM-amplitude and (f)
MSM-phase images. Reprinted with permission from reference 57.

Dynamic experiments are accomplished by acquiring frequency sweeps at specific areas
of the sample with designed parameters. Protocols can be designed to investigate how changes in
the sizes of nanoparticles affect the amplitude of vibrational response, or to detect differences for
nanomaterials with changes in magnetic field strength. Nanomaterials that have been

investigated using MSM-AFM include iron oxide and intermetallic nanoparticles,*2" 4

magnetic
nanostructures patterned on surfaces,** and ferroproteins.**®
3.3 Characterization of magnetic nanoparticles with MSM-AFM
3.3.1 Nanoparticles and size-scaling limits of superparamagnetism
Unique magnetic phenomena are associated with nanoparticles which are different than

150,

properties of bulk materials. 11 Basically, the physics and properties of magnetic

nanostructures cannot necessarily be inferred from scaled down properties of a bulk material. As
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particle sizes become smaller, more of the atoms of a nanoparticle are surface atoms; therefore

surface and interface effects predominate."

Quantum effects which are related to completion of
shells in systems with delocalized electrons are also observed for magnetic nanomaterials,
depending on size.®* Ferromagnetic nanomaterials exhibit an intense magnetic field when an
external magnetic field is applied, but in a bulk sample the material will usually be nonmagnetic
because of the random orientation of spin domains. A small externally imposed magnetic field
can cause the magnetic domains to align to become magnetized. Ferromagnets will remain
magnetized after exposure to an external magnetic field. Size scaling relationships can be used to
tailor magnetic properties of materials from the bulk ferromagnetic level to the
superparamagnetic regime. For scaling effects of nanomagnetic materials, precise knowledge of
the relationships between particle shape and size, surface structure and the resulting magnetic
properties is incomplete. Differences in the magnetic properties for materials with nanoscale
dimensions are not well defined even for simple nanoparticles composed of pure materials such
as Fe, Co, or Ni, whereas the bulk magnetic properties are well understood.

Superparamagnetism is an example of the interesting size-dependent phenomena of
magnetic nanoparticles. Nanoparticles with superparamagnetic behavior are similar to
paramagnetic substances which lose their magnetization when the magnetic field is removed,
however superparamagnetic particles exhibit a much higher magnetic moment.’** >
Superparamagnetic nanoparticles do not retain any magnetism after removal of the magnetic
field, which is a critical requirement for biomedical applications of magnetic resonance imaging
(MRI) contrast agents.'*®

Nanotechnology has made it possible to synthesize and specifically tailor the magnetic

properties of nanoparticles for certain applications.**®***® Magnetic nanoparticles have been used
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160-162

in high-density data storage devices,**® ferrofluids, and magnetic refrigeration systems.*®

Magnetic nanoparticles are critical for biomedical applications such as magnetic resonance

168, 169 164, 170

imaging,'®**®" hyperthermic treatment for malignant cells, magnetic separations, site
specific drug delivery *** and the manipulation of cell membranes.® Nanoparticles have been
conjugated with DNA, peptides and antibodies to generate magnetic nanoparticle bioconjugates
with hybrid functionalities.'®* ¢ 17017 The size affects both physical and pharmacokinetic
properties of nanoparticles.*

The size limit for magnetic nanoparticles is the superparamagnetic limit. When only a
single domain is present in a small ferromagnetic or ferrimagnetic material, all of the magnetic

.1 In the absence of an outside field,

spins are aligned within the nanomateria
superparamagnetic nanoparticles exhibit no magnetism and have paramagnetic behavior due to
fast thermal flipping of the magnetic spins within the single-domain particle. When an outside
magnetic field is applied, the spins of the particle will align with the magnetic field. Magnetic
sample modulation (MSM-AFM) offers the capability of detecting and imaging the response of
ferromagnetic and paramagnetic nanomaterials in an external magnetic field, as well as
superparamagnetic nanomaterials. Examples will be presented for two systems of nanoparticles,
cobalt nanoparticles (2 nm) and intermetallic FeNi3 nanoparticles as small as 0.8 nm.
3.3.2 Magnetic mapping of superparamagnetic cobalt nanoparticles

Combining nanolithography with AFM characterizations is a practical strategy for
analysis of surface properties at the nanoscale. For studies with MSM-AFM, the cooperative
effects of adjacent nanoparticles can influence measurements of magnetic response. Therefore,

test platforms of samples were prepared using approaches of particle lithography to define the

arrangement of nanoparticles. Particle lithography is a nanofabrication approach used to organize
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nanomaterials on surfaces, based on simple steps of mixing, drying and rinsing with templates of
larger mesospheres of latex or silica.™™® *"® *"" An approach coined as “two particle” lithography
has been used to organize nanoparticles on surfaces with minimal steps of sample preparation. ***
For this method of nanopatterning, two types of particles were used, larger spheres such as latex
or silica (diameters ranging from 200 to 500 nm) provided a structural template to guide the
deposition of smaller metal nanoparticles, with sizes smaller than 20 nm.

Cobalt nanoparticles (2.0 £ 0.3 nm diameter) were synthesized using templates of DNA
plasmids to generate monodisperse sizes and shapes as previously reported.'”® Views of ring
arrangements of cobalt nanoparticles are shown Figure 3.4 that were prepared by particle
lithography with 500 nm latex spheres. Individual cobalt nanoparticles are not easily
distinguished within the tightly packed rings at this magnification (4x4 um2) in the topography
frame of Figure 3.4a. However, the areas of mica surrounding the rings reveal a few individual
nanoparticles. An interesting capability of MSM-AFM is the option to turn the magnetic field on
and off during the process of a scan as shown in Figures 3.4a-c. The simultaneously acquired
MSM-amplitude and MSM-phase images (Figures 3.4b and 3.4c, respectively) reveal the
arrangement and shapes of the cobalt nanoparticles when the electromagnetic field is activated at
the midpoint of the scan. In the presence of an alternating magnetic field, the nanoparticles
vibrate which can also affect the resolution of the topography frame (Figure 3.4a). Of course, in
the absence of an applied AC field, no contrast is observed in the upper half of the MSM-
amplitude and MSM-phase channels. The dark bands of the topography frames at the sides of
taller features which run in a horizontal direction are an imaging artifact attributable to
mathematical flattening steps of digital image processing. The bands are not scratches or

indentations of the mica substrate.
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0 6.0nm 0 1.5nm 0 2.0\1'l
Figure 3.4 Rings of cobalt nanoparticles prepared on mica substrates imaged using MSM-AFM.
Effects of switching on the electromagnetic field midway through a scan viewed with (a)
Topography, (b) MSM-amplitude, and (c) MSM-phase channels. Complete scan in the presence

of an AC field: (d) Topograph; (e) MSM-amplitude and (f) MSM-phase frames. Reprinted with
permission from reference 150.

Images of cobalt nanoparticles acquired with the magnetic field turned on throughout the
entire scan are shown in Figures 3.4d-f. During MSM-AFM experiments, the ring arrangements
of cobalt nanoparticles are preserved despite the vibration and motion of nanoparticles. The
superparamagnetic nanoparticles of cobalt were induced vibrate in response to the flux of the
magnetic field according to the frequency and amplitude of the driving AC signal sent to the
solenoid. The resonance frequency and field strength applied to generate MSM-AFM images for

Figure 3.4 were 116 kHz and 0.2 Tesla, respectively. The tip is driven to vibrate when it
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encounters vibrating nanoparticles. Changes in the motion of the tip-surface contact are
compared to the driving signal and are digitally plotted in amplitude and phase channels to
generate surface maps of magnetic response. The amplitude and phase images disclose
differences in tip motion between areas with the cobalt nanoparticles and bare regions of the
surface (Figures 3.4e and 3.4f), which demonstrates the mapping capabilities of the MSM-AFM
imaging mode.
3.3.3 Studies of intermetallic FeNi; nanoparticles using MSM-AFM

Intermetallic nanoparticles of FeNi; were synthesized using microwave chemistry for
studies with MSM-AFM.'# Although single component nanoparticles have been well studied,
the potential of intermetallic systems remain to be investigated.'”® Microwave heating enables
precise and reproducible control of synthetic parameters such as temperature and pressure within
the reaction vessel. Nanoparticles synthesized by microwave irradiation are typically highly
monodisperse with overall small sizes.'®*® For studies with MSM-AFM, nanoparticles of FeNis
were rapidly synthesized in aqueous media using microwave heating.**" ** Samples for AFM
studies were prepared by depositing a drop of a dilute solution of nanoparticles on mica surfaces,
which were then dried. The strength of the magnetic field can be systematically increased during
scans, to view surface changes according to effects of field strength (Figure 3.5). In the dynamic
MSM-AFM experiment, the magnetic field strength was changed to settings of 0.05 T, 0.2 T, and
0.3 T at selected intervals during the scan. As the magnetic field strength was increased, more
nanoparticles can be resolved in the MSM-amplitude and MSM-phase views of Figures 3.5b and
3.5¢, respectively. Interestingly, the smallest of nanoparticles become visible at higher field
strength. Although the nanoparticles probably respond to the lower field strength, a certain

threshold energy is required to influence the motion of the much larger AFM tip. These results
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suggest that smaller nanoparticles require greater field strength to influence the tip motion. Note
that nanoparticles that are invisible in the topography image at this magnification are clearly
detected in MSM-amplitude and MSM-phase frames, showcasing the capabilities of high
sensitivity with MSM-AFM.

Interestingly, at the highest field strength setting of 0.3 T there is a contrast reversal for
some of the larger nanoparticles in the MSM-phase image. The color scale flips so that the
nanoparticles are bright, particularly for the larger aggregates of nanoparticles that are clustered
together on the surface. The MSM-phase image does not scale with magnetic response; rather it
indicates a change in phase angle of the reference and measured signals. This suggests that there
is a shift or broadening of the vibrational resonance with magnetization — the properties of the
samples do not change, rather the resonance of the vibrational response is broader with increased
vibrational motion.

The size scaling effects of magnetic response of the FeNis; nanoparticles was evaluated
quantitatively in Figure 3.5d. A plot of amplitude displacement of the AFM tip versus the
nanoparticle size at varying magnetic field strengths is shown in Figure 3.5d to evaluate the
scaling relationship between the nanoparticle size and the amplitude response that is detected by
the AFM tip. Using the data from a single MSM-amplitude frame, the scaling behavior for 30
nanoparticles was plotted for measurements at 0.2 T and 0.3 T. At the lower field strength
(circles) there is little difference in amplitude for particles ranging from 0.5 to 5 nm in diameter.
However, when the field is ramped up to 0.3 T, the larger nanoparticles experience greater
vibrational amplitude, and the mass magnetization effects for larger nanoparticles becomes
apparent when the diameter is larger than 3 nm (diamonds). The sizes of the nanoparticles were

determined from the topography frames by imaging the samples with the magnetic field turned
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off, so that sample vibration did not influence the measurement. A subsequent scan was taken of

the same area when the magnetic field was turned on for measuring amplitude.
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Figure 3.5 Nanoparticles of FeNis; prepared on mica substrates imaged with MSM-AFM using
different field strengths. (a) Topograph and simultaneously acquired (b) MSM-amplitude and (c)
MSM-phase frames. (d) Plot of the changes in tip displacement amplitude for different sizes of
nanoparticles. Reprinted with permission from reference 57.

3.4 MSM-AFM Studies of iron oxyhydroxide nanostructures prepared by electroless metal
deposition

Since MSM-AFM investigations rely on the vibration and movement of the sample for
magnetic studies, imaging nanoparticles that are loosely bound on a flat surface can be
challenging. At higher field strengths, the nanoparticles may vibrate too much and become

displaced from the surface.
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To address this problem, a possible strategy is to anchor nanomaterials to the endgroups

of self-assembled monolayers (SAMs) to provide a robust chemical linkage to the surface.!®* 1%

Organosilane SAMs were used as linker groups for anchoring metal deposits and yet still enabled
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Figure 3.6 Nanostructures of iron oxide hydroxide prepared on organosilane nanopatterns
imaged using MSM-AFM. Images acquired in the presence of a magnetic field: (a) Topography;
(b) MSM-amplitude and (c) MSM-phase image. (d) Spectra from a frequency sweep when the
tip was placed in contact with a vibrating area of the sample. Reprinted with permission from
reference 135.

a spring-like response for the motion of nanoparticles for MSM-AFM investigations. Iron most
commonly exists as oxide, hydroxide, and oxyhydroxide in forms including iron (II) oxide
(wustite), iron (I1, 111) oxide (magnetite), iron (I11) oxide (maghemite and hematite), and iron

(111) oxide hydroxide (lepidocrocite).’*® For the next example, paramagnetic iron oxide
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hydroxide (lepidocrocite) was patterned onto multifunctional silane SAMs for MSM-AFM
studies (Figure 6).

An array of Fe3O4 deposits prepared on organosilane nanopatterns is demonstrated in
Figure 3.6 for MSM-AFM studies. Regular rows of metal dots are observed throughout areas of
the surface arranged with a periodicity of 208 £ 12 nm. The height of the iron oxide hydroxide
nanostructures measured 10 = 3 nm, and the lateral dimensions of the dots measure 56 + 10 nm.
The topograph shown in Figure 3.6a is representative of multiple areas of the patterned sample.
The sample was prepared with nanopatterns of mercaptopropyltrimethoxysilane (MPTMS)
within a matrix SAM of methyl-terminated octadecyltrichlorosilane (OTS) to spatially direct the
electroless deposition of iron. The nanodots of iron oxyhydroxide deposits attached selectively to
the sulfur-terminated sites of MPTMS, and are surrounded by a resist layer of OTS.

For characterization of the nanodots with MSM-AFM, a frequency of 42 kHz and field
strength of 0.29 T was applied for the results of Figure 3.6. The topography frame of Figure 3.6a
provides information of the sizes, shapes and arrangement of the nanodots within an area of 2x2
pm2 showing 117 nanostructures. The MSM-amplitude and MSM-phase images clearly resolve
the locations of magnetic areas of the sample (Figures 3.6b and 3.6¢). The amplitude response
correlates with the magnitude of the tip deflection in the z-direction, on the order of 1 to 4 nm.

A representative frequency spectra obtained with MSM-AFM is shown in Figure 3.6d. To
acquire such spectra, the tip was parked on a specific location of the vibrating sample to map
changes in tip deflection (amplitude) during a sweep of selected frequencies. Depending on the
size and composition of the areas where the tip is placed, the frequency sweeps provide a way to
detect mechanical tip-sample resonance. Such spectra provide a convenient means to evaluate

the experimental parameters for choosing the optimal driving frequency and field strength for
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MSM-AFM imaging with high sensitivity. The resonance spectrum in Figure 3.6d displays
multiple broad peaks in the presence of an applied AC electromagnetic field (red line) when
placed in contact with the metal nanostructures. When the tip does not have a field applied there
were no prominent peaks (green line). In this example, the maximum resonance was detected at
42 kHz, which is different than the natural resonance of the cantilever (28 kHz). The frequency
chosen for imaging samples with MSM-AFM should be selected at a resonance band to obtain
high sensitivity.
3.5 Superparamagnetic nanostructures of ferritin studies with MSM-AFM

The iron storage protein ferritin is an excellent nanoscale model biomaterial because of
unique properties and exquisitely regular, small dimensions.®” The protein ferritin has dual
functions of iron storage and release for maintaining appropriate levels of iron in blood. Since
first isolated over 70 years ago, the structure of ferritin, the composition of the outer shell, and
the function and properties of ferritin have been well characterized.'®®*% Ferritin is a globular
protein consisting of a nearly spherical shell. The 450 kDa protein cage of ferritin has an inner
diameter of 6-8 nm, which can contain up to 4500 iron atoms.*** The iron atoms encapsulated by
ferritin are temporarily stored as iron (I11) oxy-hydroxide. Each Fe (I1l) atom is surrounded by
six oxygen atoms. Studies of the magnetic properties of the iron core of ferritin have shown that
the electron spin magnetic moment of the individual Fe (Ill) ions within the core are
antiferromagnetically coupled (spin paired), which gives superparamagnetic behavior.'%?

Magnetic modes of scanning probe microscopy have been used to study ferritin. Since the
core contains superparamagnetic iron oxide, ferritin has not been a significant focus for MFM
studies. However, it has been demonstrated that MFM can be applied to study the properties of

superparamagnetic nanoparticles when an external field is applied to the sample. The feasibility
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of MFM for detecting 10 nm superparamagnetic iron oxide nanoparticles within ferritin was
demonstrated by Schreiber, et al. by applying an in-plane external magnetic field to the

sample.'®®

A magnetic field of a few tens of millitesla was found to be sufficient to induce a
stable magnetic dipole in ferritin to enable imaging with MFM at room temperature.

Ferritin, when deposited on a surface, tends to aggregate and form clusters. Self-
aggregation of biomolecules on surfaces can be problematic for nanoscale measurements with
AFM. Surface aggregation prevents the scanning probe from penetrating between protein
clusters, thus the true morphology of the individual molecules maybe difficult to resolve.
Nanolithography provides advantages for AFM measurements, offering approaches to isolate
and segregate individual proteins and nanoparticles. Reproducible test platforms of proteins and
nanoparticles can be prepared using particle lithography, to enable ultrasensitive surface
measurements with SPM, 14 194-1%

The response of the ferritin to an actuated magnetic field was investigated using MSM-
AFM by Daniels, et al.*** Examples of ring nanostructures of ferritin prepared with particle
lithography are demonstrated in Figure 3.7, prepared from 500 nm silica mesospheres.™* ** To
prepare the surface structures, monodisperse beads of colloidal silica were mixed with an
aqueous solution of ferritin (5 mg/mL) and deposited directly on freshly cleaved mica(0001).'%
As the solution dried, the mesospheres assembled into a close-packed crystalline layer with
ferritin molecules surrounding the base of the spheres in the meniscus sites. The template of
silica beads was selectively removed by rinsing with water; however, the proteins persisted and
remain attached to the substrate to form a periodic arrangement of ring structures for a single
protein layer. The diameter of the mesospheres and the ratio of proteins to mesospheres

determine the surface coverage and density of protein nanostructures.*** 1%
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Figure 3.7 Arrangement of ferritin rings prepared on mica substrates using particle lithography.
(a) Topography image acquired with tapping-mode AFM; (b) corresponding height profile; (c)
close up view of a single ring of ferritin. MSM-AFM images indicate the vibration of ferritin in
the presence of an AC magnetic field. (d) Topograph; (e) corresponding MSM-amplitude, and (f)
MSM-phase images. An applied AC electromagnetic field measuring 0.2 T at 96 kHz was used
to acquire MSM-AFM images d-f. Reprinted with permission from reference 64.

Seven rings of ferritin arranged in a hexagonal pattern are shown in the tapping-mode
topography frame of Figure 3.7a. A few isolated proteins are randomly located in areas between
the rings. Rings of protein formed within the 2x2 um2 area are spaced with an average
periodicity measuring 500 £ 36 nm, which matches the diameter of the silica mesospheres used
as a surface template.

A representative line profile across two of the patterns (Figure 3.7b) indicates the height
measures 11 + 2 nm, which closely matches the expected size (10-12 nm) of ferritin reported

previously.®” 2" A single ring nanopattern is viewed in Figure 3.7c, comprised of approximately
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16 individual ferritin molecules. Depending on the iron content encapsulated within the
nanocage of the protein shell, the sizes and shapes of ferritin are not perfectly uniform, as
evidenced in the AFM topography frames. The regular arrangements of protein rings prepared
with particle lithography provide a useful test structure for studies with MSM-AFM.

The iron cores of ferritin provide a natural, well-defined reference sample for magnetic
AFM studies. The location of ferritin molecules can be sensitively detected using MSM-AFM.
When a modulated electromagnetic field is applied to the sample, the proteins are induced to
vibrate according to the corresponding rhythm and periodicity of the electromagnetic field
(Figure 3.7d). The AFM tip operated in contact mode serves as a force and motion sensor to
detect the vibration of the sample. Ferritin is driven to vibrate according to designated
experimental settings in response to the electromagnetic field, and therefore needs to be securely
anchored to the surface to prevent displacement. A requirement for imaging with MSM-AFM is
that the sample be movable without detaching from the surface. The core of ferritin is
encapsulated by a protein cage, which remains securely attached to the surface. Comparing the
topography frames before and after sample modulation (Figure 3.7a compared to Figure 3.7d)
the sample motion leads to a broadening effect. The surface features appear to be wider and taller
when vibrating. The vibration of the samples causes a distortion and elongation of the true
dimensions of ferritin; thus, the field must be turned off for accurate topography
characterizations.

The location of the ferritin rings as well as individual molecules located between the
rings can be readily detected in both MSM-amplitude and MSM-phase frames, which are

acquired concurrently with the topography channel. The changes in phase angle and amplitude of
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the motion of the tip as it interacts with the vibrating sample can be plotted pixel-by-pixel as a
function of tip position to generate MSM-phase and MSM-amplitude images.

The specific motion tracked with MSM-amplitude and MSM-phase images are shown in
Figures 3.7e and 3.7f, respectively.*® Phase and amplitude images can be used to distinguish the
magnetic and nonmagnetic areas of the sample. Phase images with MSM are generated by
mapping changes in the response of the AFM tip compared to the reference sine waveform
applied to drive the sample modulation. Amplitude frames display changes in the magnitude of
the tip oscillation compared to the reference signal. The magnitude of the changes in the
amplitude response corresponds to changes in the tip deflection in the z-direction. The amplitude
response was scaled in nm, to indicate the relative changes in tip displacement as the probe
interacts with vibrating nanostructures.

3.6 Dynamic studies with MSM-AFM

The parameters of frequency and field strength can be systematically changed during
scans with MSM-AFM. For example, as the field strength is gradually increased, the images
disclose further details of the response of smaller nanomaterials (Figure 3.8). Iron oxide
nanoparticles were deposited within surface patterns of an octadecyltrichlorosilane SAM. The
topography frame reveals rows of surface deposits, which are barely resolvable based on
differences in height (Figure 3.8a).

The locations of the clusters of nanoparticles are displayed more clearly in the
simultaneously acquired lateral force frame (Figure 3.8b). Depending on the size of the
nanoparticles, smaller nanomaterials can be detected at higher field strengths, as revealed in the

MSM-amplitude and MSM-phase channels of Figures 3.8c and 3.8d.
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The amplitude images scale proportionately to the strength of the applied electromagnetic
field, increasing intensity is detected for the image contrast as the field is ramped. However, the
MSM-phase images do not scale accordingly; the image sections at the highest field strengths of
0.23 and 0.27 T were weaker in intensity than at 0.12-0.18T. Thus an increase in amplitude does
not necessarily lead to larger shifts in the phase angle of the vibration of the samples measured

by a lock-in detector.
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Figure 3.8 The sensitivity of MSM-AFM increases as the field strength is increased during a
scan. Clusters of iron oxide nanoparticles were arranged in a periodic pattern using OTS surface
templates. White lines were drawn on top of the images to indicate the points at which the field
strength was changed. (a) Topography frame, 2x2 um?; (b) corresponding lateral force channel;
(c) MSM-amplitude and (d) MSM-phase images.

Another capability for MSM-AFM protocols is to park the tip in contact with a vibrating
area of the surface to acquire frequency spectra for individual nanocrystals at different field
strengths, as shown in Figure 3.9. Sufficient force must be applied to the tip to hold the probe in
contact with the vibrating nanoparticle. Typically, the spectra will reveal a prominent resonance
peak and multiple smaller peaks, depending on the complexity of the sample. In the example of
Figure 3.9, a cluster of several iron oxide nanoparticles produced complicated spectra of multiple
resonance peaks. However, as the field strength was ramped, the peak locations broaden but do

not change position. The field-dependent spectra indicate the physical resonances of the
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vibration of both the tip and sample, profiling the magnetic response of individual nanoparticles

or clusters of nanoparticles directly beneath the AFM probe.
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Figure 3.9 Representative frequency spectra acquired with the sample shown in Figure 8. As the
electromagnetic field strength is successively increased, the amplitude of the resonance peaks
increased proportionately and became broader. However, at higher fields the peaks did not shift
position.

3.7 Prospectus for future investigations with MSM-AFM

Magnetic sample modulation can be applied for studies of magnetic nanoparticles, iron-
containing proteins and magnetic nanostructures. In addition to mapping magnetic nanomaterials
with exquisite resolution, MSM-AFM can be used to acquire dynamic information regarding
how the samples respond to an external magnetic field with frequency changes. Future directions
for studies with MSM-AFM studies will be to measure and model how the mechanical vibration
signatures of nanoparticles change with composition, size, and magnetic field parameters, e.qg.
frequency, field strength. Also, it should be possible to study the cooperative effects of coupling

between adjacent nanoparticles within discrete arrangements on surfaces using MSM-AFM.

48



Magnetic bioconjugate nanoparticle labels can be used to study uptake, immune response and
certain types of bioactivity at the level of individual cells, using MSM-AFM. Essentially, labels
of fluorescent materials in bioassays could be exchanged with magnetic tags for more sensitive
imaging and visualization of biological processes, at the resolution limits of scanning probe
microscopy. A key strategy for MSM-AFM experiments was to use particle lithography to
prepare arrays of nanostructures as well-defined test platforms with tunable sizes and spacing.
Millions of nanostructures can be prepared reproducibly on surfaces with relatively few defects
to enable multiple successive measurements with different imaging modes of AFM. Custom test
platforms were prepared using particle lithography to facilitate AFM characterization at the level
of individual nanoparticles or proteins.

When conducting AFM experiments, the dynamic conditions of the applied field
strength, the force applied to the AFM probe and the frequency parameters can be systematically
varied to visualize changes in the magnetic response using MSM-AFM for characterizations at
the level of individual nanoparticles or nanostructures. Changes of certain experimental
parameters such as the driving frequency and the applied magnetic field strength directly
influence the vibrational response of samples when imaging with MSM-AFM.

The results at the level of single nanoparticle measurements suggest intriguing
possibilities for characterizations with MSM-AFM and add a magnetic dimension to scanning
probe methods for identification of magnetic nanomaterials. Although we have not satisfactorily
addressed the question of whether MSM-AFM imaging can be used to discriminate differences
in magnetic response for nanoparticles of different composition, it is clear that changes for
different sized nanoparticles can be quantitatively evaluated. As with most measurements, the

very small sizes of the nanoparticles pose a challenge for surface measurements, however, the

49



results establish a precedent for detecting magnetic response of individual nanoparticles using
MSM-AFM. We anticipate that using AFM tips with softer spring constants will provide a
means to more clearly resolve differences for magnetic nanoparticles of different composition
and size. In future experiments strategies will be developed to analyze mixtures of magnetic and
non-magnetic nanomaterials or mixtures with different types of magnetic character, e.g.
superparamagnetic versus ferromagnetic. Further quantitative protocols will be developed for
obtaining frequency sweeps with individual nanoparticles of different sizes under selected

conditions of AC field strength and load force.
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CHAPTER 4: INVESTIGATION OF MAGNETIC NANOPARTICLES USING
MSM-AFM

4.1 Introduction

The magnetic properties of nanomaterials are size dependent, and do not necessarily scale
down proportionately compared to bulk materials. As materials shrink to smaller and smaller
sizes, most of the atoms become surface atoms causing surface effects to dominate properties.™"
Physical relationships such as the size, morphology, and surface structure determine the
magnetic properties of the nanoparticles. Fundamental magnetic properties such as blocking
temperature, magnetic susceptibility, and coercivity are all influenced by size effects.'%?%
Investigations of magnetic nanomaterials are often based on studying properties for an average
of multiple measurements. Relatively small changes in size have been known to sensitively

affect the absorbance wavelength of CdSe quantum dots.”®*

A change in size of only 1.5 nm can
shift the absorbance wavelength by 40 nm. The ability to assess magnetic properties of
nanomaterials on the basis of an individual nanoparticle will provide insight into how size
scaling influences the properties of nanomaterials.

High resolution investigations of the surface properties and morphology of individual
nanomaterials are routine characterizations with modes of scanning probe microscopy (SPM).™
122 The modes of SPM can be categorized by the types of forces that are measured (i.e. adhesion,
repulsion, electrostatic, friction, electrical, chemical, and magnetic). Magnetic forces of samples
are most commonly probed using magnetic force microscopy (MFM) mode of AFM. Magnetic
sample modulation AFM (MSM-AFM) has been demonstrated to overcome the resolution limits
associated with MFM. Operated in conventional contact mode, a non-magnetic lever is used as a

force and motion sensor to detect the movement of the magnetic nanomaterials.™** *** An AC

electromagnetic field is applied to the sample with a solenoid placed beneath the sample stage.
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The magnetic nanomaterials of the sample are selectively driven to vibrate. As the AFM tip
comes into contact with a vibrating nanomaterial, the vibration of the sample is sensed by the
AFM probe. Changes in the amplitude and phase of the tip motion are sensitively detected with a
lock-in amplifier and compared to the driving signal to generated MSM amplitude and phase
images.

Two samples of nanoparticles were characterized with MSM-AFM. The first sample
consists of 0.8 nm FeNiz nanoparticles synthesized with microwave heating. The second sample
consists of iron oxide nanoparticles which are larger in size at 18 nm. Dynamic and static
measurements of the magnetic nanostructures were acquired using MSM-AFM.

4.2 Nanoparticles of FeNis
4.2.1 Microwave synthesis and characterization of iron nickel nanoparticles
Iron nickel has previously been synthesized through both coprecipitation and

solvothermal methods to produce spheres,?%? dendrites,”® and platelets.?*

Microwave synthetic
methods are solvothermal methods that generate more even heating with precise control over
pressure and temperature.™® 25?7 Control of synthesis parameters produces nanoparticles with
better monodispersity than hotplate methods. A hydrothermal method of synthesis was used to
synthesize FeNis nanoparticles using microwave heating.'®*

Water is used as a solvent to generate high temperatures and pressures with hydrothermal
methods.?® ?° Higher temperatures and pressures increase the solubility of metal precursors,
and enhance the effect of reducing agents by decreasing reduction potentials (E). For example,
hydrazine hydrate (E,=-0.2) can be used to reduce iron (I1) (Eo,= -0.4) in sealed reaction vessels

at 180 C.'® Hydrothermal methods are used to prepepare nanoparticles that are crystalline and

do not require further annealing. Microwave irradiation has recently been shown to produce
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highly monodisperse particles with short reaction times.'®? Microwave heating enables precise
control of temperature parameters to achieve uniform and rapid heating of the reaction solution.
Hydrothermal synthesis was accomplished in a sealed microwave vessel, monitoring the
temperature and pressure within the container with sensors. The solution was assembled under an
argon atmosphere to prevent forming magnetite (FesO,). Metallic precursors include both Fe*

and Ni?* sources mixed in a 1:3 ratio, respectively. Hydrazine hydrate was used as a reducing

agent under basic conditions at a reaction temperature of 180 C.
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Figure 4.1 XRD spectrum of FeNiz nanoparticles prepared by microwave heating.

The nanoparticles were identified to be crystalline FeNis using powder X-ray diffraction
(XRD). An example powder diffraction pattern for the microwave synthesis of FeNis is shown in
Figure 4.1. The red lines indicate peaks at 20 = 44.2, 52.5, and 76.2 degrees for the indexed
spectra of the FeNis phase. Blue peaks at 20 = 30.1, 35.4, and 62.5 degrees index the peaks
associated with Fe3O4 (magnetite- a common contaminant found with Fe nanoparticle reduction).
The amount of magnetite present after heating has been reduced by using an Fe** metal precursor
with an inert atmosphere. Broader peaks in the XRD spectrum indicate the presence of nanosized

210

particles and dimensions can be estimated with the Debye- Scherrer equation.™ According to
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this formula, the particles shown in Figure 1 have an average size of 30 nm for the (111) plane,
and a size of 46 nm for the (002) plane.

Tapping mode (AC AFM) was used to determine the size of the nanoparticles on a local
scale. Samples for AFM studies were prepared by dispersing the nanoparticles in water and
placing a 15 pL of the solution onto freshly cleaved mica(0001) substrates. Representative
topography images of the FeNis; nanoparticles on mica are shown in Figures 4.2a and 4.2d. The
heights of the nanoparticles were determined by acquiring height profiles of individual
nanoparticles, such as the example shown in Figure 4.2g. The cursor profile indicates that the

nanoparticles measure ~0.8 nm in diameter.
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Figure 4.2 Nanoparticles composed of FeNi; were deposited on mica for analysis with tapping
mode AFM. Wide area view of simultaneously-acquired (a) topography, (b) amplitude, and (c)
phase images. Zoom-in view of (d) topography, (e) amplitude, and (f) phase frames. (g) Cursor
profile for the line in d.

The average results of 90 cursor profiles from five AFM images are plotted Figure 4.3.

The sizes of the nanoparticles range from 0.2 nm to 1.1 nm nm, with most of the nanoparticles
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measuring 0.8 = 0.2 nm. Since AFM is a local technique, results do not necessarily correspond

with the sizes determined from the Debye-Sherrer equation for XRD.
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Figure 4.3 Histogram of the heights of FeNis; nanoparticles determined by AFM.

Transmission electron microscopy (TEM) was used to characterize the nanoparticle
dimensions. Results from images acquired with TEM show that nanoparticles synthesized by
microwave synthesis self-aggregate into chains of nanoparticles. Two distinct sizes of FeNis
nanoparticles are noticeable with TEM. Larger aggregates measuring 500 nm or larger are
apparent in Figure 4.4a. With greater magnification, smaller nanoparticles within the aggregate
clusters can be detected in Figure 4.4b. The sizes of the nanoparticles more closely correlate with
dimensions obtained from the Debye-Sherrer equation. A typical energy dispersive X-ray
spectrum obtained for FeNiz nanoparticles is shown in Figure 4.4c for the nanoparticles. The
atomic percentages of Fe and Ni in the nanoparticles were found to be 13.8 and 67.6,
respectively. The stoichiometric formula for the sample is shown in Figure 4.4d. This data
suggests that we have not synthesized the FeNis intermetallic, but rather a FeNis alloy. However,

the presence of iron oxide nanoparticles within a mixture also influences the ratio.
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Figure 4.4 Nanoparticles of FeNiz viewed with TEM micrographs. (a) Chaining and aggregation
of magnetic nanoparticles; (b) magnified view of a cluster of nanoparticles; (c) EDX analysis; (d)
ratio of elemental analysis averaged for the sample.

4.2.2 MSM-AFM of microwave synthesized bimetallic nanoparticles

Nanoparticles composed of FeNis that were prepared by microwave synthesis were
characterized with MSM, as shown in Figure 4.5. Samples were deposited on mica from dilute
solutions of the nanoparticles in deionized water. During MSM imaging, topography, amplitude,
and phase images are generated simultaneously in the presence of an applied magnetic field. The
magnetic nanoparticles can be distinguished in the topography image as well as in the MSM
amplitude and phase channels shown in Figure 4.5a. When the magnetic field was switched off,
on, and off again during a single scan the amplitude and phase channels correspondingly
changed (Figure 4.5b). The tip was scanned in continuous contact with the sample from left to
right in a raster pattern, with the tip advancing at small increments in the y-direction. When the
magnetic field was turned off, the nanoparticles did not vibrate, and no contrast was observed in

the MSM amplitude and phase frames. When the magnetic field was turned on, changes are
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immediately visible in the MSM amplitude and phase images. The area in between the dotted
lines represents the points in the linescans where the field was turned on. The contrast disappears
when the field is switched off again. The nanoparticles with an average size of 0.8 nm are some

of the smallest nanoparticles detected using MSM-AFM.

(a) Topography Amplitude

Figure 4.5 Nanoparticles composed of FeNiz prepared on mica imaged with MSM-AFM. (a) A
magnetic field of 0.6% was used to acquire MSM images. (b) Image acquired while the field was
switched off and on.

Trends of the changes in z-displacement with changes in the size of the nanoparticles are
shown in Figure 4.6. The plot was generated using cursor profiles from both topography and
MSM amplitude images. The x-axis identifies the height of the nanoparticles with respect to the

displacement of the AFM probe. Displacement of the AFM probe is calculated from the cursor
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profiles from the MSM amplitude images. The trend reveals that larger nanoparticles

correspondingly have a greater amplitude response.
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Figure 4.6 Plot of the tip displacement due to nanoparticle vibration generated from cursor
profiles of MSM amplitude images.

4.3 Scanning probe characterizations of iron oxide nanoparticles

211, 21235 magnetic

Iron oxide nanoparticles are important for applications in bioassays,
contrasts agents for imaging,™* '®°, and as therapeutic agents.?* 2 The use of iron oxide has
become increasingly popular in biomedical applications due to this material’s high
biocompability and the ease with which the surface can be functionalized.®” The magnetic
properties of iron oxide are tunable depending on both the size and form of the iron oxide
synthesized. It is important to understand the magnetic properties of the nanoparticles for
magnetic imaging and in vivo manipulation for therapeutics.

4.3.1 Characterization of FeO/Fe3O,4 nanoparticles using tapping mode AFM

A solution of core/shell FeO/Fe3;O,4 shell nanoparticles obtained from Argonne National
Lab were deposited on mica using toluene and dried overnight. Tapping-mode AFM was used to
characterize the size and morphology of the nanoparticles (Figure 4.7). An aggregate of about 88

closely packed nanoparticles is presented in Figures 4.7a and 4.7b. The dimensions of the
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nanoparticles are quite uniform, measuring 18 nm in height, referencing the mica surface as a
baseline (Figure 4.7c). The measurement from AFM cursor profiles matches well with data

acquired by transmission electron microscopy (TEM).
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Figure 4.7 Cluster of iron oxide nanoparticles prepared on freshly cleaved mica and imaged with
tapping-mode AFM. (a) Topography image of a single cluster of nanoparticles; (b)
corresponding phase image; (c) Cursor profile for the white line in a.

Images acquired with TEM indicate that the nanoparticles have a cubic morphology.
Alternatively, AFM topographs in Figure 4.7 represent the nanoparticles as spherical shapes, due
to tip-sample convolution. The round shape of the AFM probe is outlined rather than the true
shape of the nanoparticles. When the nanoparticles were deposited on mica, drying of the toluene
solution causes the nanoparticles to aggregate into a closed packed pattern (Figure 4.7). To
investigate how FeO/Fe3;04 nanoparticles respond to a magnetic flux, the samples prepared on
mica substrates were investigated using MSM-AFM.

4.3.2 Magnetic sample modulation investigation of FeO/Fe;O, nanoparticles prepared on
mica

Magnetic sample modulation AFM is operated in continuous contact mode using a force
setpoint as a feedback. Details of the instrument setup and operation for MSM-AFM is provided
in Chapter 3. A solenoid placed underneath the sample stage is used to generate an AC
electromagnetic field at the sample. Magnetic domains on the sample vibrate in response to the

flux of the oscillating magnetic field. A soft, nonmagnetic tip (k = 0.005 N/m) is scanned across
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Figure 4.8 Magnetic sample modulation (MSM) images of iron oxide nanoparticles. (a) Contact-
mode AFM images acquired without a magnetic field (700 x 700 nm?); (b) the same area imaged
with MSM-AFM with an oscillating magnetic field; (c) Larger view imaged with MSM (2 x 2
um?). From left to right, the images correspond to topography, MSM amplitude, and MSM
phase.

the surface in contact mode. When the tip comes into contact with the oscillating sample, the tip

vibrates in response to the motion of the vibrating sample. Lock-in amplifiers sensitively detect
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the amplitude and the phase shift of the AFM tip as it vibrates. Changes of the amplitude and
phase of the tip motion provide MSM phase and MSM amplitude images. The operating
principle is quite similar to the Force Modulation Microscopy mode of AFM, in which the entire
sample is driven to vibrate against the AFM probe to measure elastic response. However, for
MSM-AFM, the magnetic domains are selectively driven to vibrate by the external
electromagnetic field.

Without applying a magnetic field, the images are essentially contact mode frames. A
control sample is shown in Figure 4.8a revealing that MSM-amplitude and MSM-phase channels
do not disclose sample information in the absence of a magnetic field. The shapes of the
nanoparticles are visible only within the topography frame; however line spikes were produced
by the tip pushing the samples across the flat mica substrate. When the magnetic field was turned
on at a frequency of 54.1 kHz, the shapes and positions of the magnetic nanoparticles are readily
apparent in the MSM amplitude and MSM phase frames (Figure 4.8b). A large area view of the
nanoparticles is presented in Figures 4.8c. Within the MSM-amplitude frame there are about 45
smaller nanoparticles visible that cannot be resolved in the topography image.

Characteriztion of the FeO/Fe;0,4 nanoparticles with dynamic MSM-AFM measurements
is presented in Section 3.6.

4.4 Conclusions and future directions

Studies with MSM-AFM will be developed to evaluate how composition and size affect
the vibrational response of nanoparticles. Future studies with the synthesis of other oxide and
bimetallic systems will be accomplished with MSM-AFM. Mixtures of magnetic nanoparticles

with differing composition will be tested to compare resonant signatures that occur in response to
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an applied magnetic field. The cooperative effects of proximity and magnetic coupling between

adjacent nanoparticles on a surface will be studied with MSM-AFM.
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CHAPTER 5: SPATIALLY SELECTIVE SURFACE PLATFORMS FOR
BINDING FIBRINOGEN PREPARED BY PARTICLE LITHOGRAPHY WITH
ORGANOSILANES®*

5.1 Introduction

Surface patterning is essential for the integration of biomolecules into miniature
bioelectronic and sensing devices since the sensing element consists of a layer of biomolecules
for the capture of target molecules and analytes. Micro- and nanoscale sensing devices require

the immobilization of active proteins onto flat substrates.?*>*’ Patterning of proteins has been

92, 218 219-222

accomplished at the micron level using microcontact printing, photolithography,

223-225

electron beam lithography and microfluidic channels.?®® 2" Advancements for patterning

proteins at the nanoscale on surfaces of self-assembled monolayers (SAMSs) has been achieved

228-232 233, 234

using dip-pen nanolithography, bias-induced oxidation lithography, imprint
lithography®®® %* and nanografting.”*"* Innovative approaches for patterning proteins using
particle lithography have also been reported, achieving high throughput across areas spanning
mm to cm dimensions, 1> 194 241245

In this study, we investigate the immobilization of fibrinogen on designed surfaces of
nanopatterned organosilanes. Fibrinogen has a central role in both blood coagulation and blood-
based infections and has been intensively studied because of its fundamental role in blood
clotting, thrombosis, angiogenesis, wound healing, platelet adhesion and biocompatibility. 24624
Surface studies using fluorescently-labeled fibrinogen were reported for micro-line patterns of 3-
mercaptopropyltriethoxylsilane prepared by photopatterning. >*° Microcontact printing was used
to directly stamp patterns of fibrinogen for studies of platelet adhesion and activation.?*
* Chapter 5 previously appeared as Englade-Franklin, L. E.; Saner, C. K.; Garno, J. C. Spatially

selective surface platforms for binding fibrinogen prepared by particle lithography with
organosilanes, 2013. It is reprinted by permission of The Royal Society (see page 123).
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Micropatterned domains of fibrinogen within a micropatterned surface film of serum albumin
were detected using tapping-mode atomic force microscopy (AFM) by Soman et al.** Height
and phase changes were used to map the regions containing fibrinogen after the patterns were
infused with nanogold labels conjugated to antifibrinogen polycolonal antibody.

To further advance to molecular-level investigations of protein binding, technologies to
produce even smaller patterns must be developed that enable control over protein density and
orientation. Robust immobilization is required for AFM studies to prevent displacement of
proteins by the motion of the scanning probe.”®* The chemistry selected for immobilizing
biomolecules to surfaces should not use denaturing conditions that destroy the active protein
structure. Miniaturization to the nanometer scale offers opportunities for studying surface-
mediated biological reactions with AFM, particularly for investigating the parameters which
influence mechanisms of protein activity, function and molecular recognition. The resolution of
AFM is comparable to that of the electron microscope, however with additional benefits for
studying proteins in liquid or ambient environments with minimal sample preparation.*® 232%
Studies of the conformational changes of fibrinogen attributed to effects of surface
hydrophobicity were reported using AFM in a liquid environment.?” *® High-resolution
visualization of fibrinogen was achieved with AFM in liquid environments as well as

259 Molecular-level

measurements of the adhesion forces of fibrinogen towards different surfaces.
resolution was achieved with visualization of the aC region of fibrinogen by Yermolenko et al.?

In this investigation, a compositionally patterned Si(111) surface of mercaptosilanes was
designed to provide selective sites for the attachment of fibrinogen within a protein resistant
matrix of PEG-silane. Previously, we introduced several particle lithography based protocols for

patterning organosilanes using steps of vapor deposition, immersion or contact printing.2®% 22
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The surface selectivity of organosilane nanopatterns prepared with particle lithography
approaches can be further applied to define the placement of other molecules and
nanoparticles.’** " Particle lithography offers advantages for high throughput patterning and
enables control of the surface coverage, geometry and lateral dimensions of nanopatterns with
relatively inexpensive reagents. However, when backfilling the patterns with a second
organosilane, the self-reactive properties of hydroxyl terminated PEG-organosilanes were
problematic. When using successive immersion steps in solutions of organosilanes the hydroxyl
groups of PEG-silanes were found to cross-react and form mixed surface multilayers.

In this report, details will be disclosed for an innovative strategy of masking areas of a
mercaptosilane film to protect small, discrete regions of the surface from cross reaction with
PEG-silane. Images acquired with AFM disclose surface changes throughout steps of preparing
organosilane patterns, binding fibrinogen and for studying the activity of the immobilized protein
for binding anti-fibrinogen. The size of the fibrinogen nanopatterns achieved with particle
lithography is on the order of 100 to 200 nanometers, enabling resolution of surface changes at
the nanoscale. The simple steps of bench chemistry used for particle lithography protocols are
accessible for most laboratories and are well-suited for studies of proteins using small quantities
(microliters) of highly dilute protein solutions.

5.2 Materials and methods
5.2.1 Materials and reagents

Pieces of single-side polished Si(111) doped with boron (Ted Pella, Inc., Redding, Ca)
were used as substrates. The silicon substrates were cleaned with sulfuric acid (ACS reagent
95%) and hydrogen peroxide (30%) purchased from Sigma-Aldrich. Silane reagents of 2-

[methoxy(polyethyleneoxy)propyl] trichlorosilane  (PEG-silane) and 3-mercaptopropyl-
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trimethoxysilane (MPTMS) were purchased from Gelest (Morrisville, PA) and used without
further purification. Anhydrous toluene was obtained from Sigma-Aldrich. A suspension of 500
nm silica mesoparticles was obtained from Fisher Scientific. Monodisperse silica powder (250
nm and 100 nm) was acquired from Fiber Optic Center, Inc. (New Bedford, MA) and prepared in
ethanol (ACS grade, Pharmco-Aaper, TX). Deionized water used in experiments and to prepare
phosphate buffered saline (PBS, pH 7.4) was obtained from a Direct-Q3 system (18 MQ,
Millipore, Bedford, MA). Bovine fibrinogen was used for surface studies (Sigma Aldrich). For
antigen-antibody studies, human fibrinogen and polyclonal rabbit anti-human fibrinogen were
acquired and used as received from Calbiochem, La Jolla, CA. Sulfosuccinimidyl-4-(N-
maleimidomethyl) cyclohexane-1-carboxylate (sulfo-SMCC) was used as a crosslinking agent
for attaching fibrinogen to MPTMS (Thermo Fisher Scientific Inc., Rockford, IL).
5.2.2 Particle lithography procedure

An overview of the steps for particle lithography with organosilanes is shown in Figure
5.1. Silicon substrates (5x5 mm?) were rinsed with deionized water, dried with argon and placed
in a 3:1 (v/v) solution of sulfuric acid and hydrogen peroxide (piranha solution) for cleaning. The
piranha solution should be handled with care, it is highly corrosive. After 90 min, the substrates
were removed from the cleaning solution, rinsed with deionized water and dried under a stream
of argon. The substrates were placed on a platform within a sealed reaction vessel containing 400
ML of neat MPTMS. The vessel was heated in an oven at 70 C to generate a vapor of MPTMS
(figure 5.1a). Over time, the vapor reacted with the silicon substrate to produce a thin film of
MPTMS throughout the surface areas of Si(111). After 4 h of exposure to vapor, the samples
were removed from the vessel, washed with ethanol, further rinsed by sonication in ethanol for

30 min and then dried under a stream of argon. A suspension of silica mesoparticles was
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prepared by adding 0.1 g of dry, powdered mesospheres to 10 mL of ethanol followed by 30 min
sonication. Solutions of silica mesoparticles were cleaned by washing four times using
centrifugation with resuspension in deionized water. To prepare a surface mask, 10 pL of silica
mesoparticles was deposited on the MPTMS/Si sample and dried at 4 C for 16 h. The samples
were then treated with UV-ozone for 20 min to oxidize exposed areas between the particle masks
(figure 5.1b). Molecules of MPTMS within the areas exposed to UV-ozone treatment were
decomposed, forming silanol functional groups.?®® Immediately after UV-ozone treatment, the
samples were immersed in a 1% (v/v) solution of PEG-silane in anhydrous toluene for 5 h.
During the immersion step, the areas exposed to UV-ozone refilled with PEG-silane, whereas the
areas underneath the silica spheres with MPTMS remained protected (figure 5.1c). Water was
used to initially rinse the sample and quench the silanization reaction. Next, the samples were
rinsed with ethanol with 30 min sonication to remove the silica mesospheres. A further rinsing
step with sonication in water for 30 min ensured complete removal of the mesospheres and then

the samples were dried under argon.
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Figure 5.1 Steps for preparing protein nanostructures with particle lithography. (a) A surface
film of MPTMS was prepared by vapor deposition on Si(111) substrates; (b) After coating the
MPTMS surface with a mask of silica mesospheres, the samples were treated with UV ozone. (¢)
Samples were immersed in a PEG-silane solution to refill the exposed surface sites with a protein
resistive matrix. The mask of silica mesospheres was removed by solvent rinsing. (d) Proteins
were coupled to MPTMS sites after immersing samples in sulfo-SMCC.
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5.2.3 Attachment of fibrinogen to nanopatterned surfaces

The sulfhydryl groups located within the nanopatterned pores of MPTMS were activated
through sulfo-SMCC coupling.?®* The samples were submerged in a 1 mM solution of sulfo-
SMCC prepared in PBS (pH 7.4) for 1 h. Next, the samples were rinsed with PBS to remove
excess sulfo-SMCC. The samples were then immersed in a 0.5 mg/mL solution of fibrinogen in
PBS for 50 min. Lysine residues of the protein structure attach covalently to the reactive NHS-
ester located on the exposed region of sulfo-SMCC (Figure 5.1d). The samples were rinsed
successively with PBS followed by detergent (0.1% solution Tween 20) to remove
nonspecifically adsorbed protein.
5.2.4 Antigen-antibody binding studies

Phosphate buffered saline (PBS) was used to rinse the surface of fibrinogen nanopatterns.
Next, the samples were immersed in a 0.25 mg/mL solution of anti-fibrinogen in PBS for 30
min. After removal from the antibody solution, samples were rinsed successively with PBS,
0.1% Tween 20 and deionized water. The samples were dried under a stream of argon and then
characterized using tapping-mode AFM.
5.2.5 Atomic force microscopy

Scanning probe studies were done with either a model 5420 or 5500 instrument equipped
with PicoView v1.8 software (Agilent Technologies, Tempe, AZ). Probes from Applied
Nanostructures, (ACTA, resonant frequency 300 kHz, k = 37 N/m) were used for imaging in
tapping-mode. Images were processed and analyzed using Gwyddion (version 2.15) which is
freely available on the internet and supported by the Czech Metrology Institute.?®® The surface

coverage of nanopatterned areas were evaluated using UTHSCA Image Tool software.?®® To
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estimate surface coverage, the AFM frames were converted to black and white images by
manually selecting a threshold value and counting pixels.
5.3 Results and Discussion
5.3.1 Nanopatterns of MPTMS within a resistive PEG-silane matrix

Images of the surface changes were captured with ambient AFM studies after key
reaction steps of organosilane patterning, protein immobilization and antibody binding.
Representative images of the MPTMS nanodots within a PEG-silane matrix are shown in Figure
5.2. Images of the clean substrate, MPTMS film and silica mesosphere samples are presented in
Appendix D (Figure D1). The silica spheres were completely removed by rinsing steps, to
disclose designed nanopatterns of organosilanes. The nanopores are shallower than the
surrounding areas of PEG-silane and appear as dark spots (Figure 5.2a). There are 70 nanopores
visible within the 5x5 pm? topograph, which scales to a surface density of ~10°
nanopatterns/cm?, corresponding to 5.1% surface coverage of MPTMS. The MPTMS
nanopatterns are produced at the regions of contact that were directly underneath the silica
mesospheres which were protected from UV-ozone treatment. The nanopores are spaced
regularly at 500 nm intervals, as determined by the periodicity of the mesosphere masks. The
diameters of the nanopatterns measure 160 + 20 nm and reflect the geometry of the areas of close
physical contact between the spheres and the Si(111) substrates. The corresponding phase image
(Figure 5.2b) further reveals the differences in surface chemistry. The color contrast is reversed
for the phase frame, with brighter spots shown for the nanopores terminated with sulfhydryl
groups; whereas the surrounding matrix areas of PEG-silane are darker. The phase images result
from mapping slight incremental changes in the oscillation of the AFM tip caused by damping of

the motion when the tip interacts with the surface. Thus phase images are sensitive maps of
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changes in film thickness and tip-surface adhesion. A magnified view of a single nanopore is
shown in the AFM topography frame of Figure 5.2c. Within the 500x500 nm? frame, the
clustered morphology of the surrounding PEG-silane matrix is apparent. The uneven morphology
located at the bottom of the nanopore is attributable to the roughness for the underlying MPTMS
film. The height of the nanopores measure 3.0 £ 0.3 nm above the matrix areas of PEG-silane
(Figure 5.2d). Assuming the MPTMS film is a monolayer with a thickness of 0.7 nm, ?* then the
multilayer thickness of the PEG-silane film is ~ 3.7 nm. This suggests that the surrounding film

of PEG-silane likely forms a cross-linked bilayer.
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Figure 5.2 Views of MPTMS nanopores obtained with ambient tapping-mode AFM. (a)
Topograph of the nanopores and (b) corresponding phase image. (¢) Close-up topography view
of a single nanopore; (d) height profile for the white line in c.

The hydroxyl functional groups of PEG-silane are reported to be suitable for designing

protein resistant films.®® #° There are few surfaces that resist protein adsorption and
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considerable research has addressed studies of the mechanisms of protein resistance or adhesion
to surfaces.?’*?"® Systematic studies have been done to evaluate the molecular characteristics of
functionalized SAMs for resisting protein adsorption.?’* 27

Immersion of PEG-silane films into solutions of organosilanes generated mixed layers
and multilayer surface structures which were not spatially selective for patterning proteins (data
not shown). The rationale for using UV-ozone treatment to remove selected areas of an
organosilane surface layer follows from our studies of the reactivity of PEG-silane with other
organosilanes. When using multi-step protocols to generate organosilane nanopatterns,
experiments with particle lithography showed that hydroxyl headgroups of PEG-silane surfaces
react with other silanes during immersion steps. To prepare MPTMS nanopores, UV-ozone
treatment through surface masks was found to provide selectivity in combination with steps of
particle lithography and immersion. A strategy for selectively backfilling irradiated sites
provides nanoscale control for producing discrete small regions of MPTMS which can then be
used with further biochemical steps to isolate and define surface sites for binding protein.

Changing the diameter of the mesoparticles used as masks for surface fabrication
provides a way to control the surface coverage and density of the nanopatterns.'® ** When
using smaller diameters of silica mesoparticles, a greater surface density of nanopatterns can be
generated. Further examples of AFM images of MPTMS nanopatterns prepared with different
diameters of silica mesospheres are provided in Appendix D (Figure D2).
5.3.2 Spatially selective attachment of fibrinogen to surface sites with MPTMS

Morphology changes are readily apparent for the sample surface after fibrinogen
patterning (Figure 5.3). The heights of the nanopatterns have increased, as shown for a

representative 5x5 pum? topography frame (Figure 5.3a). For the most part, fibrinogen seems to
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bind primarily at the sites with MPTMS and negligible adsorbates are located in areas between
the taller protein clusters. The arrangement of nanopatterns indicates the sites of small clusters of
protein, spaced at intervals of 500 nm. Further examples of fibrinogen nanopatterns with even
smaller periodicities are shown in Appendix D (Figure D3). A zoom-in view of a single protein
nanodot is presented in Figure 5.3b. The height measures 9 nm above the PEG-silane matrix at
the tallest area in the center of the nanopattern (Figure 5.3c). Since the MPTMS nanopatterns
were 3.0 nm shorter than the surrounding matrix film, after protein attachment the height

increase measures an overall thickness of ~12 nm for the nanopattern.
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Figure 5.3 Surface changes after binding fibrinogen. (a) Fibrinogen attaches at the sites with
MPTMS shown with an AFM topograph; (b) Magnified view of a single nanostructure with
fibrinogen; (c) corresponding height profile.
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A sulfo-SMCC linker (0.83 nm) was used to couple fibrinogen to the surface of MPTMS
nanopatterns, fibrinogen attached selectively at the regions patterned with sulfhydryl moieties
(Figure 5.3). When the chemically patterned samples were immersed in a sulfo-SMCC solution
for 1 h, the maleimide groups of sulfo-SMCC react with thiol groups at the interface. This
produces an activated surface pattern with an NHS-ester that was available for binding protein.
When the activated sample was immersed in a solution of fibrinogen, exposed lysine groups of
the protein reacted with the NHS-ester to link the protein to the surface. The PEG-silane matrix
furnished a protein resistant background to surround and isolate discrete regions of bound
protein.

After binding fibrinogen, the change in height of the protein nanopatterns ranged from 9
to 13 nm (average is 11.0 + 1.1) when including the depth of 3.0 nm from the MPTMS pores.
There are multiple exposed lysine residues on each fibrinogen molecule for attaching to the
surface. Thus, the protein may attach to the surface with different orientations. Studies with high-
resolution AFM images of fibrinogen have been previously reviewed.?* Trinodular molecules of
fibrinogen were reported to measure lengths ranging from 48 to 60 nm, and the width measured
8 to 28 nm. The values measured for the height of fibrinogen ranged from 1.2 to 4.1 nm. For the
fibrinogen bound to MPTMS nanopatterns, the thickness of 11.0 £ 1.1 nm most likely
corresponds to 3-5 layers of protein assuming a horizontal orientation. The multilayer assembly
for fibrinogen has been previously documented.””® ?"" As fibrinogen adsorbs or covalently
attaches to a surface, it spreads onto the surface and unfolds. It has been suggested that this
unfolding exposes binding sites that initiate self-aggregation.?”®

The surface density and coverage of protein nanopatterns can be controlled at the

nanoscale by selecting the diameter of mesospheres used for particle lithography masks.
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Mesospheres with a smaller diameter generate a greater number density of smaller-sized
nanopatterns; however the overall surface coverage of protein increases. Analysis of AFM
images from experiments with different sizes of mesospheres are summarized in Table 5.1. Our
studies show that the width of the patterns increased after protein attachment such that the
proteins extend beyond the edges of the MPTMS nanodots. In the longest direction, fibrinogen
was reported to measure 47 nm;?® this corresponds to an orientation where the long direction is
parallel to the sample surface. Measurements of the diameters of the nanopores before protein
attachment suggest that 2 or 3 fibrinogen molecules can fit on a single nanopattern. Particle
lithography using smaller spheres likewise generated nanopores with smaller diameters (Table
5.1). Eventually, if the diameter of the nanopatterns can be matched to the size of a single

protein, selective patterning of individual proteins on the surface will be achievable.

Table 5.1 Surface coverage of MPTMS and fibrinogen as a function of mesosphere mask size.

silica diameter (nm) surface coverage surface coverage pore diameter (nm)
MPTMS (%) fibrinogen (%)

500 5.0 7.8 160+20

250 7.7 9.8 134+19

100 16 17 104+18

5.3.3 Antigen-antibody binding studies

The final biochemical step for the studies with surface nanopatterning was to evaluate the
activity of the immobilized fibrinogen for binding 1gG. Images were obtained after anti-
fibrinogen was added to the sample ex situ (Figure 5.4). The heights of the patterns have
increased, shown with topography views in Figure 5.4. The periodic arrangement of nanopatterns

is preserved, shown in Figure 5.4a, however the nanopatterns are taller after binding anti-
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fibrinogen. Most of the antibody binding is localized at the central areas of the nanopatterns. A
close-up view of a single nanostructure is shown in Figure 5.4b. The surrounding areas of the
matrix have also changed in appearance, indicating that there are adsorbates surrounding the
nanopatterns. The nature of the adsorbates, which may be salts, contaminants or non-specifically
bound protein or antibody cannot be determined with AFM. The heights of the nanostructures
after 1gG attachment measured 17 + 4 nm (including the 3 nm value for original depth of the
nanopore). This value indicates an overall increase of 6 nm which matches the approximate

dimensions of a single layer of IgG with a side-on orientation.
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Figure 5.4 Changes of the nanostructures after binding antibody. (a) Topography image (5x5
um?) acquired in air; (b) Single nanostructure of fibrinogen-1gG; (c) height profiles after
antibody binding.
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Figure 5.5 Step-by-step changes of the surface during the process of nanofabrication and protein
binding. Nanopores of PEG-silane: (a) topography, (b) cursor profile and (c) 3D view. After
coupling of fibrinogen to nanopores: (d) topography, (e) cursor profile and (f) 3D representation.
After binding anti-fibrinogen to nanopatterns: (g) topography; (h) corresponding cursor profile
and (i) 3D image.

To view the overall changes taking place on the designed surface at different points of the
nanofabrication and protein binding processes, Figure 5.5 presents a side-by-side comparison of
AFM images during key steps of the reactions. The ex situ experiments disclose only very local
areas of the surface; however the frames are representative of multiple images acquired for
different areas throughout the entire sample. The changes in height and lateral dimensions for
snapshots at each step are shown in the top row of Figure 5.5. A quantitative comparison of the
changes in dimension is shown with representative cursor profiles drawn across the topography

frames in the middle row. From left-to-right, the nanopores change from being holes, to forming
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isolated islands of fibrinogen, to taller protein-antibody clusters. At each step, the structures
became both taller and slightly wider with the addition of fibrinogen and anti-fibrinogen
molecules. Smaller regions measuring 1.5x1.5 pm? are compared with 3D views in the bottom
row of Figure 5.5. The progressive growth in height and width of the nanostructures is apparent
and surface selectivity for protein binding is mainly localized to the areas of MPTMS.

A significant advantage for developing particle lithography-based approaches for
patterning organosilanes is that high throughput at the scale of millions to billions of
nanopatterns can be achieved with only basic steps of the chemical self-assembly. Since
organosilanes can be used with glass substrates, the procedures can be scaled to larger micron-
scale dimensions for accomplishing protein-binding assays based on fluorescence detection.
Future directions planned for AFM-based investigations with this surface protein sensor platform
will be to study the interactions of small molecules or DNA with immobilized proteins and to
develop more complex biochemical protocols for studies of protein bioactivity.

5.4 Conclusion

The reactivity of nanopatterns of organosilanes can be designed to spatially direct the
immobilization of fibrinogen and 1gG. Surface changes were monitored after steps of protein
immobilization and antibody binding using ex situ AFM studies. Changes in the thickness of
protein layers after immobilization were evaluated directly using height measurements with
AFM, without the need for fluorescent or chemical labeling. Future work will investigate the
size-dependent changes of nanopattern size for the effectiveness of protein immobilization,
protein activity for binding antibodies in situ, as well as the changes in surface morphology

within liquid media at different pH/ion concentrations.
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CHAPTER 6: SURFACE-DIRECTED SYNTHESIS OF ERBIUM-DOPED
YTTRIUM OXIDE NANOPARTICLES USING ORGANOSILANE ZEPTOLITER
CONTAINERS

6.1 Introduction

The optical, catalytic, and magnetic properties of bulk materials of rare earth oxides
(REO) have been applied commercially in optical displays, alternatives for catalytic converters,
or as permanent magnets in disk drives.?’*?® The current challenge for synthesizing
nanomaterials with rare earth elements requires synthetic capabilities to achieve high
crystallinity and monodispersity of the products. Heating at temperatures in the range of 900-
1400 C are necessary to produce crystalline REO nanomaterials.”®* The properties of REO
materials greatly depend on achieving a high degree of crystallization for samples.?®® Wet
chemistry approaches that are commonly used for preparing metal nanoparticles are not
amenable for synthesis with such high temperatures. Methods such as post-annealing to obtain
crystallinity for nanomaterials tend to cause sintering of the nanoparticles, and capping agents
used to control the shape and size may interfere with the desired catalytic or optical properties of
the nanoparticles.’®® 2" To address the limitations of solution-based methods, we have developed
a surface-directed procedure for high temperature synthesis, using nanopores within organic
films as reaction containers. The matrix film provides a surface platform to spatially segregate
small volumes of reagents and is efficiently removed by calcination during heating steps.

At the microscale, the strategy of using a surface template to mold and form
nanomaterials has previously been investigated for precipitation of salts and protein solutions.
Surface arrangements of microcrystals of (KBr, KH,PO,4, NaCl, KNO3, NaNOg3, hydroquinone
and glycine) were prepared within micropatterned photoresists by Thalladi et al.?®®
Micropatterned wells prepared by photolithography were functionalized with thiol chemistry for

the crystallization of proteins by Wang et al.?®® Crystals of calcite were grown within

78



micropatterned self-assembled monolayers (SAMs) prepared by microcontact printing by
Aizenburg et al.?® Using templates prepared with microcontact printing of SAMs, magnetic
nanoparticles (cobalt, nickel, ferrites) ranging from 70-460 nm in size were prepared on silicon
substrates from nitrate salt deposits after heating to 600 C, demonstrated by Zhong et al.?*
Defined arrangements of magnetic colloids were prepared at the micron scale on glass surfaces
by Lyles, et al. using a process of polymer-on-polymer stamping with microcontact printing.”**
Arrays of gold nanoparticles were fabricated on ITO substrates using a method which combined
nanoimprint lithography with electrochemical deposition by Ma et al. The crystals produced with
methods of photolithography and microcontact printing have the additional advantage of being
prepared with well-defined arrangements on surfaces.

Nanoscale patterning of SAMs can be accomplished with particle lithography without
using manufactured molds or masks prepared with electron beams to achieve small features.”
119.178 particle lithography can be used to prepare surface molds of SAMs to define sites for the
deposition of nanomaterials and to provide spatial separation during subsequent steps of drying
or heating. The photoluminescent properties of NaYF,:Yb,Er rare earth nanoparticles prepared
using particle lithography to generate periodically arranged rings of nanoparticles was
investigated by Mullen et al.*®® Nanorings of n-octadecyltrichlorosilane (OTS) were used as sites
to nucleate nanoparticles of small organic molecules such as n-docosane, aspirin, and
clarithromycin prepared using particle lithography by Wang et al.?*

Erbium-doped yttrium oxide nanoparticles have interesting luminescent properties such
as intense cathodoluminescence and photoluminescence.?® 2* Nanomaterials of yttrium oxide

doped with rare earth elements have been prepared by flame spray pyrolysis (Eu:Y,0s),2%

6 7

thermal decomposition of a polymeric resin,®® atomic layer deposition,®” gas-phase
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precipitation, and electrochemical®*® methods. Preparation of Y,03:Eu** nanowires using a
template of anodized aluminum oxide that was heated to 800 C was reported by Zhang et al.*®
Ordered arrays of Y,Os:Eu®* nanotubes were prepared in anodic alumina membranes by a
method of electronic field-assisted deposition.***

In this report, nanopores within organosilane self-assembled monolayers (SAMs) that
were prepared using particle lithography were used as containers for the surface-directed
synthesis of erbium-doped yttrium oxide nanoparticles at high temperatures. The sacrificial
surface mold of octadecyltrichlorosilane (OTS) was used to define the deposition of precipitates
of rare earth salts from solution as a means to control the size, dispersity and surface density.
Successive heating steps were used to crystallize the rare earth oxide (REO) deposits as well as
to remove the OTS resist. Our goal was to produce spatially separated nanoparticles of erbium-
doped yttrium oxide with a periodicity defined by surface masks of silica mesospheres.
Micropatterns that were prepared by capillary filling of PDMS molds provided an approach to
optimize the heating protocol for converting yttrium salt precipitates into yttrium oxide. The
analysis of sample morphologies, surface density and periodicity was accomplished with atomic
force microscopy (AFM).

6.2 Experimental section
6.2.1 Preparation of yttrium precursor solution
A rare earth salt solution comprised of yttrium trichloroacetate was prepared according to

a previously published procedure.®?? Yttria powder (15 mmol) was dissolved in concentrated

nitric acid (100 mL) by heating to 80 C. After the solid had dissolved the salt solution was
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cooled to room temperature. Yttrium hydroxide was then precipitated from solution by adding
NH4OH until basic. The precipitate was isolated by vacuum filtration, washed several times with
cold deionized water, and dried with air. A solution of yttrium trichloroacetic acid was prepared
by dissolving the hydroxide precipitate in a 25% trichloroacetic acid solution. Just enough of the
acid was added to dissolve the precipitate to make a saturated solution of the salt. A second
solution was prepared at half of the concentration of the original solution to study the effect of
concentration on the size of the nanoparticles.

6.2.2 Micropatterns prepared by capillary filling of PDMS molds

Micron scale patterns of Y,03 were fabricated to provide surface structures for XRD
characterizations. Microline patterns of yttrium oxide were prepared from the saturated yttrium
salt solution to optimize the heating parameters for yttria synthesis. The method of capillary
filling of PDMS molds has been previously demonstrated with solutions of proteins.??® 227 323
The capillary filling of microchannels of PDMS molds is also suitable for directing the
placement of salt solutions on flat surfaces. Detailed steps for the procedure of capillary filling of
PDMS molds are provided in Appendix E, Figure E1.

6.2.3 Nanoparticles of Er-doped Y,0;

The procedure for preparing nanoparticles of erbium-doped yttria on a silicon surface is
outlined in Figure 6.1. Octadecyltrichlorosilane (OTS) molecules were deposited on a silicon
substrate using immersion particle lithography to form nanopores (Figure 6.1a), as previously
reported.”® The nanoscopic reaction vessels were then immersed into a precursor solution of
yttrium trichloroacetate doped with erbium cations (3%) for up to 3 h. The sample was removed
slowly from the solution at a 90° angle to selectively fill the nanopores.®** Upon drying, a tiny

precipitate formed within each zeptoliter reaction vessel (Figure 6.1b). The sample was then
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heated at 150 C to decompose the acetate to form Y,(COs3); doped with 3% erbium. The
temperature was then increased to 800 C for 8 h for removal of CO; to produce nanosized rare
earth oxides (Figure 6.1c). The same heating protocol developed for synthesis of micropatterns

was used for preparing nanoparticles.

Figure 6.1 Basic steps to prepare a surface array of REO nanoparticles. (a) A sacrificial template
of organosilane nanopores was prepared by particle lithography. (b) The nanopores were filled
with a precursor solution of yttrium and erbium salts and dried. (c) The organosilane template
was removed by heating to produce erbium-doped yttria nanoparticles.

6.3 Results and discussion
6.3.1 Microline patterns of yttrium oxide

The capillary filling approach for surface patterning was used successfully to prepare
microparticles with an aligned arrangement as shown in Figure 6.2. The microstructures formed

in line patterns were used to evaluate and optimize synthetic conditions (temperature, duration of
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heating and atmosphere requirements). The rectangular area of parallel lines indicates the region
where the PDMS mold was placed, shown in the scanning electron micrographs in Figure 6.2.
The overall area of Si(111) that was covered by the PDMS stamp is shown in Figure 6.2a. The
dark square in the center of the image is the area where the PDMS mold was placed on top of the
silicon wafer, and the buildup of material on either side of the square indicates where the drops

of liquid were placed on the substrate for capillary filling. When a drop of the liquid precursor

Figure 6.2 Microline surface structures of yttrium oxide prepared using capillary filling of PDMS
molds shown with electron micrographs after calcination. (a) Microlines of yttrium oxide
produced after heating. (b) Close-up view of the microparticles formed inside the PDMS mold.

solution was place at the edge of the stamp, capillary forces drew the rare earth salt solution into
the microchannels. As the sample dried, the salts formed line patterns of precipitates inside the
channels, the remainder of the solution outside the PDMS stamp precipitated at the edge. After
drying, the stamp was removed and the sample was heated to 800 C to convert the yttrium salt to
yttrium oxide. Microparticles that were produced within the channels after heating are shown in
Figure 6.2b. The elongated shape of the microparticles is produced by the edges of the PDMS

channels. Some of the particles reveal a coalescence of two particles within the microchannels to
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produce larger microparticles. Additional views of the microparticles acquired with AFM are

shown in Figure E2 of Appendix E.
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Figure 6.3 Yttrium oxide was formed after heating the sample to 800 C as demonstrated by the
XRD results (green spectrum).

There are several advantages for the strategy of microfluidic filling of PDMS molds.
Small volumes (less than 10 microliters) of dilute reagent solutions can be used to pattern
samples (1x1 cm?). Also, the PDMS molds can be washed and recycled for preparing replicate
samples. The simple steps for micropatterning require little time for preparation, so that multiple
samples can be prepared for tuning heating parameters. Changes of the temperature, ramping
steps, duration, and cooling for heating the precursor samples will alter the crystallization
process and influence the shape (primary face growth), crystallinity and orientation. The heating
step also provides a means to remove impurities. These factors become more significant as the
dimensions are reduced to progressively smaller dimensions at the scale of nanometers.

The heating profile to form yttrium oxide was optimized and investigated using powder

X-ray diffraction for the microline structures. The XRD pattern upon heat treatment is shown in
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Figure 6.3. Upon heat treating of the salts at 800 C, highly crystalline particles of Y,03 are
formed (green pattern in Figure 6.3).
6.3.2 Zeptoliter reaction vessels

For our approach based on particle lithography, a surface mask of silica mesospheres was
used to define the surface coverage of organosilane resists. Monodisperse spherical particles self-
assemble on flat surfaces to form periodic structures with designed dimensions and interparticle
spacing, which provide a surface mask to define the sites for depositing organosilanes. With
particle lithography, billions of nanostructures can be prepared on surfaces with relatively few
defects and high reproducibility using basic steps of bench chemistry (mixing, centrifuging,
heating and drying). Silica mesoparticles with a diameter of 500 nm were used to prepare the
organosilane nanopores shown in Figure 6.4. Measurements with AFM reveal that the spacing
between the nanopores measures 505 £ 35 nm, which closely matches the diameter of the silica
mesoparticles used as surface masks. The depth of the nanopores measured 1.4 = 0.1 nm. The
long range order and periodicity of the nanopores formed on a silicon surface is evident in a
representative topography view in Figure 6.4a. A map of the differences in chemistry between
the methyl-terminated OTS film and areas exposed on the silicon substrate is shown with the
simultaneously acquired lateral force image of Figure 6.4b. The diameter of the exposed sites of
the substrate measured 90 + 12 nm (n=75), based on measurements from the lateral force frames.
At the nanoscale, there are imperfections in the shapes of the nanopores (Figure 6.4b). A close-
up view of the shapes and sizes of the nanopores is presented in Figure 6.4c. Details for a single
nanopore are shown in Figure 6.4d (200x200 nm?). Each nanopore is used as a reaction vessel to
synthesize individual nanoparticles. Based on size measurements with AFM, the volume of a

nanopore measures 102! L.
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Figure 6.4 Nanopores within an OTS film produced with immersion particle lithography on
Si(111). (a) Contact-mode topograph acquired in air; (b) concurrently acquired lateral force
frame for a. (c) zoom-in view; (d) A single nanopore within a 200x200 nm? topography frame.

The arrangement and spacing between nanoparticles is determined by the diameter of the
silica particles used to fabricate the mask. The surface density of the patterned nanopores can be
changed by choosing the diameter of the mesosphere mask. The height of the nanopores is
determined by the thickness of the OTS film, which has an expected height of 2.6 nm for a
densely pack film.®® ¥ The nature of the substrate, solvent, concentration, temperature and
immersion parameters must be optimized to achieve thicker films of OTS.*? Imperfections at the
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nanoscale influence the volume of the nanopore reaction vessels. The size, geometry and
dispersity of the synthesized yttria nanoparticles will accordingly be influenced by the flaws in
the shapes of the nanopores.

In the next step, the OTS nanopores were filled with the solution of precursor salt. The
methyl-terminated film of OTS provided a resist to prevent non-specific adsorption in areas
surrounding the nanopores. After the sample was dried, precipitates formed inside the nanopores
(Figure 6.5). A small bright dot can be detected within each nanopore surrounded by a protective
matrix film of OTS. The surface of OTS surrounding the deposits is slightly rougher, indicating
that small residues of the precursor salts persist on the matrix. Nanocrystals are readily identified
within the nanopores from the representative height profiles in Figure 6.5b. A small hill was
formed in the center of each nanopore where the dried salt residues formed a deposit. A single
reaction vessel filled with a precipitate of yttria trichloroacetate is shown in Figure 6.5c. The
edges of the OTS nanopores define a clear boundary surrounding the deposited salt. The height
of the nanodeposits within the nanopores measured 1.4 = 0.4 nm, however the baselines at the
edges of the nanostructures that were used for AFM cursor measurements likely did not reach the
substrate. The areas surrounding the deposits may be partially filled with salts.

Within the representative AFM views of Figure 6.5, the OTS film was an effective resist
for preventing attachment of the salts in areas surrounding the nanopores. The nanopores with
OTS were filled with the salt solution and the periodic arrangement enables isolation to prevent
aggregation when the sample is heated at high temperature. A similarly prepared sample was
made using an organosilane terminated with polyethylene glycol groups. The PEG-silane film
was not an effective resist for depositing precursor salts; the sample showed deposits located on

areas throughout the sample.
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Figure 6.5 Zeptoliter vessels that were filled with rare earth precursor solution and dried. (a)
Contact-mode topograph acquired in air; (b) height profile for the cursor lines in a. (¢c) Magnified
view of a single salt deposit (200x200 nm?).

The sample of dried salt deposits shown in Figure 6.5 was heated to 800 C to produce an

array of well-defined nanoparticles on Si(111). During the heating steps, the salt mixture is
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restructured into nanocrystals of erbium-doped vyttria (Figure 6.6). At high temperatures, the
organic film of OTS was removed by calcination. The spacing between the nanoparticles
measured 490 = 37 nm, which corresponds to the diameter of the silica mesospheres used as a
surface mask. The example of Figure 6.6 is representative of the high-throughput capabilities of
particle lithography for patterning and arranging nanomaterials. Within the 7x7 pm? view there
are ~ 140 nanoparticles, which scales to a surface density of 10° nanoparticles per cm?. There
appears to be small residues in a few areas between the nanoparticles, which most likely are
residual salts that attached to OTS. The corresponding FFT of the AFM topography image is
presented in the inset of Figure 6.6a, and reflects the periodicity of the sample. Height
measurements of four nanoparticles are shown in Figure 6.6b. The nanoparticles range in height
from 1 to 4 nm, with the average height measuring 3.8 £ 1.1 nm (n = 66). A single nanoparticle
is shown in Figure 6.6c, evidencing clean removal of the OTS film. To test the effect of
increased soaking time, another sample was prepared in which the OTS nanopores were
immersed for 3 h in the saturated solution (Appendix E, Figure E3). After heating, the height of
nanoparticles prepared with longer immersion measured 3.1 £ 0.9 nm (n = 86). Since there was
no apparent increase in the size of nanoparticles, we concluded that 1 h immersion was sufficient
for filling the nanopores.

The heating process provides a means to obtain the desired product and remove organic
contaminants. During heating, the yttrium salt deposited within the nanopores was converted to
yttrium oxide according to the XRD characterizations of microstructures prepared under
identical heating conditions (Figure 6.2). When samples are heated to high temperatures, there is

a possibility of sintering and aggregation of the deposits. The OTS film prevented aggregation of
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the nanoparticles during the heating step and was removed completely by calcination at high

temperatures. An OTS SAM has been reported to degrade at temperatures starting at 200 C and
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Figure 6.6 Surface arrangement of erbium-doped Y,03; nanoparticles produced by heating. (a)
Topography image acquired with tapping-mode AFM in air. The inset is the corresponding FFT.
(b) Height profile for the white line in a. (c) Magnified topography view (200x200 nm?) of an
individual nanopatrticle.
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is no longer evident at temperatures of ~480 C according to thermogravimetric analysis.**’ The
nature of the substrate is an important consideration for surface-directed synthesis, polished
silicon wafers were used in this example. Organosilane SAMs provide flexibility for using
substrates such as glass, indium tin oxide, quartz or silicon wafers, which can sustain synthetic
steps at high temperatures.

The effect of the salt concentrations in the rare earth solution was tested to evaluate
changes in nanoparticle size using a 50% reduction in concentration (Appendix E, Figure E3).
After soaking for 1 h at 0.05 m concentration, we were unable to locate nanoparticles on the
silicon substrate. However, nanoparticles were produced when the immersion time was increased
to 3 h. The average height of the nanoparticles produced with lower salt concentration measured
0.5 £ 0.1 nm (n=27). At reduced concentration, the sizes of the nanoparticles were much smaller
than those prepared from the saturated solution, using the same platform and dimensions of OTS
nanopores as reaction vessels. We are currently investigating the potential of other resist films to
use for high temperature synthesis of REO nanoparticles. We anticipate that surface designs with
deeper pores will produce larger nanoparticles.

The proximity of neighboring nanoparticles can influence surface properties according to
the distance or spacing between adjacent materials. Patterning inorganic materials by surface-
templated reactions on small regions of a surface is not a conventional approach for inorganic
synthesis. Factors such as dilution, contamination and reproducibility become increasingly
significant as the dimensions are reduced. As the spacing between reaction vessels becomes
smaller it is possible that aggregation could occur. Future directions for surface-directed
synthesis of REO nanomaterials will evaluate if there are spatial limits for the spacing between

nanopores. The surface-directed strategy can be extended to other REO and oxide nanoparticles
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which require processing at high temperatures to effect crystallization. Designed surface
arrangements with periodic spacing will facilitate measurements with individual, discrete
crystals with defined surface density and arrangements. In future studies, the catalytic, magnetic,
and photophysical properties of the arrays of nanoparticles will be examined as a function of
nanoparticle size using scanning probe microscopies and surface spectroscopies.
6.4 Conclusions

We have developed approaches for surface-directed synthesis to prepare microstructures
and nanostructures of REO materials. Conventional wet chemistry approaches are not suitable
for preparing nanoparticles of rare earth oxides because relatively high temperatures are required
that exceed the typical range of boiling solvents. Microstructures were used to evaluate and
optimize synthetic conditions for advancing to smaller nanostructures, (e.g. temperature, duration
of heating and atmosphere requirements). With particle lithography, nanopores within an
organosilane matrix film were generated from a mask of monodisperse silica beads on Si(111).
The nanopores were used as zeptoliter-sized reaction vessels to define the sites for surface-
directed synthesis. The nanostructured film of organosilanes provided a sacrificial template,
which is destroyed when surfaces are heated to high temperatures. However, the arrangement of
inorganic deposits persists after heating, and becomes restructured into crystalline nanomaterials.
Small volumes of dilute solutions were used to synthesize nanoparticles over areas spanning
several cm. Since the approach is based on surface masks of mesospheres, the erbium-doped
yttria nanoparticles were synthesized to yield well-defined arrangements conforming to the

periodic packing of silica beads.
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CHAPTER 7: CONCLUSIONS AND FUTURE PROSPECTUS

Chemically patterned surfaces were used to generate nanoscale surface patterns of
organic and inorganic nanomaterials. Nanoscale arrays prepared through inexpensive, high-
throughput fabrication methods are necessary for the future of nanoscale devices and sensors.
The chemically patterned surfaces were fabricated using a combination of molecular self-
assembly and particle lithography. The surface platforms are potentially useful for applications
such as biosensors, platforms for in situ investigations, surface supported catalysts, optical filters,
and light emitting arrays. The nanoscale patterned surfaces can be tailored to attach a wide
variety of nanoscale materials by simply changing the designed surface chemistry. Investigations
of the properties of single nanomaterials is possible using AFM in conjunction with the
nanoscale arrays.

Nanopores of organosilane SAMs were used as containers to manufacture nanoparticles
in a surface directed approach for solid state synthesis. The synthesis took place within confined
areas of nanoscopic reaction vessels comprised of organosilanes. Patterns of erbium-doped Y,03
were prepared. In future studies the synthetic method will be extended to fabricate other classes
of rare earth nanomaterials with elements such as Gd and Ce. The catalytic, magnetic, and
photophysical properties of the arrays of nanoparticles will be examined using scanning probe
microscopies and laser spectroscopies.

Chemically functionalized surfaces of well-defined nanoscale dimensions were used as a
spatially selective surface template to direct the binding of fibrinogen. The nanopatterns of
fibrinogen were tested for the ability to bind antibodies. Measurements with AFM provide a
framework for in situ studies of biomolecular reactions. The nanoscale platforms enable control

of the surface density of protein, and are suitable for applications as biological sensing surfaces.

93



This strategy of arranging and controlling the orientation of proteins at the nanoscale can
improve the selectivity and sensitivity of surface-based protein assays.

Magnetic sample modulation AFM provides capabilities for imaging magnetic
nanomaterials. Nanoparticles as small as 0.8 nm have been detected with MSM-AFM. Surface
arrays of nanoparticles were used as test platforms to develop dynamic protocols with MSM-
AFM. Protocols were developed to evaluate how frequency and magnetic field strength of the
applied magnetic field affect the response of the magnetic nanoparticles. The high sensitivity of
MSM-AFM for mapping the distribution and locations of magnetic and superparamagnetic
nanoparticles should provide a detection mechanism for ultrasensitive assays which use magnetic

nanoparticle bioconjugates.
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APPENDIX B: PARTICLE LITHOGRAPHY USING UV/OZONE TREATMENT

An approach for preparing surface nanopatterns was developed (Chapter 5) for preparing
samples with reactive organosilanes such as PEG-silane. Often the headgroups of organosilanes
react with molecules selected for surface patterning to form disorganized structures. The steps
described as follows will enable surface patterning of SAMs with reactive endgroups.

Steps for critical cleaning of silicon substrates

1. Wash pieces of precut silicon wafers using deionized water (18 MQ). Dry the substrates
using ultrapure argon, and place them in a clean glass jar. Make sure the substrates are
separated from each other, and do not touch. The polished side of the wafer should be placed
face up in the jar.

2. Do this step in a laboratory fume hood. While wearing acid-resistant gloves and safety
glasses, measure 9 mL of concentrated sulfuric acid and add to the jar. Add 3 mL of 30 %
hydrogen peroxide to the jar and immediately place a cap on the jar. Soak the substrates in
the piranha solution for 1.5 h. Piranha solution is highly reactive and should be prepared in
the hood using protective clothing. It is critical that silicon substrates be cleaned before to
organosilane deposition. The piranha cleaning solution removes organic contaminants and
facilitates the formation of an oxide layer.

3. Using tweezers, remove the substrates from the solution, rinse with copious amounts of
deionized water, and store in deionized water. Samples should be used the same day when
cleaned.

Deposition of an organosilane thin film via heated vapor deposition

4. Rinse substrates with water and dry with ultrapure argon. Place the substrates in a plastic

vessel containing 400 pL neat mercaptopropyltrimethoxysilane (MPTMS) (or whichever
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silane is chosen for areas inside the nanopores). Make sure the substrate does not come into
physical contact with the neat silane solution (you can use an aluminum weigh boat or
aluminum foil to make a tray for isolating the liquid from the substrate). To generate a vapor,
place the sample in a 70 C oven for 4 h. This step will generate a thin film of organosilane on
the substrate. When using MPTMS, sulfhydryl groups with be present at the interface after
heated vapor deposition.

5. Remove the sample from the vessel using tweezers and rinse with copious amounts of
ethanol. Sonicate the substrate in a fresh ethanol solution for 15 min and dry with ultrapure
argon. Samples are now ready for deposition of a mesosphere mask.

Steps for washing the silica mesoparticles

6. Using a micropipette, measure a volume of the mesoparticle suspension needed for the
number of substrates to be patterned (about 20 pL per substrate). Place the solution ina 1.5
mL centrifuge tube and fill the tube with deionized water. Gently vortex the solution to mix
the beads with the water. Prepare a counterbalance centrifuge tube containing an equivalent
volume of water.

7. Centrifuge the suspension for 10 min at 16,000 rpm. Discard the supernatant and refill the
tube with water. Gently vortex the solution to resuspend the mesospheres.

8. Repeat the cycle three times. This step removes residual surfactants and charge stabilizers
present in the original solution of mesoparticles.

9. After the final centrifuging step, resuspend the silica particles in deionized water using the
original sample volume from beginning in step 6. The final concentration of the silica

particles will remain unchanged from the commercially available concentration.
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Generation of the mesosphere mask

10. Deposit 10 pL of the silica particles onto the MPTMS covered substrate (for the Ted Pella
5x5 mm substrates) making sure the coverage is even. A greater volume may be needed for
larger substrates. Dry the sample at 4 C overnight (~ 15 h). Dry the mask at a lower
temperature to slow the evaporation of water to enable better packing of the silica beads on
the MPTMS film.

Deposition of the matrix silane film

11. After removing the sample from the refrigerator, place it in the UV-ozone generator for 20
min to oxidize the unmasked areas of the MPTMS film. Areas directly in contact with the
silica particles are protected from oxidation during irradiation.

12. After removing the sample from the UV-ozone generator, immediately place the sample in a
glass jar containing a 1 % solution of PEG-silane in toluene (or whichever silane desired for
the matrix). Leave the sample in the organosilane solution for 5 h.

Removal of the template

13. Using tweezers remove the samples from the glass jar and immediately rinse with copious
amounts of deionized water. Sonicate the sample in ethanol for 3 min.

14. Sonicate the samples in fresh ethanol for 10 min. Continue to change solutions alternating
from ethanol to water every 10 min. Continue to do this until the mask is completely
removed (usually 3-5 washes). The last sonication step should be done in water.

15. After drying, the samples are ready for imaging.
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APPENDIX C: SURFACE-TEMPLATING METHOD FOR SYNTHESIZING
RARE EARTH OXIDE NANOPARTICLES

An approach for preparing surface arrangements of rare earth oxide (REO) nanoparticles

was developed (Chapter 6) using surface templates of organosilane nanopatterns. The

organosilane nanopatterns provided a surface mask for spatially distributing the placement of

small volumes of reagents. After the solutions were dried, dried deposits of precursor salts were

heated to form well-defined arrangements of REO nanocrystals.

Preparation of a stock solution of REO precursor salts

1.

Heat 50 mL of concentrated nitric acid to 80 C using a hot plate in a fume hood. Dissolve
0.0075 mol of yttrium oxide in the nitric acid. Erbium oxide can be dissolved in the acid if
desired (3 % doping concentration). Once the solution is clear, remove it from the hot plate
and cool to room temperature.

Add NH4OH until the solution registers as basic using pH paper. At alkaline pH, the yttrium
hydroxide will form a precipitate in the solution. Filter the precipitate by vacuum filtration
and wash with deionized water. Dry the precipitate in air to form a powder.

Prepare a 25 % trichloroacetic acid (TCAA) solution in water. Use this solution to prepare a
saturated solution of the yttrium hydroxide powder. Add small volumes of the TCAA
solution to just dissolve the yttrium hydroxide powder (~ 88 g). The saturated solution of

yttrium trichloroacetate (YTCA) can be further diluted if needed.

Particle lithography procedure to prepare nanopores within a hydrophobic matrix film

Procedure for cleaning silicon substrates

4. Wash precut silicon wafers using deionized water (18 MQ). Dry the substrates using

ultrapure argon, and place the pieces into a clean glass jar.
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5.

6.

Complete this step in a laboratory fume hood. While wearing acid-resistant gloves and safety
glasses, add 9 mL of concentrated sulfuric acid to the jar. Carefully add 3 mL of 30 %
hydrogen peroxide to the jar and place the cap on the jar quickly. Soak the substrates in the
piranha solution for 1.5 h. Piranha solution is highly reactive and should be prepared in the
hood using acid-resistant personal protective clothing.

Remove the substrates from the Piranha solution using tweezers, rinse with copious amounts

of deionized water, and store in water. Samples should be used the same day as cleaned.

Steps for washing silica mesoparticles using centrifugation

7.

10.

Using a micropipette, measure a volume of the mesoparticle suspension sufficient for the
number of substrates to be prepared (about 20 pL per substrate). Place the solution in a 1.5
mL centrifuge tube and fill with deionized water. Gently vortex the solution to mix the beads
with water. Prepare a counterbalance centrifuge tube containing an equivalent volume of
water.

Centrifuge the suspension for 10 min at 16,000 rpm. Discard the supernatant and refill the
tube with water. Gently vortex the solution until the beads are resuspended.

Repeat step the washing/centrifuge cycle three times to remove residual surfactants and
charge stabilizers present in the original mesoparticle suspension.

After the final centrifuging step, resuspend the silica particles in deionized water using the

original sample volume.

Fabrication of a surface mask for nanolithography

11.

Deposit 10 pL of the silica particles onto the clean silicon substrate, to ensure complete
surface coverage for the 5x5 mm substrates (Ted Pella). Larger pieces of substrates will

require a larger volume of sample.
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12. Dry the sample in ambient conditions until it is dry in appearance (~ 4-6 h). After drying,
place the substrate in a 150 C oven overnight.

Preparation of a hydrophobic resist film of organosilane

13. After removing the substrates from the oven, place the samples into a glass jar containing
0.1% octadecyltrichlorosilane (OTS) in bicyclohexyl for 7 h.

14. Remove the samples from the glass jar using tweezers and immediately rinse with copious
amounts of deionized water. Sonicate the sample in ethanol for 3 min. Use fresh solvents for
rinsing steps with sonication to prevent any residual OTS molecules from depositing within
the nanopores after the mask is removed.

15. Sonicate the samples in fresh ethanol for 10 min. Continue to change solutions alternating
from ethanol to water every 10 min. Continue rinsing the sample until the mask is completely
removed (usually 3-5 washes). Complete a final rinsing and sonication step in deionized
water.

16. Dry the samples with ultrapure argon, samples are then ready for AFM experiments.

Inserting the precursor solutions of yttrium salt inside the nanopores

17. Place the OTS sample into a saturated solution of yttrium in trichloroacetic acid and sonicate
for 5 min. Leave the sample in the solution for up to 3 h.

18. Using tweezers, remove the sample slowly in a vertical position and place in a flat orientation
to dry in a petri dish under ambient conditions. After drying, the samples are ready for AFM
imaging.

Steps for solid state synthesis of yttria nanocrystals

19. Place the dried sample into an oven and set up a temperature profile.
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20. The heating profile should ramp to 150 C over 2 h and hold for 3 h. Ramp at 50 C per hour to
800 C for 13 h and hold at 800 C for 8 h followed by cooling. The heating steps will convert
the nanoparticles to yttria and remove the OTS film. After cooling the sample is ready for

AFM imaging.
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APPENDIX D: SUPPLEMENTAL INFORMATION FOR SPATIALLY
SELECTIVE SURFACE PLATFORMS FOR BINDING FIBRINOGEN PREPARED BY
PARTICLE LITHOGRAPHY WITH ORGANOSILANES®*

(h)

Lilnm 1.6nm 364 nm

2 R A m Onm § . -]'!ﬁ";- Onm [ v 1M onm
Figure D1 Control samples for steps that are not shown in the article viewed with AFM
topographs. (a) A clean silicon substrate with a surface roughness of 0.9 nm, image was acquired
in air using contact mode AFM. (b) After MTPMS deposition, the roughness measured 1.8 nm;
image acquired with tapping-mode. (c) After the silica mesospheres were deposited on MPTMS

film (tapping-mode image).
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Figure D2 Representative AFM topography images and cursor profiles of organosilane
nanopatterns prepared on Si(111) using different diameters of silica mesospheres. Samples were
prepared using the same protocol as with Figure 3.2, the nanopores are regions with MPTMS
surrounded by PEG-silane.
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Figure D3 Representative AFM topography views of nanopatterns after coupling fibrinogen to
sites with MTPMS, achieved with samples prepared using different sizes of silica mesospheres
for particle lithography masks.
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APPENDIX E: SUPPLEMENTAL INFORMATION FOR SURFACE-DIRECTED
SYNTHESIS OF ERBIUM-DOPED YTTRIUM OXIDE NANOPARTICLES WITHIN
ORGANOSILANE ZEPTOLITER CONTAINERS

(a) d

Figure E1 Steps to prepare microstructures of precursor salts using capillary filling of PDMS
molds. (a) A PDMS mold with line micropatterns was placed on the substrate. A drop of the
precursor solution was placed at the entrance of the microchannels. (b) After drying (~24 h), the
PDMS mold was removed to reveal microline patterns of salt deposits. (c) Heating to 800 C
converts the deposits of erbium and yttrium salts to erbium-doped yttrium oxide microstructures.

Microstructures were fabricated as a proof-of-concept to enable a convenient platform for
optimizing the temperatures for the solid state synthesis of erbium-doped yttrium oxide
microstructures. The Si(111) substrates were treated with UV-ozone for 20 min to remove

contaminants. A polydimethysiloxane (PDMS) mold patterned with 3 pm channels was placed
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on the silicon wafer (Figure E1a). The PDMS mold was fabricated by curing a film of Sylgard
elastomer (Dow Corning, Midland, MI) on an AFM calibration grid (NT-MDT, Moscow,
Russia). A drop of the solution of yttrium trichloroacetic acid (10 pL) was placed next to the
PDMS mold near the openings of the microchannels. Within a few minutes, the liquid was drawn
into the conduits by capillary force to completely fill the length of the microchannel (Figure
Ela). The surfaces of the PDMS mold that are in contact with the substrate do not conduct
liquid, only the open areas within the channels fill with reagents. The sample was dried in
ambient conditions for 24 h. After removing the stamp, salt deposits had formed within the
microchannels (Figure E1b). The sample was heated to 150 C for 3 h to decompose the acid to
form Y,(COz3);. The carbonate was further decomposed to Y,03 by heating to 800 C overnight
(Figure E1c). After drying the samples, the substrate retains a micropatterned arrangement of the
precursor salts according to the defined arrangement of microline patterns. Preparation of solid
yttria microstructures was confirmed with X-ray powder diffraction on a Bruker AXS D8
Advance X-ray diffractometer equipped with a Cu K, source. Data were collected over the range
of 2 theta of 5 to 80 ° with step size of 0.02° at 2 s count time. The micropatterns of erbium-
doped Y,03; were imaged using an FEI Quanta 200 scanning electron microscope. The micron
sized relief structures were used to evaluate and optimize synthetic conditions for advancing to

smaller nanostructures, (e.g. temperature, duration of heating and atmosphere requirements).
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Figure E2 Microparticles of erbium-doped Y,O3 prepared from capillary filling after heating,
imaged by contact mode AFM in air. (a) Four microparticles formed inside of the channels of the
PDMS mold are visible in the AFM topography (left) and corresponding lateral force image
(center). A cursor profile across two microparticles is shown on the right. (b) A single
microparticle shown within a 5x5 pm? AFM topography frame (left); lateral force image
(center); and cursor profile (right). The shape of the channels within the PDMS mold influence

the geometries of the microparticles: an elongated shape was produced with flat sides formed
against the walls of the channels.
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Figure E3 Nanoparticles of erbium-doped Y,O; prepared at selected concentrations and
immersion intervals. Organosilane nanopores were immersed in precursor salt solutions for
varying times for each of the above samples. (a) Smaller nanoparticles were prepared at 0.05 m
concentration, measuring 0.5 £ 0.1 nm (n = 27) after 3 h immersion. (b) The nanoparticles
prepared from substrates soaked for 1 h in saturated salt solution measured 3.8 £ 1.1 nm in

height (n = 66). (c) A sample soaked in saturation salt solution for 3 h produced nanoparticles
with an average height of 3.1 £ 0.9 nm (n = 86).
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