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Abstract

This thesis examined the nanoscale interfacial chemistry in different systems involving
magnetic iron oxides. Part one of the thesis studies the degradation of carbonyl iron microparticles
in hydrocarbon or fluorocarbon magnetorheological smart fluid media after experiencing continual
mechanical shear in clutch devices. X-ray photoelectron spectroscopy (XPS) is the technique of
choice because it provides depth-resolved profiles of elemental-specific oxidation states of surface
and sub-surface species. The combination of XPS with scanning electron microscope (SEM)
reveals how the morphological changes of iron particles are related to reactions involving
adventitious oxygen and chemical substituents in the host fluid. Such reactions produced a surface
layer of iron oxides and iron fluorides encapsulating the particles. The surface layers, accompanied
by shear-induced collisions in the clutch environment, lead to nanoscale changes in surface

topography and redistributions of surface and sub-surface chemical species.

Part two of the thesis compares carboxylated cellulose nanocrystal (CNC) cryogel porous
scaffolds with iron oxide nanoparticle-incorporated cellulose nanocrystal cryogel scaffolds. The
cryogel scaffolds are produced using unidirectional freezing processes that employ high and low
freezing temperatures, and freeze-thawing. The influence of an applied magnetic field on freezing
is also investigated. SEM reveals morphologies of the resulting scaffolds. Pore size distributions
are analyzed using the local thickness method. Furthermore, the nanoscopic structure of CNC in
the scaffolds is studied using small-angle x-ray scattering (SAXS), and the results are correlated
with water sorption data obtained via dynamic water sorption (DVS). It is observed that iron oxide
incorporated CNC scaffolds have reduced water sorption. This observation correlates with the

increased compactness within nanocrystals containing iron oxide-grafted CNCs.



Part three of the thesis redirects attention to polarized Raman spectroscopy in integrated
optical waveguides. The integrated optics technique involved guiding a polarized incoming laser
beam into a waveguide through prism coupling. Two waveguide setups are examined. The first
setup uses glass waveguides with surface decorations of plasmonic gold-silver core-shell
nanoparticles (Au AgNPs) configured as glass optical chemical bench (OCB) sensing elements.
We implemented TE-TM polarized guided wave surface-enhanced Raman spectroscopy as a
nanoplasmonic waveguide sensor to probe inter-ligand soft-soft interactions between magnetic

nanoparticles and nanoplasmonic AuAg NPs.

The second setup is hybrid organic-inorganic sol-gel glass waveguides for investigating
induced optical anisotropy inside the waveguide medium. In one experiment, we demonstrated
that a polarization-induced refractive index change can be “written” by guiding polarized waves
in the hybrid glass medium in the form of a spatially localized self-inscribed waveguide. We
examined TE-TM mode conversion by “reading” mode conversion through changes in polarized
C-H stretch vibrations of the hybrid glass. We furthered our experiment by “writing” a gyroscopic
nanocomposite waveguide comprising magnetite nanoparticles in the host glass. Our attempt to
detect non-Faraday effect mode-conversion in the waveguide, although inconclusive at this time,
calls for exploration of new theories to describe mode conversion in lossy gyrotropic waveguide

media.



R&ume

Cette thése examine la chimie interfaciale &l'é&helle nanomérique dans diffé&ents
systénes impliquant des oxydes de fer magnéiques. La premi&e partie de la thése éudie la
dégradation des microparticules de fer carbonyle dans des milieux fluides intelligents
magnéorhélogiques d'hydrocarbures ou de fluorocarbures aprés avoir subi un cisaillement
meeanique continu dans des dispositifs d'embrayage. La spectroscopie photo&ectronique a
rayons X (XPS) est la technique de choix car elle fournit des profils réolus en profondeur des
éats d'oxydation speeifiques aux ééments des espéees de surface et de sub-surface. La
combinaison de la XPS avec le microscope éectronique abalayage (MEB) ré/éle comment les
changements morphologiques des particules de fer sont liés aux réctions impliquant I'oxygéne
fortuit et les substituants chimiques dans le fluide h&e. Ces réctions ont produit une couche
superficielle d'oxydes et de fluorures de fer encapsulant les particules. Les couches de surface,
accompagnées de collisions induites par le cisaillement dans le milieu d'embrayage, entrament
des changements al'&helle nanomérique dans la topographie de la surface et des redistributions

des espeees chimiques de surface et de sub-surface.

La deuxiéme partie de la these compare les éhafaudages poreux de cryogels de
nanocristaux de cellulose carboxylé (CNC) avec les &hafaudages de cryogels de nanocristaux
de cellulose incorporés de nanoparticules d'oxyde de fer. Les éhafaudages de cryogel sont
produits al'aide de processus de congdation unidirectionnels qui utilisent des tempé&atures de
congéation éevées et basses, ainsi que la congdation-dé&ongdation. L'influence d'un champ
magnétique appliquésur la cong&ation est &alement &udiée. Le MEB résée les morphologies
des é&hafaudages obtenus. La distribution de la taille des pores est analysé& par la méhode de

I'&aisseur locale. De plus, la structure nanoscopique des CNC dans les &hafaudages est éudié&
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en utilisant la diffusion des rayons X aux petits angles (SAXS), et les résultats sont corréés avec
les données de sorption de I'eau obtenues par sorption dynamique de I'eau (DVS). On observe
que les ehafaudages CNC incorporé d'oxyde de fer ont une sorption d'eau réuite. Cette
observation est en corréation avec l'augmentation de la compacitédes nanocristaux contenant

des CNC greffé al'oxyde de fer.

La troisieme partie de la thése redirige I'attention vers la spectroscopie Raman polarisé
dans des guides d'ondes optiques intégrés. La technique de l'optique intérée consiste aguider un
faisceau laser entrant polarisédans un guide d'ondes par couplage de prismes. Deux
configurations de guides d'ondes sont examinés. La premiére configuration utilise des guides
d'ondes en verre avec des deéeorations de surface de nanoparticules plasmoniques or-argent &
cceur-coquille (Au AgNPs) configurés comme des ééments de déection de banc chimique
optique (OCB) en verre. Nous avons mis en ceuvre la spectroscopie Raman améliorée en surface
par ondes guidées polarisées TE-TM comme capteur de guide d'ondes nanoplasmonique pour
sonder les interactions douces inter-ligands entre les nanoparticules magnéiques et les

nanoparticules AuAg nanoplasmoniques.

La deuxiéne configuration est constitué de guides d'ondes hybrides organiques-
inorganiques en verre sol-gel pour éudier I'anisotropie optique induite &l'inté&ieur du milieu du
guide d'ondes. Dans une expé&ience, nous avons démontréqu'un changement d'indice de
réfraction induit par la polarisation peut &re " €erit " en guidant des ondes polarisees dans le
milieu de verre hybride sous la forme d'un guide d'ondes auto-inscrit localisédans I'espace. Nous
avons examinéla conversion de mode TE-TM en " lisant " la conversion de mode atravers les
changements des vibrations d'é&irement C-H polarisés du verre hybride. Nous avons poursuivi

notre exp&ience en " &rivant " un guide d'ondes nanocomposite gyroscopique comprenant des

Vv



nanoparticules de magnéite dans le verre hGe. Notre tentative de déection de la conversion de
mode par effet non-Faraday dans le guide d'ondes, bien que non concluante pour le moment,
appelle al'exploration de nouvelles théories pour deéerire la conversion de mode dans les guides

d'ondes gyrotropiques apertes.
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Chapter 1

Introduction

1.1 Overview of thesis objectives

This thesis focuses on exploring nanoscale interfacial chemistry with different
characterization techniques in three different applications of magnetic iron microparticles and
magnetite (Fe304) nanoparticles. Iron-based materials have versatile applications in engineering
due to their magnetic, thermal, catalytic, and optical properties. The three applications chosen as
background scenarios for interface studies are magnetorheological fluids containing carbonyl
iron microparticles, iron oxide nanoparticles on cellulose nanocrystal scaffolds, and iron oxide
nanoparticles decorated on a plasmonic optical chemical bench. Instead of exploring fabrication
methods to improve material functionalities for a specific application, the studies aim to gain
insights into the material interfaces to acquire fundamental knowledge of material behaviours.
Each of the three following sections in the introduction chapter offers a brief background on the
related concepts and discusses experimental objectives for the application in focus. A general

outline of the thesis can be found in the last section of this chapter.

1.2 A brief discussion of iron and iron oxides

1.2.1 Overview of iron and iron oxide compounds



Iron is one of the most abundant elements on Earth. The source of terrestrial iron can be
traced to the cosmos.! The majority of iron exists in the form of molten metal or alloy in the
inner and outer core of the planet.? On the surface of Earth, it exists primarily as various forms of
iron oxides. Common examples of these minerals include hematite (Fe,O3), magnetite (Fe30a),

and goethite (FeOOH).?

Iron is a transition metal with atomic number 26 and electron configuration [Ar]3d®4s2.
According to the Pauli exclusion principle, two electrons in an arbitrary system cannot occupy
the same state defined by identical sets of quantum numbers. This means that two electrons in
the same orbital must have opposite spins. Electron spin generates magnetic momentum.
However, magnetic moments from two electrons in the same orbital with opposite spins cancel
out, and no residual magnetic momentum is left.* Of the six electrons in the 3d-shell of iron, five
electrons are of +1/2 spin quantum number, and one is of -1/2. The four unpaired electrons in the

3d orbital of iron lead to spin polarization of the atom with a permanent magnetic moment.

Iron supports a wide range of oxidation states due to the closeness in energies of the 3d
and 4s orbitals, of which +2 and +3 are the most common. Despite its permanent magnetic
moment, not all forms of iron or iron-based compounds are magnetic. In the following sections,
we briefly review several aspects of magnetism relevant to this thesis, followed by a description
of the two types of magnetic iron-based particles used in this thesis: "carbonyl™ iron particles and

magnetite nanoparticles.



1.2.2 Types of magnetism

The origins of magnetism, and ultimately of the magnetic properties of materials, can be
traced to contributions from the spin and orbital motions of electrons, the magnetic moments of
electrons, and the resulting magnetic moments of atoms and ions. Magnetism is, therefore,
essentially a quantum mechanical phenomenon. It depends on the charge and spin of the electron
and can be described within the Pauli exclusion principle. Since magnetic monopoles do not
exist, the magnetic moments of nuclei and of electrons in atoms and ions correspond to the
lowest order of magnetic dipole. Paramagnetism refers to the permanent magnetic moment that
arises from unpaired electrons in atoms or molecules. The various types of magnetic behaviour
in solids are due to the presence of a well-defined magnetic moment, i.e., paramagnetism,
ferromagnetism, antiferromagnetism, and ferrimagnetism. Paramagnetic materials are attracted
to a magnetic field by coupling with their magnetic dipole moment.> When an external magnetic
field is applied, the spin of the unpaired electrons in each atom can be induced to align parallel to
the magnetic field, causing a net attraction. Paramagnets do not retain any magnetization without
an externally applied magnetic field because the energy barrier to spin reorientation is on the
order of the mean thermal energy. Paramagnetism can exist in materials even when there are
interactions between the magnetic moments. As long as these interactions are sufficiently weak,
as stated above, no net magnetization occurs, and so the material can be considered
paramagnetic. This behaviour occurs, for example, in ferromagnetic materials above their critical

temperature and in nanomagnetic materials such as magnetic nanoparticles.

Diamagnetic materials contain only paired electrons. When an external magnetic field is
applied, the orbital electrons (as moving charges) experience a counter force known as the

Lorentz force. This Lorentz force deflects the path of electrons and produces a current



counterclockwise about the applied magnetic field, which leads to a negative induced magnetic

moment.®

Magnetic properties manifested by crystalline materials depend on the crystal lattice
(space group) and on chemical composition. Magnetic materials are generally classified as

ferromagnetic, ferrimagnetic, or antiferromagnetic.

In a crystal lattice, atoms are proximal, meaning interatomic interactions like dipole-
dipole and exchange interactions can occur among magnetic atoms and ions.> ® Interactions
among spins determine whether the spins are parallel or antiparallel. In quantum mechanical
terms, this exchange interaction is a quantum mechanical phenomenon that can be formulated via

the Heisenberg exchange Hamiltonian:> "8

S; and S; are the total spins of the two atoms. J is the exchange constant that governs the
orientation of the spins. Parallel spins are favoured when 7 is positive, while antiparallel spins
are favoured when 7 is negative. Parallel spins lead to ferromagnetism, and antiparallel spins
with equal magnitude lead to antiferromagnetism. When the spins are antiparallel with unequal

magnitudes, ferrimagnetism occurs.

We should note that the exchange interactions are not only direct, short-range interactions
between immediate atoms. Indirect interactions mediated by an intermediate atom such as
oxygen can also occur. Double exchange occurs when an electron is exchanged between the
same cations of different oxidation states, for example, between the two iron cations in Fe**—O—
Fe?* of the magnetite inverse spinel lattice via a symmetry-adapted p-orbital on oxygen.®® The

lowest energy of such systems corresponds to a parallel alignment of the spins in the two Fe ions,



giving rise to ferromagnetism.® In contrast, superexchanges occur between the same cations of
the same oxidation state, such as in Fe>*—~O—Fe**, and the 180 <configuration of the spins favours

an antiferromagnetic interaction where the resulting spin pair is antiparallel.® 1

The alignment of spins through exchange interactions corresponds to the most favourable
energy state, meaning the spins remain aligned in the absence of an applied magnetic field® °
until the Curie point is reached. The Curie point is a critical temperature at which enough
thermal energy is supplied to randomize the spin alignment. The spontaneous magnetization

diminishes at the Curie point, and the crystal starts to behave like a paramagnet.”

1.2.3 Magnetic domains

Magnetic domains are regions within a material in which the spins are aligned in the
same direction, thus creating a uniform magnetization. Ferromagnets and ferrimagnets below the
Curie point spontaneously organize into many magnetic domains depending on the physical
dimensions of the material. Domain formation minimizes magnetostatic energy.!* The
magnetization of a magnetic material leads to an external magnetic field. Simultaneously, an
internal field called the demagnetizing field is produced in response, opposing the
magnetization.!! The larger the demagnetizing field, the larger the magnetostatic energy. To
minimize magnetostatic energy, magnetic materials above some critical sizes divide themselves
into two or more magnetic domains. These magnetic domains have different directions that
compensate for each other, so the net magnetization vanishes. Consequently, the magnetostatic

energy becomes zero.



Forming magnetic domains has energy costs. Firstly, most magnetic materials have
magnetocrystalline anisotropy, meaning that it is easier for magnetization to occur along one of
the crystallographic axes (the easy axis) than the others. The additional energy cost of changing
the magnetization of the domain to a less favourable direction is called the magnetocrystalline
anisotropy energy.*! Secondly, changing the magnetization of a ferromagnetic or ferrimagnetic
crystal produces a spontaneous change in the dimensions of the crystal. However, since the
magnetic domains are confined in position by their surroundings, a type of strain called
magnetostriction arises from the magnetic interactions.® In addition, the presence of defects such
as impurities or dislocations in the crystal lattice can produce internal stress that acts as a barrier
to changes in magnetization.!! The energy required to overcome this strain is called
magnetoelastic anisotropy energy. The different magnetic domains are separated by domain
walls. This is a transitional area where the magnetic spins gradually turn between oppositely

magnetized regions, and the system reaches the state of lowest energy.!*

1.2.4 Superparamagnetic nanoparticles

When the size of a ferromagnetic or ferrimagnetic crystal is reduced until multiple
domains are no longer supported inside the crystal, it becomes a single-domain particle. All local
spins are parallel within these single-domain particles, and the direction of this "macrospin” is
determined by an external magnetic field. The behaviour of the spin in single-domain
nanoparticles is similar to that of paramagnetic particles, and single-domain nanoparticles are
therefore referred to as superparamagnetic. The sizes of superparamagnetic particles depend on
the crystal lattice, but they must all be sufficiently small. For example, superparamagnetic

magnetite nanoparticles generally have diameters under 17 nm.*2



Superparamagnetic particles reorient or relax their spin to a new direction to align with
the external field via two mechanisms. The first mechanism is Brownian relaxation, which refers
to the physical rotation of the particle through diffusion in a carrier liquid. The second
mechanism is Nél relaxation, in which the magnetic spin flips between its two opposite
directions along the easy axis of magnetization within the particle when thermal energy exceeds

the internal magnetic anisotropy energy.®

1.2.5 Carbonyl iron particles

Carbonyl iron particles are a-iron microparticles produced from the thermal
decomposition of iron pentacarbonyl vapour.®® Particle sizes produced by this method range

from 0.2 - 8.0 . The reaction process is described in the following equations:

ANH;
Fe(CO)s — Fe + 5COT
2CO0->C+CO;
2NH3 - N2 + 3H>

Liquid iron pentacarbonyl vaporizes at approximately 103°C and decomposes at 250 — 300°C 13
with ammonia as a catalyst. The relatively low pressure and temperature in the reaction
procedure ensure that a-iron is the only type of iron allotrope that is produced. This allotrope was
confirmed by electron diffraction in TEM.® In addition, x-ray crystallographic data suggested
that 3 wt.% of impurities exist in the as-produced carbonyl iron particles.'® These impurities
include a small amount of cementite (FesC), but more importantly, they are loosely bound or

trapped carbon, oxygen and nitrogen atoms in the a-iron lattice structure.™®



a-iron has a body-centred cubic (bcc) crystal structure (Figure 1.1A) and is ferromagnetic
below its critical point of 771°C.** At around the critical point, thermal excitations of the spin
oscillations destroy the long-range magnetic order driving a phase change. Above the critical
point, spin fluctuations lead to the formation of short-range magnetic ordering and the turning of

the material into paramagnetic.®

1.2.6 Magnetite nanoparticles

Magnetite is one of the most common iron oxides with the chemical formula Fe3sO4. The
lattice structure of magnetite is an inverse spinel, as shown in Figure 1.1B. In the unit cell of the
inverse spinel structure, O% anions form a close-packed face-centred-cubic structure.'® There are
octahedral and tetrahedral interstitial sites within the close-packed structure. Half of the Fe®*
cations occupy tetrahedral sites, while the other half, along with Fe?* cations, occupy octahedral

sites.’® The chemical formula of magnetite can, therefore, also be written as [Fe?*Fe3*][Fe3*]04.1°

Magnetite appears black because it has more than one oxidation state. A process called
intervalence change transfer occurs when an electron is transferred between two adjacent Fe ions
with different oxidation states. This interaction typically results in the absorption of light in the
visible and near-IR region and gives magnetite its dark colour. In real-life conditions, however,
magnetite nanoparticles are almost always partially oxidized by air and contain surface
maghemite, which changes the colour of the nanoparticles from black to brown. Maghemite has

the same inverse spinel structure, except that all Fe?* cations have been oxidized to Fe®*.

Magnetite is ferrimagnetic by virtue of exchange interactions in its crystal lattice. The

Fe3* cations occupying the tetrahedral sites have 3d° configuration and a net magnetic moment of



5 uB.™ The octahedral sites hold both Fe** (3d°, 5 uB) and Fe?* (3d®, 4 uB) cations. The Fe*" and
Fe?* cations in the octahedral sites aligned ferromagnetically via double exchange interaction,
thus having a combined magnetic moment of 9 uB.® In contrast, the Fe** cations in the
tetrahedral sites aligned antiferromagnetically to the Fe* in the octahedral sites via
superexchange interaction.'® A net magnetic moment of 4 uB is produced in each unit cell of

magnetite as a result of all spin interactions in the crystal lattice.

Many methodologies have been developed for the synthesis of magnetite nanoparticles®®,
the two most common of which are co-precipitation and thermal decomposition. The co-
precipitation method precipitates magnetite nanoparticles from an aqueous solution of ferric and

ferrous ions. The overall reaction equation for co-precipitation is:
Fe? + 2Fe®" + 80H™ — Fe304 + 4H,0

The thermal decomposition method employs organometallic compounds such as iron
pentacarbonyl, iron acetylacetonate, and iron oleate.® The magnetite nanoparticles are prepared
by the decomposition of the organometallic precursors at high temperatures (> 300°C) in a high-
boiling point solvent. The thermal decomposition reaction of iron oleate in octadecene is

represented by:®

A
FeCl3+Na(C17H33COO0) — Fe(C17H33CO0)3 — Fe304

In this thesis, we employed a co-precipitation method to synthesize our magnetite
nanoparticles to eliminate surface ligands on the nanoparticles as much as possible. Detailed

synthesis is described in the experimental section in Chapter 5.
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Figure 1.1. (A) A unit cell of the body-centred cubic (bcc) crystal structure for a-iron; the
blue circle represents Fe(0). (B) A unit cell of the inverse spinel crystal lattice structure (a)
with (b) representing the tetrahedral or "A"-site and (c) representing the octahedral or "B"-
sites. In both A-sites and B-sites, O anions (black dot) form the tetrahedral or octahedral
structures, while Fe* and Fe?* cations occupy their respective interstitial sites. Figure X(B) is

adapted from reference (17), copyright © 2018 John Wiley & Sons, Ltd.

10



1.3Background literature review for each chapter

1.3.1 Iron microparticles in magnetorheological fluids
1.3.1.1 Magnetorheological fluids (MRF)

Magnetorheological fluids (MRF) consist of magnetically "soft" microparticles, sized
approximately 1 — 10 um, suspended in carrier fluids like perfluoropolyethers, silicones, or
hydrocarbons. The fluids are supplemented with additives, usually surfactants to stabilize the
particles against undesirable aggregation and sedimentation by encapsulating them in a sterically
repulsive organic shell.’® MRFs belong to the more general class of "smart materials" due to their
ability to adjust rheological properties in response to an external magnetic field.?® The
microparticles in MRFs are multi-domain systems where the magnetic domains are randomly
oriented when no magnetic field is applied.'® % The external magnetic field aligns the dipoles of
the magnetic domains along the magnetic field lines.?° As a result, the particles move under the
magnetic force to align as chain-like structures.’®?° Figure 1.2 shows the reversible alignment of
the microparticles. Columnar alignment of the particles restricts fluid flow in the horizontal
(shear) direction between the magnets. Under microprocessor control, the ability to change the
yield stress of MR fluids according to the magnetic field enables one to alter structural damping
and stiffness coefficients, making the structure "smart"” or "intelligent.” The yield stress in an
MREF is the applied stress that must be exceeded in order to make the structured fluid flow. The
apparent viscosity of the MRF can increase by factors of 10°-10° or more — within a few

milliseconds when the magnetic field is applied.
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Figure 1.2 Schematic images of MRF particles in dispersion become reversibly aligned after
an external magnetic field is applied. Adapted with permission from reference (19) Copyright

© 2022 Elsevier B.V.

Below a critical shear stress threshold called the "apparent yield stress,” Figure 1.2
suggests that the MRF can be reversibly converted from a liquid state to a semi-solid state.?® %
The aligned particle network is disrupted when the shear stress exceeds the apparent yield stress,
and the MRF starts to flow.?2 The viscosity of the MRF depends on the magnitude and direction

of the applied magnetic field as well as the applied shear.?> 23

Because of their magnetically tunable viscosity, MRFs are ideal for applications that
require quick, continuous, and reversible rheological changes.?’ These applications generally
involve interfaces between electrical power input and mechanical power output or replacements
of mechanical components, such as dampers, valves, brakes, clutches, actuators, and polishing.'*

24 In recent years, MRFs have also been employed in soft robotic systems.?> ~27

Despite the wide range of applications of MRFs, the manner by which the fluids age
(degrade over time) has drawn attention because the failure modes of MRFs are complex,
making the development of predictive models of the useful lifetime of the fluids a difficult task.

It turns out that an important feature of how MRFs degrade is related, at least in part, to
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nanoscale surface chemistry; hence our interest in probing nanoscale changes at the surface of
iron microparticles and how they might be linked to long term performance metrics. The next
section gives a brief review of what is currently known about the role of carbonyl iron particles

in MRF aging.

1.3.1.2 The role of oxidation of carbonyl iron particles in the degradation of MRFs

To achieve fast switching and desirable rheological properties, it is desirable that the
magnetic microparticles exhibit low coercivity and high saturation magnetization. Coercivity
refers to the ease with which magnetic domains can be moved (aligned) in a magnetic field.
Saturation magnetization refers to the limit beyond which the applied field, H, has maximized
domain motion so that the minute magnetic fields within the particles add together to yield a
large (saturated) magnetic induction, B. Iron particles are widely preferred for their low
coercivity and high magnetic saturation. Saturation magnetization is on the order of 2.1 T at
room temperature. The highest purity particles are now obtained by the chemical vapour
deposition (CVD) process, where iron pentacarbonyl (Fe(CO)s) is thermally decomposed. The
powders produced by CVD are called "carbonyl iron" particles. Since iron pentacarbonyl can be
obtained in high purity, a well-designed CVD process can yield particles with > 99.7% chemical
purity. The resulting particles are mesoscale and spherical. Mesoscale iron particles are desirable
because they comprise many magnetic domains, raising the saturation magnetization. Spherical
particles are desirable because they suppress or eliminate shape anisotropy. High purity particles
provide fewer points where domain wall motion can be pinned. Since impurities cause magnetic
hardness in iron, they also cause mechanical hardness because dislocation motions are

suppressed. Non-abrasive particles are desired for use in MRF-based devices.
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It is not surprising that the rheological properties of MRFs depend on particle
concentration and density, particle size, shape distribution, properties of the carrier fluid,
additives, applied field, temperature, and other factors. The interdependency of all these factors
is very complex. A review by Kumar et al. explains some of the challenges.?® Ongoing research
attempts to understand the complex interplay of the many factors identified as contributing to
MRF aging.'® Carbonyl iron particles typically occupy 20-40% of the volume in MRFs.?° Not
surprisingly, oxidation has been examined as a component of MRF aging. Oxidation begins at
the interface, where it can be assisted by adventitious water. The types of iron oxides are varied.
They include iron(Il) oxide, wistite (FeO), magnetite (FesOa4), iron(l11) oxide (Fe203), the
crystalline polymorphs called alpha phase hematite (a-Fe203), beta phase -Fe2Os, gamma phase
maghemite (y-Fe203), and epsilon phase g-Fe2Os. These can undergo polymorphic transitions
under various conditions. Particle-particle collisions can cause spalling of the brittle oxides,
leaving debris that can enhance the abrasion of iron microparticle surfaces. Polymorphism
among iron oxides can occur at the nanoscale.®® This makes the study of the oxides at carbonyl
iron surfaces of fundamental interest beyond applications in MRF formulations and applications.
Studies have found that oxidation of the iron particles decreases the overall saturation
magnetization of the MRF.® 29 In addition, oxidation is associated with increased fluid viscosity
when the MRF is at rest.?® It is not certain whether this increase in viscosity is related to

shedding fragments from the brittle oxide shell into smaller, non-magnetic particles.3

Chapter 2 of this thesis is devoted to gaining nanoscale (surface) insights into the
oxidation of carbonyl iron particles submerged in hydrocarbon and fluorocarbon MRF carrier
fluids. From a materials perspective, the microparticles in MRFs were subjected to device under

test (DUT) conditions in a prototype MRF clutch system designed at the Universitéde
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Sherbrooke. The DUT experiments add relevance and open channels to understanding how
surface oxidation might be implicated in MRF aging. In other words, the chapter seeks to fill in
some of the knowledge gaps that exist between iron microparticle surface chemistry and real
word device performance. Past research has given little attention to the chemical reactions
occurring at the particle-fluid interfaces, alongside regular oxidation. We performed X-ray
photoelectron spectroscopy (XPS) depth resolution studies to monitor the spatial distribution of
iron oxidation states as well as the presence of other chemical species on the surface of pristine

and expired carbonyl iron particles.

1.3.2 Carboxylated cellulose nanocrystal cryogel scaffolds

Nanocellulose is a collective term that refers to cellulose nanofibrils (CNF) and
nanocrystals (CNC) as well as bacterial nanocellulose (BNC). The present thesis focuses on
CNC and its use in making directionally oriented porous scaffolds. CNC is widely produced by
the so-called sulfuric acid process. High-temperature hydrolysis and oxidation remove the
amorphous components of the raw cellulosic starting material. Simultaneously, the surface of
CNC becomes lightly sulfated. The sulfate moieties confer a negative charge onto the
nanocrystal. The process has the drawbacks that the sulfate moiety is thermally unstable and that
for manufacturing scale-up, the byproducts of the synthesis require capital equipment intensive
waste capture and recycling. In view of the worldwide growing commitment to sustainability and
Green engineering and chemistry, our group has developed a procedure to make a carboxylated
version of CNC. The process uses only dilute hydrogen peroxide and yields waste in the form of
very dilute sugars, trace furfurals, and water. The peroxide is fully consumed in the reaction. The

resulting CNC is lightly carboxylated, offering a more desirable functional group for chemical

15



derivatization. CNC is a highly crystalline, needle-like particle with widths ranging from 2 — 20
nm and lengths from around 100 — 300 nm, depending on the cellulose source and synthesis
conditions.® The high surface area of CNC, the abundance of surface hydroxyl groups, and the
availability of surface carboxylic acid enable many organic functional group modifications that
enhance the appeal of CNC in a host of application domains.? Applications of CNCs in the
biomedical field include drug release systems, scaffolds for tissue engineering, skin replacements
for burns and wounds, stent coverings and bone reconstruction nerves, gum and dura mater
reconstruction, and blood vessel growth.3 CNC, along with other nano- and micro-cellulose
varieties, is known to elicit lesser or non-immunogenic reactions.®® The notion of "scaffolding"
raises the importance of pore distributions in cellulosic structures for tissue engineering.
Anticipating our discussion of unidirectional alignment by freezing, alignment of CNC can
rather easily be achieved by flow anisotropy induced by air currents and fluid gradients. Isotropic
to liquid crystal phase transitions yield chiral nematic left-handed helicoid suspensions or solid
films. The diamagnetic response of the CNC rod enhances chiral nematic alignment in strong
magnetic fields. This suggests ways of coupling the magnetic field response of CNC to other
types of hydrodynamic flow anisotropy to achieve alignment. Flow-induced alignment might
then be coupled with strategies to regulate the distribution of pores in CNC-based scaffolds.
Porous materials with interconnected pore structures of well-defined shape, size, and size
distribution are highly desired in separation processes. Representative examples include filtration
membranes®*, catalyst supports®®, gas storage devices®®, and microfluidic devices®, tissue
engineering scaffolds®, and medical implants®®, Porous structures may be formed by
incorporating a pore generator — a porogen — into a host matrix. A porogen can be a gas, a liquid,

or an organic or inorganic solid. In polymers, porogens are incorporated into the fluid or melt
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phase, solidified, and then extracted to leave the porous monolith of film. As mentioned above,
the scaffold metaphor describes three-dimensional porous structures that are designed to promote
live cell-biomaterial substrate interactions, cell adhesion, gas transport and flow of nutrients and
regulatory components to promote cell viability, proliferation, and differentiation. Scaffold
materials for tissue engineering are discussed in the book edited by Laurencin and Nair.*°
Cellulose cryogels based on dissolved cellulose recently emerged as an attractive material class
for biomedical scaffolding.** Cryogels are sponge-like microporous/nanoporous structures
produced at sub-zero temperatures, where ice formation occurs throughout the gel medium.*.
During cryogelation, ice acts as the porogen. The resulting scaffolds are collected via freeze-

drying.*

Advances in the use of porous nanocellulose structures from porous gels and films have
been discussed by Ferreira et al.*> Despite the popularity of nanocellulose for cryogel materials,
the subclass of CNC remains a new candidate for this application. The author of this thesis is
aware of only two published studies describing CNC-based cryogel scaffolds.** 4 The paper by
Munier*® is particularly interesting for its emphasis on unidirectional freezing that takes
advantage of the known propensity for sulfated CNC rods to self-associate and aligns in water.
Unidirectional alignment is conferred on suspensions of nanorods by freezing water suspensions
of nanocrystals. Unidirectional freezing refers to the process of freezing an agueous suspension
of CNC to achieve high alignment of the nanorods in the freezing direction. Figure 1.3 from
Munier illustrates the principle of unidirectional freeze casting. Plunging a suspension into a cold
bath leads to a gradient in the hydrodynamic flow field as the water freezes. Hydrodynamic
alignment is locked in once the nanocrystals are oriented. The Munier experiment raises some

questions that are explored in Chapter 3 of this thesis: Do carboxylated cellulose nanocrystals
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with a lower surface potential than sulfated CNC undergo unidirectional alignment? In view of
the diamagnetic response of CNC, can the alignment be assisted by an applied static magnetic
field? By binding magnetite nanoparticles to the surface of carboxylated CNC, how does
magnetic field-assisted alignment couple with unidirectional freezing to yield oriented

magnetite-CNC cryogel monoliths?

Fluid [ \\“ l’l/\“ I\/
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Figure 1.3 Illlustration of the principle of unidirectional freeze casting. An elongated flow field

is identified by the blue arrows in the figure. The freezing front decreases in the direction
towards the top of the image where CNC particles are evidently randomly oriented. Reprinted

with permission from reference (43) Copyright © 2022 American Chemical Society.

Chapter 3 of this thesis focuses on new aspects of unidirectional feezing in ice templated

CNC cryogels by couplig hydrodynamic flow with the magnetohydrodynamic response of
carboxylated cellulose nanocrystals and magnetite nanoparticle-decorated CNC. With scanning

electron microscopy (SEM) and small-angle x-ray scattering (SAXS), we trace morphological
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details spanning length scales from micrometers to sub-nanometers. Porosity in the anticipatory

scaffolds is examined by dynamic water sorption (DVS).

1.3.3 Optical chemical bench sensing platforms to study interfaces at the nanoscale

A persistent challenge to the study of interfaces in nanoscale systems is how to collect
information in a non-destructive way over the macro-nano interface. Vibrational spectroscopy,
specifically Raman microspectroscopy, has emerged as an enabler, particularly when coupled
with the highly localized near-field plasmonic response of coinage metal particles where
enhanced local fields at the plasma resonance condition magnify the probability of Raman
events. In this section of the Introduction, we provide some background on how methods from

the photonics industry can be adapted to build sensing platforms suitable for nanoscale Raman

scattering. We describe the sensing platform as an Optical Chemical Bench (OCB). The simplest

OCB is a slab waveguide configuration (Figure 1.4) whose surface can be chemically modified
to create "recognition elements," effectively tailoring the surface so that the desired nanoscale

construct can be spectroscopically probed.

19



Scattering direction
Raman signals

z
X Plasmonic
E‘/<7L nanoparticles
/ .
) Linker
Waveguide, molecules for
immobilization

Light
7 propagation
‘[ within
Laser X waveguides
propagation
direction

z

Figure 1.4 Basic schematic of the OCB design. On the left, a laser beam is shown to be guided
into the OCB, consisting of a waveguide decorated with plasmonic nanostructures. On the
right, an enlarged view of the same waveguide is shown. Plasmonic nanoparticles are
immobilized onto the surface of the waveguide, serving as sensory elements and binding sites

for incoming molecules.

1.3.3.1 Literature review of integrated optics waveguide Raman spectroscopy

Chapter 4 reviews some salient principles of Raman spectroscopy and integrated optics
and offers a detailed description of the integrated waveguide Raman spectroscopy optical setup

that was built for this thesis.

Integrated optics refers to the creation of minute passive and active circuits and circuit
elements whose function is to conduct light from source to detector (passive guiding) or to

achieve lasing or amplification, among other processes (active response). In some ways,
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integrated optics is built on the semiconductor electronic chip paradigm where minute
(nanoscale) electronic wires are integrated with electronic device architectures like transistors,
detectors, and other components. In this paradigm, the electrical wiring on the electronic chip
becomes "optical wiring" on the optical chip. In microchip electronics, the wires are passive
elements whose role is to move electrons (electron waves) from region to region on the chip real
estate. In integrated optics, the "wires™ are optical waveguides whose role is to move photons
(electromagnetic waves) from region to region on an optical or optoelectronic chip.. The
functional operation of the wires can be described in the frame of the electron transport equations
(conducting wires) and Maxwell's equations (optical wires), both under suitable boundary

conditions.

The seminal paper in integrated optics Raman spectroscopy is the 1974 publication by
Dupeyrat and co-workers.*® The paper established that the flux of Raman light scattered from the
waveguide configuration could experience an increase in the order of 2000 with respect to a
traditional Raman backscattering geometry. This emphasizes a singular advantage of the guided
wave configuration because spatial confinement of the laser beam in the waveguide results in
enhanced optical intensity, meaning that the probability for Raman scattering is significantly
increased in a thin film. But it is the boundary conditions on wave propagation where the striking
advantage of guided wave Raman spectroscopy becomes manifest. As represented by equation
4.1 in Chapter 4 of this thesis, waveguiding can be described in terms of an eigenvalue equation.
Simply put, one can excite what are called discrete transverse magnetic (TMm) or transverse
electric (TEm) eigenmodes of the waveguide. The subscript "m" enumerates the mode number,
which in effect counts the number of nodes in the field amplitude confined to the waveguide.

Because of the orthogonality, the eigenmodes TMm and TEn, integrated optics Raman allows one
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to excite discrete polarization states of the waveguide. Moreover, because the location of the
maximum field amplitude of the guided wave depends on the refractive index of the waveguide
and its surrounding medium (i.e., the system boundary conditions) and on the mode number and
its polarization, one can obtain spatially resolved polarized Raman scattering. In effect, the
integrated optics experiment allows one to interrogate the Raman polarizability tensor thanks to
its relation to the tensorial character of the waveguide refractive index. In terms of the OCB
construct mentioned at the opening of this section, integrated optics position one to obtain
detailed information at interfaces, especially when the optical field is enhanced by coupling with
plasmonic nanoparticles. We next give an overview of the subject of plasmonics and sensing to

frame the research we report in Chapter 5.

1.3.3.2 Plasmonics and sensing

Plasmonics refers to the coupling of light with charges like electrons in nearly-free
electron metals and other systems with loosely bound carriers to overcome the diffraction limit
and localize light to sub-wavelength dimensions to achieve large field enhancements. Surface
plasmons often play a pivotal role in plasmonics. Surface plasmons are described as coherent
delocalized electron oscillations excited by resonant electromagnetic field coupling at the
interface of materials like metals. Two types of surface plasmon resonance are identified:
localized surface plasmon polaritons (LSPRS), and propagating surface plasmon polaritons
(SPPs). LSPRs are the coherent oscillation of conduction electrons in nanostructures of sizes
smaller than the wavelength of incident light that excites the plasmon.“® On the other hand, SPPs
are optical waves that travel at the metal-dielectric interface.*’ Excitation and tuning of the SPPs

can be achieved by modifying the angle of incidence of the light and the periodic nanostructuring
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of the metallic surface.*® In terms of spatial reach, LSPRs are closely bound to the surface of
nanostructures, expanding approximately 30 nm and dissipating exponentially into the
surrounding medium. In comparison, SPPs penetrate about 10 nm into the metal medium and

expand to tens of microns or more into dielectrics.*" 4°

Both LSPRs and SPPs are sensitive to changes in the refractive index of the immediate
surrounding medium.*-%°~52 Probing refractive index changes form the basis for the attenuated
total reflectance (ATR) Otto and Kretschmann configurations.> ** The ATR configuration is one
of the most well-studied types of plasmonic sensors.>? Outputs of the refractive index plasmonic
sensor include variations in wavelength, intensity, phase changes, and polarization of the
outgoing light*’ that can be correlated with the presence of surface adsorbates. Based on the
LSPR, SPP, or combinations of both, many variants of plasmonic refractive index sensors have

emerged.>? 55 %6

Another well-studied area of plasmonic sensing exploits the enhancement of the Raman
effect. This is the Surface-Enhanced Raman Scattering (SERS) effect. Resonant excitation of
surface plasmons produces substantial enhancement of electromagnetic field at the surface,
which leads to amplification of the otherwise inherently weak Raman signals.*® In addition to
physically increasing the intensity of the electromagnetic field around the plasmonic substrate,
underlying chemical effects also contribute to SERS enhancement. Chemical enhancement may
occur when there is charge transfer between adsorbed molecules and the plasmonic surface.*® %7
Many different kinds of plasmonic platforms and substrates have been created to increase the

efficiency of Raman spectroscopy, and a molecular level of sensitivity has been achieved.*8: %859

In keeping with the subject of plasmonic field enhancement, Chapter 5, gives an account

of how we recruit core-shell silver-gold plasmonic nanoparticles to achieve the effect. Our study
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builds from the method that was first introduced by our research group®® before the notion of
plasmonic waveguides was popularized beyond the standard ATR Otto or Kretschman
configurations, extending non-destructive Raman spectroscopy to the thin-film waveguide
regime over much longer length scales than ATR. In this thesis, we configure the OCB as a
nanoplasmonic sensing device to provide spectroscopic insight into how surface-bound ligands
bind to metal and metal oxide nanoparticles, and how they may be involved in mediating
particle-particle interactions that result in interparticle plasmon coupling and interparticle
magnetoplasmonic effects. Our OCB merges integrated optics spectroscopy with plasmonics to
achieve polarization-specific Raman scattering from 4-mercaptopyridine (4MPy) and 4-
aminobenzoic acid (4ABA) as model molecules to calibrate Raman spectroscopic signatures
associated with evanescent wave excitations of the plasmonic nanoparticle waveguide. The OCB
is also used to probe ligand-mediated interactions between iron oxide nanoparticles and silver-
gold core-shell plasmonic nanoparticles. This effort proves that Raman spectroscopy has the
potential to provide non-invasive probing of composite nanostructures and give new insights into

the various fabrication techniques for plasmonics and magnetoplasmonics today.%* 62

1.3.3.3 Magnetic nanoparticles in optical sensors

Many optical sensing techniques are developed based on the use of magnetic
nanoparticles (magnetic NPs). These optical devices commonly employ SERS,
chemiluminescence, fluorescence spectroscopy, and surface plasmon resonance for refractive
index sensing. In these approaches, magnetic NPs can play the role of catalyst, carrier of analyte
for effective enrichment or separation, or as a tool to promote aggregation of magnetic NPs and

thus to concentrate analyte for signal enhancement at SPR substrates.®* . An example of the

24



latter is the SPR-refractive index sensor introduced by Wang et al. These researchers conjugated
magnetic NPs with antibodies to promote analyte binding. The magnetic NP-antibody-analyte
was concentrated at an SPR sensor surface by collected particles with an external magnetic field.
This procedure greatly enhanced sensing efficiency; the high refractive index of magnetic NPs is
believed to have also contributed to the enhancement.®® Similarly, conjugating of magnetic NPs
and plasmonic nanostructures have been used for SERS readouts. Lai et al. detailed in situ and ex
situ methods to create SERS substrates that contain excitable surface plasmons that are
magnetically controllable. The in situ method consists of the direct deposition of plasmonic
components onto magnetic NPs. The plasmonic component was achieved by reducing metallic
ions to make nanoparticles on the surface of magnetic NPs. The ex-situ method requires pre-

synthesized magnetic NPs and plasmonic nanoparticles that are co-assembled.

In addition to SPR-related sensing, composites of plasmonic materials and magnetic NPs
can interact with propagating light under an applied magnetic field to produce what is called the
magnetoplasmonic effect. There are two components to the magnetoplasmonic effect: the
magneto-optical effect and the response of surface plasmons to the magneto-optic effect. The
magneto-optical effect can be described in terms of the Kerr response for a transmission
experiment or the Kerr effect for a reflection experiment. The application of a quasi-static
magnetic field creates a gyrotropic medium in which left- and right-rotating elliptical
polarizations can propagate at different speeds.®® Reciprocal magneto-optical-plasmon
interactions occur due to spectral overlap of the magneto-optical transition and the plasmon
resonance.?” % As a result, with the help of specifically designed magnetoplasmonic devices,
plasmons can be controlled with an applied magnetic field or be used to amplify magneto-optical

effects.58 % This interplay between magneto-optical effects and surface plasmons is also very
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sensitive to changes in the refractive index of the surrounding medium, making them useful for

refractive index sensing applications.’®

Elsewhere, it was found that magnetic NP suspensions, commonly known as magnetic
fluids, possess tunable refractive indexes depending on external temperature and applied
magnetic field.”* Like the MRFs discussed in Section 1.3.1, magnetic NPs in magnetic fluids will
form particle columns aligned with applied magnetic field lines when the magnetic energy
overcomes the thermal energy of the particles that superparamagnetic spin states that are
otherwise randomized by Brownian motion and low energy barriers between spin up and spin
down superparamagnetic states (Neel rotation). As particles align, a magnetoelectric effect can
be established. This effect changes the electric susceptibility of the particles, resulting in a
change in the refractive index n,,rthrough the relationship, nyr = Ve = \/1 + x . Here ¢ is the
dielectric constant (tensor) of the magnetic fluid, and y is the electric susceptibility. The
magnetoelectric effect depends on the direction of the magnetic field through the tensorial
character of the refractive index.”? For an applied field parallel to the propagation direction of
light, the refractive index increases with increasing magnetic field, while for an applied field
perpendicular to the propagation direction of light, the refractive index decrease with increasing

magnetic field.

The response of a propagating optical wave to anisotropy in the refractive index of a
medium leads to the well-known phenomenon of birefringence. Birefringence is certainly at play
in the magnetoelectric effect described above. This raises the questions for integrated optics
Raman: is it possible to interrogate the refractive index tensor in an optical waveguide by
polarized Raman spectroscopy and thus to obtain a readout of birefringence that is sedimented in

the polarizability, but" read" not as conventional birefringence but as the localized readout of
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vibrational modes in the waveguide? Then, if the waveguide is populated in the interior with
magnetic NPs, is it possible to use integrated optics polarized Raman spectroscopy to detect TE-

TM mode conversion in a gyrotropic waveguide?

Chapter 6 showcases how polarized Raman spectroscopy detects anisotropy in the
refractive index of sol-gel derived hybrid organic-inorganic glass waveguide platforms. This
optical anisotropy causes TE-TM mode conversion leading to polarization-specific Raman
spectra. We borrow a strategy from the photonics literature on optical self-inscription in
germanium-doped silica glasses” to "inscribe" optical anisotropy with a mode and polarization-
selected guided wave in the hybrid organic-inorganic glass medium. The waveguide comprises
guest methacrylic acid molecules and methylmethacrylate moieties covalently bound to a siloxy
network formed by acid-catalyzed crosslinking. Thermal energy from the guided wave induces
free radical crosslink formation in the hybrid glass. The crosslinking process raises the local
refractive index, which in turn leads to a form of self-focusing of the laser.”* Because optical
inscription in the hybrid glass can be conducted with polarized light, the possibility exists that
anisotropy in the local refractive index can be induced. A measure of the impact of optical
anisotropy is the phenomenon of mode conversion. Since the waveguide refractive index goes
approximately as /e, , where &, is the relative dielectric permittivity, the off-diagonal elements
in the &, tensor of the waveguide material provide coupling, hence a mechanism for conversion,
between the two eigen polarization modes in the optical waveguide. In our guided wave Raman
experiments, evidence for mode conversion is confirmed from careful spatial imaging of
polarization-dependent changes in the C-H stretching modes after launching specific polarization
(TE or TM) in the waveguide. Mode conversion in this experiment is manifested in spectral

features of C-H stretching region that become contaminated with polarization that is forbidden in
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the absence of mode conversion. Having calibrated the mode conversion experiment, we
conducted exploratory studies in gyrotropic-like waveguides consisting of magnetic NPs doped
in the hybrid glass slab waveguide core. For background, we note the theoretical treatment by
Chung and Kim.”® These researchers treat the case of mode conversion in a lossless (non-
absorbing) gyrotropic waveguide medium relevant to guided wave modulators, switches, and
phase shifters. The assumption that the waveguide is lossless simplifies the mathematics because
the gyrotropic medium can be treated as having a dielectric permittivity tensor that is Hermitian.
Regrettably, we find no treatments of gyrotropic media that incorporate optical loss. Magnetite
nanoparticles are lossy. They absorb light in the visible domain. Light absorption by magnetic
NPs is associated with thermally induced electron delocalization between adjacent Fe?* and Fe®*
ions, where the electronic transitions arise from intervalence charge transfer transitions that
occur in the visible and out into the near-IR region. Despite the lack of a resolved theoretical
framework to understand mode conversion in lossy gyrotropic media, we hypothesized that the
NPs, under the influence of an external magnetic field, might induce mode conversion. Our
intention was to "sense" the intervention of the magnetic medium by "reading out™ polarization

mode conversion as was done for the case of optical self inscription.

1.4 Organization of the Thesis

This thesis is organized as follows:

Chapter 2 details the nanoscale studies of the surfaces of carbonyl iron microparticles in
both hydrocarbon and fluorocarbon MRF fluid hosts after the MRFs have gone through repeated

cycles of shear forces in the presence of different applied magnetic fields inside an MRF clutch.
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We contrast the worked (aged) MRF particles with pristine particles from MRFs that have not
seen service. SEM is used to obtain morphological detail about the particle surface. XPS depth-
resolved analysis is performed to reveal the oxidation state of common species such as Fe, O, C,
and F and give hints on the identity of the species. The study aims to understand the changes that
occur at the particle-fluid interfaces as the particles degrade and expire during the operation of

the MRFs.

Chapter 3 carries the theme of hydrodynamic flow, but now includes the superimposed
diamagnetic field response of carboxylated cellulose nanocrystals (CNC) and magnetite
nanoparticle-grafted CNC. We describe the fabrication of ordered cryogel porous scaffolds by
templating the CNC with ice during unidirectional freezing. SEM is used to detail scaffold
macroscopic morphology, such as pore size and pore. Pore sizes of different types of scaffolds
are quantified and compared. Small Angle X-ray Scattering (SAXS) is performed to reveal
structural details of the scaffolds over length scales ranging from ~ 10 nm to sub-nm. Water

sorption by the scaffolds is quantified.

Chapter 4 marks a transition in the research on interfaces and matter at the nanoscale with
a focus on Raman spectroscopy and how the technique can be deployed to study thin films and
interfaces. We introduce the notion of an Optical Chemical Bench (OCB). The OCB is a planar
slab waveguide that is co-opted as an autoscopic sensor useful in detecting ligands at the
interface of plasmonic and magnetic nanoparticles. This chapter provides background to Raman
scattering, surface-enhanced Raman scattering (SERS), and a detailed discussion of integrated
optics Raman spectroscopy in planar slab waveguides. We describe the integrated optics
spectrometer that was assembled to conduct the experiments that are elaborated in Chapters 5

and 6.
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Chapter 5 demonstrates integrated optics spectroscopy experiments that combine
polarized Raman and evanescent wave SERS (IO-PEWSERYS) to detect ligand molecule binding
and how ligands might mediate particle-particle interactions for plasmonics and
magnetoplasmonic nanoparticle architectures on the OCB. The chapter starts with the fabrication
of SiOz slab waveguides with silver-gold core-shell plasmonic nanoparticles sparsely anchored
to the top of the OCB. Transmission electron microscopy (TEM), SEM, and X-ray photoelectron
spectroscopy are employed to characterize the plasmonic nanoparticles and the OCB. The ability
of 10-PEWSERS to probe molecular binding is tested with 4MPy and 4ABA adsorbates. The
molecular orientation and mode of adsorption of 4AMPy and 4ABA are interrogated by 10-
PEWSERS by exciting different waveguide polarizations and coupling the evanescent field of
multi-mode waveguide to a nanoplasmonic response. Spectral changes associated with 4MPy
pyridine-proton interactions are discussed. The ability of IO-PEWSERS to probe iron oxide

nanoparticles functionalized with 4ABA ligands is also examined.

Chapter 6 demonstrates how polarized Raman spectroscopy can detect mode conversion
in self-inscribed sol-gel derived hybrid organic-inorganic slab waveguides. Guided wave
thermally induced densification self-focuses the propagating laser beam. The densification
process causes a local increase in the refractive index of the glass due to C-C bond formation
when olefin moieties in the glass undergo crosslinking. Anisotropy in the refractive index of the
waveguide can be inscribed. Polarized guided waves are used to interrogate the anisotropic
refractive index, which, through the permittivity tensor, induces mode conversion. Evidence of
mode conversion is "read" by monitoring C-H stretching vibrations and examining the
polarization-dependent Raman spectral profile in the range 2800 — 3000 cm™*. Validation of the

mode conversion phenomenon in the "write" "read" guided wave experiments benchmarks a
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return to the study of magnetic nanoparticles. Gyrotropic-like waveguides are fabricated in the

hybrid sol-gel glass waveguides by incorporating magnetite nanoparticles. The lossy character of

magnetite leads to strong attenuation of the propagating waveguide mode. Dilute conditions are

found where Raman scattering from C-H vibrations can be imaged for evidence of mode

conversion in the absence and presence of an applied magnetic field.

Chapter 7 concludes the thesis with summaries of results and suggestions for future work.

1.5 Copyright permissions
Permission for Figure 1.1B:
Publication: Surface & Interface Analysis

Publisher: John Wiley and Sons
Date: Oct 11, 2018

© 2018 John Wiley & Sons, Ltd.

Review Order

Please review the order details and the associated terms and conditions.

Site-sensitive X-ray photoelectron spectroscopy of Fe304 by photoelectron diffraction

Author: Yusuke Hashimoto, Munetaka Taguchi, Shun Fukami, et al

No royalties will be charged for this reuse request although you are required to obtain a license and comply with the license terms and

conditions. To obtain the license, click the Accept button below.
Licensed Content

Licensed Content Publisher John Wiley and Sons

Licensed Content

Surface & Interface Analysis
Publication Y

Site-sensitive X-ray photoelectron
Licensed Content Title spectroscopy of Fe304 by
photoelectron diffraction

Li d Content Auth
lcensed Lontent Author Shun Fukami, et al

Licensed Content Date Oct 11, 2018

Licensed Content Volume 51

Yusuke Hashimoto, Munetaka Taguchi,

B order Details

Type of use

Requestor type

Format

Portion

Number of figures/tables

Will you be translating?

Dissertation/Thesis

University/Academic
Print and electronic

Figureftable

1

No

31



Permission for Figure 1.2:

i A review on the magnetorheological fluid preparation and stabilization
M-= Author: M.

yia

Ashtiani,S.H. Hashemabadi,A. Ghaffari

Publication: Journal of Magnetism and Magnetic Materials
Publisher: Elsevier

MQ Date: 15 January 2015
.

Copyright © 2014 Elsevier B.V. All rights reserved.

Order Completed

Thank you for your order.

This Agreement between Xi

License number
License date
Licensed Content

Licensed Content Publisher
Licensed Content Publication
Licensed Content Title
Licensed Content Author
Licensed Content Date
Licensed Content Volume
Licensed Content Issue
Licensed Content Pages

B About Your Work

Title

Institution name
Expected presentation date

ning Chen ("You") and Elsevier ("Elsevier”) consists of your order details and the terms and conditions provided by Elsevier and Copyright Clearance Center.

Reference confirmation email for license number

Apr, 16 2022
B Order Details
Elsevier Type of Use reuse in a thesis/dissertation
Journal of Magnetism and Magnetic Materials Portion figures/tables/illustrations
A review on the magnetorheological fluid preparation Number of figures/tables/illustrations 1

and stabilization
M. Ashtiani,5.H. Hashemabadi,A. Ghaffari

Format both print and electronic
Are you the author of this Elsevier

. N
15 January 2015 article? °
374 Will you be translating? No
n/a
15
&= Additional Data
Insights into the interfacial chemistry in systems Portions Figure 5

involving magnetic iron oxides
McGill University
Aug 2022

Permission for Figure 1.3:

ACSPublications

O st st Mot e, Most Read,

PERMISSION/LICENSE IS G

Directional Freezing of Nanocellulose Dispersions Aligns the Rod-Like Particles and Produces Low-Density and Robust Particle
Networks

Author: Pierre Munier, Korneliya Gordeyeva, Lennart Bergstrom, et al
Publication: Biomacromolecules

Publisher: American Chemical Society

Date: May 1, 2016

Copyright © 2016, American Chemical Society

RANTED FOR YOUR ORDER AT NO CHARGE

This type of permission/license, instead of the standard Terms and Conditions, is sent to you because no fee is being charged for your order. Please note the following:

- Permission is granted for you

r request in both print and electronic formats, and translations.

- If figures and/or tables were requested, they may be adapted or used in part.
- Please print this page for your records and send a copy of it to your publisher/graduate school.

- Appropriate credit for the req

uested material should be given as follows: "Reprinted (adapted) with permission from {COMPLETE REFERENCE CITATION}. Copyright {YEAR} American Chemical Society.” Insert

appropriate information in place of the capitalized words.
- One-time permission is granted only for the use specified in your RightsLink request. No additional uses are granted (such as derivative works or other editions). For any uses, please submit a new request.

If credit is given to another sou

BACK

rce for the material you requested from RightsLink, permission must be obtained from that source.

32



1.6 Reference

10.

Maoz, D. and Graur, O., 2017. Star formation, supernovae, iron, and o: Consistent cosmic
and galactic histories. The Astrophysical Journal, 848(1), p.25.

Kong, L.T., Li, J.F., Shi, Q.W., Huang, H.J. and Zhao, K., 2012. Dynamical stability of
iron under high-temperature and high-pressure conditions. EPL (Europhysics

Letters), 97(5), p.56004.

Lu, L. ed., 2015. Iron ore: mineralogy, processing and environmental sustainability.
Elsevier.

Singh, A.K., 2016. Physicochemical, electronic, and mechanical properties of
nanoparticles. Elsevier Academic Press, San Diego, pp.77-123.

Pepperhoff, W. and Acet, M., 2001. Constitution and Magnetism of Iron and its Alloys.
Springer Science & Business Media, pp. 15-55.

McElhinny, M.W. and McFadden, P.L., 1999. Paleomagnetism: continents and oceans.
Elsevier, pp. 31-37.

Heisenberg, W., Mehrk&perproblem und Resonanz in der Quantenmechanik. Zeitschrift
fUr Physik 1926, 38 (6), 411-426.

Zhong, T. 2020. Trapping Ferrofluid Patterns: Insights into Hierarchies of Order from
Self-Organization of Magnetic Nanoparticles. Ph.D. thesis. McGill University. Montreal.
Zener, C., 1951. Interaction between the d-shells in the transition metals. Il. Ferromagnetic
compounds of manganese with perovskite structure. Physical Review, 82(3), p.403.
Anderson, P.W., 1950. Antiferromagnetism. Theory of superexchange

interaction. Physical Review, 79(2), p.350.

33



11.

12.

13.

14.

15.

16.

17.

18.

19.

McElhinny, M.W. and McFadden, P.L., 1999. Paleomagnetism: continents and oceans.
Elsevier, pp. 48-74.

Lin, C.R., Chiang, R.K., Wang, J.S. and Sung, T.W., 2006. Magnetic properties of
monodisperse iron oxide nanoparticles. Journal of applied physics, 99(8), p.08N710.
Japka, J.E., 1988. Microstructure and properties of carbonyl iron powder. JOM, 40(8),
pp.18-21.

Baker, H., Okamoto, H., 1992. ASM Handbook, VVolume 3: Alloy Phase Diagrams. ASM
International, Cleveland, pp.51, Figure 44.

Zhang, Z. and Satpathy, S., 1991. Electron states, magnetism, and the Verwey transition in
magnetite. Physical Review B, 44(24), p.13319.

Niculescu, A.G., Chircov, C. and Grumezescu, A.M., 2021. Magnetite nanoparticles:
Synthesis methods—A comparative review. Methods.

Hashimoto, Y., Taguchi, M., Fukami, S., Momono, H., Matsushita, T., Matsuda, H.,
Matsui, F. and Daimon, H., 2019. Site-sensitive X-ray photoelectron spectroscopy of
Fe304 by photoelectron diffraction. Surface and Interface Analysis, 51(1), pp.115-1109.
Zhang, P., Kamezaki, M., Otsuki, K., He, Z., Sakamoto, H. and Sugano, S., 2019, July.
Development of anti-sedimentation magnetorheological fluids and its implementation to
MR damper. In 2019 IEEE/ASME International Conference on Advanced Intelligent
Mechatronics (AIM) (pp. 400-405). IEEE.

Ashtiani, M., Hashemabadi, S.H. and Ghaffari, A., 2015. A review on the
magnetorheological fluid preparation and stabilization. Journal of Magnetism and Magnetic

Materials, 374, pp.716-730.

34



20.

21.

22.

23.

24,

25.

26.

217.

28.

L&pez-L&ez, M.T., Kuzhir, P., Lacis, S., Bossis, G., Gonzdez-Caballero, F. and Duran,
J.D., 2006. Magnetorheology for suspensions of solid particles dispersed in ferrofluids.
Journal of Physics: Condensed Matter, 18(38), p.S2803.

Carlson, J.D. and Jolly, M.R., 2000. MR fluid, foam and elastomer devices. Mechatronics,
10(4-5), pp.555-569.

Premalatha, S.E., Chokkalingam, R. and Mahendran, M., 2012. Magneto mechanical
properties of iron based MR fluids. American Journal of Polymer Science, 2(4), pp.50-55.
Wang, X. and Gordaninejad, F., 2006. Study of magnetorheological fluids at high shear rates.
Rheologica Acta, 45(6), pp.899-908.

Zareie, S. and Zabihollah, A., 2020. The Recent Advances in Magnetorheological Fluids-
Based Applications. Emerging Trends in Mechatronics, p.129.

McDonald, K., Rendos, A., Woodman, S., Brown, K.A. and Ranzani, T., 2020.
Magnetorheological Fluid-Based Flow Control for Soft Robots. Advanced Intelligent
Systems, 2(11), p.2000139.

Hua, D., Liu, X., Sun, S., Li, Z., Li, Z. and Li, W., 2021. Precise locomotion controller
design for a novel magnetorheological fluid robot based on improved gray wolf optimization
algorithm. Smart Materials and Structures, 30(2), p.025038.

Hartzell, C.M., Choi, Y.T., Wereley, N.M. and Leps, T.J., 2019. Performance of a
magnetorheological fluid-based robotic end effector. Smart Materials and Structures, 28(3),
p.035030.

Kumar, J.S., Paul, P.S., Raghunathan, G. and Alex, D.G., 2019. A review of challenges and
solutions in the preparation and use of magnetorheological fluids. International Journal of

Mechanical and Materials Engineering, 14(1), pp.1-18.

35



29.

30.

31.

32.

33.

34.

35.

36.

Wahid, S.A., Ismail, I., Aid, S. and Rahim, M.S.A., 2016, February. Magnetorheological
defects and failures: A review. In IOP Conference Series: Materials Science and
Engineering (Vol. 114, No. 1, p. 012101). IOP Publishing.

Machala, L., Tucek, J. and Zboril, R., 2011. Polymorphous transformations of nanometric
iron (111) oxide: a review. Chemistry of Materials, 23(14), pp.3255-3272.

Desrosiers, J.F., Bigué J.L., Denninger, M., Julig G., Plante, J.S. and Charron, F., 2013,
February. Preliminary investigation of magnetorheological fluid durability in continuous
slippage clutch. In Journal of physics: conference series (Vol. 412, No. 1, p. 012022). IOP
Publishing.

Bhat, A.H., Dasan, Y.K., Khan, I., Soleimani, H. and Usmani, A., 2017. Application of
nanocrystalline cellulose: Processing and biomedical applications. In Cellulose-reinforced
nanofibre composites (pp. 215-240). Woodhead Publishing.

Oprea, M. and Panaitescu, D.M., 2020. Nanocellulose hybrids with metal oxides
nanoparticles for biomedical applications. Molecules, 25(18), p.4045.

Liu, Z. H., Yi, Y., Gauczinski, J., Xu, H. P., Schonhoff, M., and Zhang, X., 2011, Surface
Molecular Imprinted Layer-by-Layer Film Attached to a Porous Membrane for Selective
Filtration. Langmuir, 27(19), pp. 11806-11812.

Sharma, A.C. and Borovik, A.S., 2000. Design, synthesis, and characterization of templated
metal sites in porous organic hosts: application to reversible dioxygen binding. Journal of
the American Chemical Society, 122(37), pp.8946-8955.

Lu, W., Yuan, D., Zhao, D., Schilling, C.1., Plietzsch, O., Muller, T., Brase, S., Guenther, J.,
Blumel, J., Krishna, R. and Li, Z., 2010. Porous polymer networks: synthesis, porosity, and

applications in gas storage/separation. Chemistry of Materials, 22(21), pp.5964-5972.

36



37.

38.

39.

40.

41.

42.

43.

44,

Simms, H.M., Brotherton, C.M., Good, B.T., Davis, R.H., Anseth, K.S. and Bowman, C.N.,
2005. In situ fabrication of macroporous polymer networks within microfluidic devices by
living radical photopolymerization and leaching. Lab on a Chip, 5(2), pp.151-157.
Dhandayuthapani, B., Yoshida, Y., Maekawa, T. and Kumar, D.S., 2011. Polymeric
scaffolds in tissue engineering application: a review. International Journal of Polymer
Science, 2011.

Landy, B.C., VanGordon, S.B., McFetridge, P.S., Sikavitsas, V.I. and Jarman-Smith, M.,
2013. Mechanical and in vitro investigation of a porous PEEK foam for medical device
implants. Journal of Applied Biomaterials & Functional Materials, 11(1), pp.35-44.
Laurencin, C.T. and Nair, L.S., 2008. Nanotechnology and tissue engineering: the scaffold.
CRC Press.

Tyshkunova, 1.V., Poshina, D.N. and Skorik, Y.A., 2022. Cellulose Cryogels as Promising
Materials for Biomedical Applications. International Journal of Molecular Sciences, 23(4),
p.2037.

Ferreira, F.V., Otoni, C.G., Kevin, J., Barud, H.S., Lona, L.M., Cranston, E.D. and Rojas,
0.J., 2020. Porous nanocellulose gels and foams: Breakthrough status in the development
of scaffolds for tissue engineering. Materials Today, 37, pp.126-141.

Munier, P., Gordeyeva, K., Bergstrom, L. and Fall, A.B., 2016. Directional freezing of
nanocellulose dispersions aligns the rod-like particles and produces low-density and robust
particle networks. Biomacromolecules, 17(5), pp.1875-1881.

Osorio, D.A., Seifried, B., Moquin, P., Grandfield, K. and Cranston, E.D., 2018.
Morphology of crosslinked cellulose nanocrystal aerogels: cryo-templating versus

pressurized gas expansion processing. Journal of Materials Science, 53(13), pp.9842-9860.

37



45.

46.

47.

48.

49,

50.

51.

52.

53.

54,

Levy, Y., Imbert, C., Cipriani, J., Racine, S. and Dupeyrat, R., 1974. Raman scattering of
thin films as a waveguide. Optics Communications, 11(1), pp.66-69.

Kelly, K.L., Coronado, E., Zhao, L.L. and Schatz, G.C., 2003. The optical properties of
metal nanoparticles: the influence of size, shape, and dielectric environment. The Journal of
Physical Chemistry B, 107(3), pp.668-677.

Butt, M.A., Khonina, S.N. and Kazanskiy, N.L., 2021. Plasmonics: a necessity in the field
of sensing-a review. Fiber and Integrated Optics, 40(1), pp.14-47.

Cialla, D., M&az, A., Bme, R., Theil, F., Weber, K., Schmitt, M. and Popp, J., 2012.
Surface-enhanced Raman spectroscopy (SERS): progress and trends. Analytical and
Bioanalytical Chemistry, 403(1), pp.27-54.

Willets, K.A. and Van Duyne, R.P., 2007. Localized surface plasmon resonance
spectroscopy and sensing. Annual Review of Physical Chemistry, 58, pp.267-297.

Mayer, K.M. and Hafner, J.H., 2011. Localized surface plasmon resonance sensors.
Chemical Reviews, 111(6), pp.3828-3857.

Djalalian-Assl, A., 2018. Propagating surface plasmons with an interference envelope and a
vision for time crystals. OSA Continuum, 1(2), pp.462-476.

Lodewijks, K., Ryken, J., Van Roy, W., Borghs, G., Lagae, L. and Van Dorpe, P., 2013.
Tuning the Fano resonance between localized and propagating surface plasmon resonances
for refractive index sensing applications. Plasmonics, 8(3), pp.1379-1385.

Kretschmann, E. and Raether, H., 1968. Radiative decay of non radiative surface plasmons
excited by light. Zeitschrift fUr Naturforschung A, 23(12), pp.2135-2136.

Otto, A., 1968. Excitation of nonradiative surface plasma waves in silver by the method of

frustrated total reflection. Zeitschrift fUr Physik A Hadrons and Nuclei, 216(4), pp.398-410.

38



55.

56.

S7.

58.

59.

60.

61.

Xu, Y., Bai, P., Zhou, X., Akimov, Y., Png, C.E., Ang, L.K., Knoll, W. and Wu, L., 2019.
Optical refractive index sensors with plasmonic and photonic structures: promising and
inconvenient truth. Advanced Optical Materials, 7(9), p.1801433.

Kazanskiy, N.L., Khonina, S.N. and Butt, M.A., 2020. Plasmonic sensors based on Metal-
insulator-metal waveguides for refractive index sensing applications: A brief review.
Physica E: Low-dimensional Systems and Nanostructures, 117, p.113798.

Wang, A.X. and Kong, X., 2015. Review of recent progress of plasmonic materials and
nanostructures for surface-enhanced Raman scattering. Materials, 8(6), pp.3024-3052.
Ngo, H.T., Wang, H.N., Fales, A.M. and Vo-Dinh, T., 2016. Plasmonic SERS biosensing
nanochips for DNA detection. Analytical and Bioanalytical Chemistry, 408(7), pp.1773-
1781.

Park, S.G., Mun, C., Xiao, X., Braun, A., Kim, S., Giannini, V., Maier, S.A. and Kim, D.H.,
2017. Surface energy-controlled SERS substrates for molecular concentration at plasmonic
nanogaps. Advanced Functional Materials, 27(41), p.1703376.

Baldwin, J., Schihler, N., Butler, 1.S. and Andrews, M.P., 1996. Integrated optics
evanescent wave surface enhanced Raman scattering (I0-EWSERS) of mercaptopyridines
on a planar optical chemical bench: binding of hydrogen and copper ion. Langmuir, 12(26),
pp.6389-6398.

Sohrabi, F. and Hamidi, S.M., 2017. Fabrication methods of plasmonic and
magnetoplasmonic crystals: a review. The European Physical Journal Plus, 132(1), pp.1-

21.

39



62.

63.

64.

65.

66.

67.

68.

69.

Li, C., Li, S., Qu, A., Xu, C., Xu, L. and Kuang, H., 2021. Dimensional Surface-Enhanced
Raman Scattering Nanostructures for MicroRNA Profiling. Small Structures, 2(7),
p.2000150.

Rocha-Santos, T.A., 2014. Sensors and biosensors based on magnetic nanoparticles. TrAC
Trends in Analytical Chemistry, 62, pp.28-36.

Lai, H., Xu, F. and Wang, L., 2018. A review of the preparation and application of magnetic
nanoparticles for surface-enhanced Raman scattering. Journal of Materials Science, 53(12),
pp.8677-8698.

Wang, Y., Dostalek, J. and Knoll, W., 2011. Magnetic nanoparticle-enhanced biosensor
based on grating-coupled surface plasmon resonance. Analytical Chemistry, 83(16),
pp.6202-6207.

Qiu, Z.Q. and Bader, S.D., 2000. Surface magneto-optic Kerr effect. Review of Scientific
Instruments, 71(3), pp.1243-1255.

Jain, P.K., Xiao, Y., Walsworth, R. and Cohen, A.E., 2009. Surface plasmon resonance
enhanced magneto-optics (SUPREMO): Faraday rotation enhancement in gold-coated iron
oxide nanocrystals. Nano Letters, 9(4), pp.1644-1650.

Temnov, V.V., Armelles, G., Woggon, U., Guzatov, D., Cebollada, A., Garcia-Martin, A.,
Garcia-Martin, J.M., Thomay, T., Leitenstorfer, A. and Bratschitsch, R., 2010. Active
magneto-plasmonics in hybrid metal-ferromagnet structures. Nature Photonics, 4(2),
pp.107-111.

Maksymov, I.S., 2015. Magneto-plasmonics and resonant interaction of light with dynamic
magnetisation in metallic and all-magneto-dielectric nanostructures. Nanomaterials, 5(2),

pp.577-613.

40



70.

71.

72.

73.

74.

75.

Caballero, B., Garc B-Mart m, A. and Cuevas, J.C., 2016. Hybrid magnetoplasmonic crystals
boost the performance of nanohole arrays as plasmonic sensors. Acs Photonics, 3(2), pp.203-
208.

Zhao, Y., Wu, D., Lv, R.Q. and Ying, Y., 2014. Tunable characteristics and mechanism
analysis of the magnetic fluid refractive index with applied magnetic field. IEEE
Transactions on Magnetics, 50(8), pp.1-5.

Dai, J., Yang, M., Li, X,, Liu, H. and Tong, X., 2011. Magnetic field sensor based on
magnetic fluid clad etched fiber Bragg grating. Optical Fiber Technology, 17(3), pp.210-
213.

Kamal, A. and Russell, P.S.J., 1994. Physical origins and general dielectric tensor of
photoinduced anisotropy in optical fibers and bulk glasses. JOSA B, 11(9), pp.1576-1584.
Saravanamuttu, K. and Andrews, M.P., 2002. Visible laser self-focusing in hybrid glass
planar waveguides. Optics Letters, 27(15), pp.1342-1344.

Chung, S.K. and Kim, S.S., 1988. An exact wave-optics analysis of optical waveguide with

anisotropic and gyrotropic materials. Journal of Applied Physics, 63(12), pp.5654-5659.

41



Chapter 2

Investigation of shear-induced physical and chemical
transformations of iron-based microparticles in hydrocarbon- and

fluorocarbon-based magnetorheological fluids

2.1 Introduction

This chapter examines the degradation of carbonyl iron microparticles in hydrocarbon and
fluorocarbon host fluid environments to better understand the aging of magnetorheological fluids
(MRFs). The aim is to uncover the complex chemical changes at the carbonyl iron-fluid interface
as the microparticles underwent continual shear loading in a real-life rotary clutch device. X-ray
photoelectron spectroscopy (XPS) uncovered the evolving oxidation states of iron, fluorine,
oxygen, and carbon on and beneath the surface of MRF particles. Scanning electron microscopy
(SEM) revealed how the particles transform from nascent, nearly spherical shape prior to shear to
irregular morphology in the clutch mechanisms. The nanoscale changes to surface topography are
attributed to collisions among micron-size magnetic iron particles under shear. Transmission
electron microscopy (TEM) revealed carbon-rich residues with embedded nanoparticle fragments
in aged MRF particle samples, suggesting that MRF particle surfaces may have served as reaction
interfaces. These new insights into chemical transformations on and beneath particle surfaces
provide a reference for better durability assessment, MRF formulation, and device design in the

future.
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2.1.1 Magnetorheological fluids and their aging problems in applications

MRFs are magnetic field-responsive ‘smart’ materials consisting of magnetic particles,
typically with diameters in the 0.1-10 pm range, suspended in chemically complex carrier fluids.
The viscosity of MRFs can be adjusted by varying the strength of an applied magnetic (H) field.
In the absence of an H-field (off-state), the fluid exhibits shear thinning behavior. In the on-state,
magnetic interactions lead to the alignment of chains of magnetic particles along the magnetic flux
lines and orthogonal to fluid flow. The particle chains resist fluid motion only until critical shear
stress is reached, beyond which fluid motion can occur.r® The on-off process is reversible in
millisecond time scales, making MR fluids one of the fastest electromechanical interfaces.! * The
ability to fine-tune viscosity makes MRFs of interest in clutch and damper devices such as robotics

and vehicle-control applications.t °

Durability is a critical issue in the application of magnetorheological fluid technology.*
The change in fluid properties is especially important in devices where the fluid is continually
stressed under high loads.®> Past MR fluid durability studies often focused on testing certain MR
fluids in devices, monitoring only changes in device performance and changes in macroscopic
properties of the fluid. For example, Wang et al. studied the performance of a liquid-cooled clutch
and found that in-use-thickening and particle oxidation cause an irreversible decline in
performance.® For damping application, Utami et al. noticed oxidation, deformation, and
deposition of particles, which resulted in the reduction of viscosity and damping force.* These
results confirmed the findings of many previous studies, which observed failure modes such as
oxidation of constituent iron particles, the subsequent breakdown of the oxide layer, mechanical
abrasion of the iron particles, particle-fluid separation, loss of MR fluid carrier matrix due to

leakage, and decomposition of the carrier fluid matrix during the aging of MR fluids.> "-°
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Although many possible failure modes have been proposed, few studies have examined the
interfacial chemistry between the particles and the fluid phase to determine the chemical factors
that lead to the failure of the MR fluid.®> 1° The connection between device performance and MR
fluid physical and chemical state is not well understood. Research that advances our understanding
of the physical and chemical processes that occur at interfaces in MR fluids is therefore important
to inform the design, formulation, and application of MR fluids. Indeed, nanoscale physical and
chemical transformations at interfaces can significantly impact MRF macroscale engineering

performance.

The present study provides a systematic investigation of the connection between MR fluid
failure modes and the corresponding chemical and physical changes at magnetic particle surfaces
and in MR fluids. SEM, TEM, and XPS provide insight into the surface morphological and
chemical changes of carbonyl iron particles (CIP) in control and aged MR fluids obtained from

either hydrocarbon-based or fluorocarbon-based MRFs.

2.1.2 The Mason number: relating MRF mechanical stress to viscous drag force and magnetic

force

Two separate sets of durability experiments were performed with a drum-type clutch
device. The first set of durability experiments was performed with hydrocarbon-based Lord 140
CG fluid. To explore the influence of operating conditions on MR fluids, two aging tests were
done, each with a different Mason number. The Mason number (Mn) connects the two components
of mechanical stress affecting the particles in MRFs: viscous drag force and magnetic force. These

forces govern particle-particle interactions that give rise to microstructures in the fluid.'* As shown
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in Equation 2.1, the ratio of particle magnetic polarization forces FO to viscous forces FH resulting

from fluid shearing yields the Mason number:**4
FH ncy 8770]./
M, =—= 144 = 2.1
" Fo toM? /flollcrﬁsz (2.1)

v is the magnitude of the shear rate tensor, n is the carrier fluid viscosity, po is the permeability
of free space, Lo is the relative permeability of the carrier fluid, M is the magnetization." 12 This
expression assumes that the particles are spheres of radius o. It is known that the Mason number
correlates with the formation of microstructures in MR fluids. These arise from very strong
particle-particle dipole interactions in the presence of the H-field. These interactions may result in
the formation of networks of particles and/or agglomerates throughout the suspension that affects

the shear response. 1!

The critical Mason number (Mn*) is useful to frame the response of the MRF. It is defined:
/e =1+ Mn/Mn)™" (2.2)

where 1. is the field-independent high-shear viscosity, and 1 is the shear viscosity.!? The critical
Mason number indicates the point at which hydrodynamic forces and magnetic forces reach a
balance.!: 12 Below the critical Mason number, magnetic forces dominate MR fluid response, and
particles tend to align into chains.!* ® For example, magnetic particle chain length in
microstructures decreases with increasing Mason number.t® Above the critical Mason number,
hydrodynamic forces dominate, and particles instead form short chains, small clusters or sheets,
which are easier to disperse.'® ° Different types of microstructures formed during shear may affect

the performance of the MR fluid as well as aging of particles.
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The second set of durability experiments was performed with a custom perfluoropolyether
(PFPE)-based fluid. Here the focus was on the reactivity of the fluorocarbon systems at fixed Mn.
Choice of the PFPE was motivated by the well-known chemical inertness of fluorocarbons. The
strong C-F bond makes fluorocarbons resistant to chemical reactions.*® In addition, the PFPE based
ferrofluid is stable to acids, alkali, and high-temperature environments.'’ The two aging tests
described in this set focused on two formulations: one contained only a PFPE carrier fluid, while
the other contained a fluorocarbon additive lubricant oil with PFPE carrier fluid. The additive
contains carboxylic acid functional groups capable of binding (chelating) to the surface of
microparticles. Despite the alleged chemical inertness of fluorocarbons, we show below that they

can indeed react with the guest CIP species, leading to the formation of iron fluorides.'® °

2.2 Experimental

2.2.1 Aging, recovery, and isolation of MR fluid particles

Lord 140 CG MR fluid and a fluorocarbon host MR fluid were used to examine the effects
due to abrasion by shear in a rotary clutch device. The Lord 140 CG fluid is a commercial
hydrocarbon product with a high (40%) volume of microparticles. The formulation of the fluid is
proprietary, but it is known to have a dynamic viscosity of 0.00987 Pa-s.}* The yield stress of the
Lord MR fluid reaches ~ 60 kPa at about 200 kAmp/m in an applied magnetic field.?°

Two types of fluorocarbon MR fluid were formulated.?! A surfactant-containing version
contained 40 % by volume of carbonyl iron particles (BASF Inc. CC grade) + 57 % by volume of
base fluid (Krytox GPL 104) + 3 % volume of surfactant additive (Krytox 157 FS). Krytox GPL

104 is a perfluoropolyether oil with a dynamic viscosity of 0.06 Pa-s. Krytox 157 FS is a
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poly(hexafluoropropylene oxide) with terminal carboxylic acid (COOH) functionalities. A
surfactant-free version contained 40 % by volume of carbonyl iron particles + 60 % by volume of
base fluid (Krytox GPL 104). The particles were prepared in a glove box filled with inert gas. The

components were weighed, combined, and mixed thoroughly.

Magnetized MRF Temperature Magnetic field
m=== Unmagnetized MRF measurement measurement

Magnetic circuit
I
Eotol.r Pressure &
0oling Temperature
measurement

Seal

Figure 2.1 Schematic of the clutch durability test bench used for all durability tests in this study.

Durability tests on these fluids were performed using a drum-type MR clutch device in a
continuous slippage actuator (CSA) system (Figure 2.1). The rotor (in green and purple) creates
shear stress in the MR fluid at the stator interface (yellow). Torque is modulated up to ~40 Nm by
increasing the H-field at this interface, which can go up to about 200 kA/m. A water-cooling jacket
is installed within the clutch to maintain a constant operating temperature. In each of the tests, 50
mL of MR fluid was injected into the clutch. The clutch is operated at a constant velocity input,
and the magnetic field is controlled in a closed-loop to achieve a constant torque output, thus giving
a constant power dissipated within the MR fluid. The MR fluid was recirculated to ensure fluid

homogeneity.
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To assess the state of the MR fluid, the open-loop response of the clutch was measured at
1-hour intervals during the durability tests. Once the open-loop torque dropped below 80% of its
initial value, the MR fluid was considered expired. For the Lord 140CG sample, this typically
coincided with a sharp increase in the measured apparent viscosity and an increase in the closed-
loop current required to achieve a given torque output (Figure 2.2). Fluid in the shear gap was
collected for analysis. Samples were compared against controls that had not been submitted to

shear.
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Figure 2.2 Demonstration of typical torque and viscosity relationship in MR clutch durability

tests.

The hydrocarbon aging test was performed with Lord 140 CG fluid. A high Mason number
trial used an input torque of 5 Nm resulting in a Mason number of 0.1017. A low Mason number
trial was characterized by an input torque of 20 Nm and a Mason number of 0.0153. Both tested

Mason numbers were below the critical Mason number. The lifetime dissipated energy (LDE) for
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the Lord hydrocarbon MRF samples are as follows: 8.1 MJ/mL (low Mn) and 12.2 MJ/mL (high
Mn).

The fluorocarbon MRF aging tests were performed with fluorocarbon MRF described
above. A constant input torque of 20 Nm was applied in these cases. The Mason number for this
test series was fixed at 0.43. The LDE for the fluorocarbon fluids are as follows: 5.5 MJ/mL (no
additive) and 12.5 MJ/mL (with additive).

Control samples and aged samples were washed with solvent to remove the carrier fluid
prior to analysis by XPS and SEM. Hydrocarbon based Lord 140 CG MR fluids were washed with
ACS grade hexane, while PFPE based MR fluids were rinsed with DuPont Vertrel XF specialty
fluid (2,3-dihydrodecafluorpentane). For each wash, solvent 10 times in volume was added to the
MR fluid, and the mixture was shaken with a vortex mixer for 5 minutes. The particles were then
separated with a magnet, and the liquid phase was collected to be dried in a vacuum for TEM. The
washing for each sample continued until the liquid phase became clear. Dry state CIP powder was

used as received.

2.2.2 SEM and TEM

The morphology of the particles derived from the control and aged particles was examined
by SEM (field emission FEI Inspect F-50 FE-SEM at 5 KeV). All aged particles that were washed
with solvent yielded a dark, insoluble oily residue that coated the surface of the particles. There
was no such residue on the control samples. Residues isolated from the aged particles were dried
under vacuum and examined by TEM (Philips CM200 200 kV unit equipped with an AMT XR40B

CCD camera).
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2.2.3 X-ray photoelectron spectroscopy (XPS)

XPS was performed with a Thermo Scientific K-Alpha XPS (Al-Ka 1486.6 ¢V). All
samples were mounted on conductive copper tape. The XPS vacuum chamber was maintained
at <2 x 107 mbar. The x-ray beam was directed at an incident angle of 60=from normal (30°
from the horizontal plane of the sample) with a focal spot size of 400 um. A flood gun was used
alongside the x-ray gun to suppress peak shifting. A monoenergetic Ar" ion beam of 3000.0 eV
with a current of 4.13 pA was used to erode the particle sample for depth profiling. The ion beam
impinged at an angle of 58 “from normal (32<from the horizontal plane of the sample) and was
projected onto an area of 2 mm ><1 mm, some five times the x-ray beam size. Changes in oxidation
state as a function of depth in MR fluid particles were profiled by XPS. Fe(2p), C(1s), and O(1s)
spectra were collected for hydrocarbon-based MR fluid particles, while F(1s) spectra were
collected for PFPE-based MR fluid particles. The peak fitting was made by Voigt shape functions
to account for the energy resolution of the instrument and chemical disorder (Gaussian part) and

the lifetime width of the photoionization process (Lorenzian part).

2.3. Results and Discussion

2.3.1 Aging of particles in hydrocarbon fluids & particle aging in correlation with Mason number
2.3.1.1 Particle morphology

The Lord 140 CG MR fluid control sample contains a bimodal distribution of polydisperse
particles. SEM analysis (Figure 2.3) reveals that many particles show necking, and there is
evidence of widespread decoration of the larger particles by smaller species. Particles are

aggregated into colonies throughout the sample (Figure 2.3 insert). All particles show a somewhat
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roughened surface texture. Larger particles have diameters ranging from 2 to 5 um, while the
smaller particle distribution consists of objects <1 pum. Overall, the microparticle population
deviated significantly from the ideal of uniform spheres. The effects of particle shape and

aggregation on MR fluid performance were not examined in this study.

Nevertheless, since magnetic particles dispersed in an MR fluid are forced into close
contact by the applied H-field, particle shape may determine the field-induced structure of the
particle dispersion at rest, the break-up of aggregates, frictional forces, and dissipation mechanisms

under shear.

Non-spherical particles will exhibit a smaller demagnetization factor in their long direction.
Aged particles from low Mn and high Mn tests have different modes of surface coarsening (Figure
2.4). Aged particles from the high Mn test exhibit a more uniformly coarsened surface, while their

low Mn test counterparts have many nanoscale protrusions on particle surfaces.

Insoluble residues were found and collected from the washing of the aged particles (Figure
2.4 insert). The residues contain additional clues about what transpires at the surfaces of the
microparticles in the high and low Mn tests. TEM images of residue from the low Mn test revealed
an untextured carbon-rich matrix (by XPS) with embedded ~1 nm diameter particles. By contrast,
the residue from the high Mn test contained no nanoparticles. The production of visible spalling
residue in the form of nanoparticles suggests more abrasive conditions associated with the low Mn
runs. These observations are in line with the lower LDE observed for low mason number.?? This
observation is consistent with the findings of Sherman et al. and Melle et al., who argue that MR

fluids will form easier-to-disperse, small particle clusters at higher Mn.t3 1
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10 um

Figure 2.3 Control sample of Lord 140 CG MR carbonyl iron microparticles. Particles have not

been subjected to shear.

Figure 2.4 Sample of Lord 140 CG MR carbonyl iron microparticles. Particles A were subjected
to low Mn shear, while particles B were subjected to high Mn shear. TEM shows residues from

the washing of respective particles.
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2.3.1.2 Evidence of carbon catalytic reactions

XPS and XPS depth profiling were used to identify surface and sub-surface elements and
their oxidation states. The elemental composition of all particles is shown in Figures 2.5 and 2.6.
Note that each curve represents the total amount of the specified element, regardless of oxidation
state. The surface of the control sample is enriched in carbon and oxygen. In fact, the iron particles
are very well coated. The sample was subsequently eroded with Ar* projectiles (beyond t = 0). As
expected, the iron content rose rapidly as the projectiles ablated the surface. Aged particles
contained higher oxygen and carbon contents in general compared to pristine particles. The
elevated carbon and oxygen concentrations, especially around the surface, suggest reaction and
even diffusion and incorporation of these elements into the metallic iron-based particles.? 24 A
majority of the carbon (depth profile not shown) shows binding energy of 284.78 eV, typical of
sp® hybridized carbon (C-C or C-H bonds). Small amounts of carbon with binding energies of
286.5 eV and 288.5 eV are found. They are associated with carbon bonded to oxygen in C-O and
0O-C=0 bonds from the hydrocarbon base fluid. Trace amounts of carbidic C-Fe at 283.3 eV are
also identified.?® The latter is believed to have been deposited during the decomposition of Fe(CO)s
to make carbonyl iron.

Evidently, primary sources of carbon are the surfactants stabilizing the particles and the
host hydrocarbon-based carrier fluid. As can be seen, comparing Figures 2.5 and 2.6, the high and
low Mn samples have a more gradual decline in carbon content over time (increasing erosion) than
the control sample. The low Mn sample contains more carbon on the surfaces than the high Mn
sample, suggesting that the more abrasive environment of the low Mn sample leads to more

extensive organic coating due to greater breakdown of the host fluid and surfactant.
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Fresh fracture surfaces caused by collisions among particles and spalling of surface carbon
and oxides will expose iron atoms and coordinatively unsaturated iron oxides that, even at the
nanoscale, are well-known to be catalytically active for C-C and C-H bond activation.?® 2" The
untextured residues found on aged particles are high molecular weight species, likely produced
from this process. During the durability tests, considerable outgassing from the MR fluid chamber
was observed. Thermogravimetric analysis of the aged and control hydrocarbon MR fluids (Figure
S2.1) also showed that aged fluids, especially the fluid from the high Mn test, which sustained
longer operation, contain higher weight percentages of solid. The outgassing and the decrease in

mass of the fluid phase are evidence of transformations in the MRF.
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Figure 2.5 XPS elemental composition depth profile of control sample of Lord 140 CG MR

carbonyl iron microparticles. Particles were not subjected to shear.
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Figure 2.6 XPS elemental composition depth profile of (A) low Mason number sample of

carbonyl iron microparticles and (B) high Mason number particles.

2.3.1.3 Surface oxide composition

close examination of the depth profile curves in Figures 2.5 and 2.6 gives further insight
into iron oxide formation on the particle surface. Turning first to Fe, observe the steep and
parabolic rise in Fe content in Figure 2.5 for the control sample. Ar* erosion of the Fe particles in
the high and low Mn regimes is accompanied by a more gradual rise in the iron content compared
with the control. The high Mn sample shows persistent oxidation over a greater etching period
than the control and low Mn samples.

The depth profile of O(1s) (Figure 2.7) indicates the oxidation states of iron oxides in
control and aged particles. The “% oxidation state” was calculated by dividing the area under the
curve of a given peak at specific binding energy by the total area under the curve (see Figure S2.2
for detail). Each data point is the average of three measurements. The main oxygen peak in the

control (Figure 2.7A) corresponds to oxygen bound in the lattice to Fe (Fe-O lattice bonds, Ouattice).
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An overlapping peak centered at 531.3 eV (Oadsorbedrdefect) IS NOt assigned with certainty: it may be
due to chemisorbed oxygen?® and/or oxygen in defect sites,?® Oagsorbedrdetect. Although it can be
argued that the peak may be due to hydroxide, a common intermediate species in the oxidation of
iron in the presence of moisture, this is considered unlikely given the hydrophobic environment.
Finally, a peak associated with bonding between oxygen and carbon (O-C) is located at ~533 eV.
This signal is likely associated with surfactant on the particles. Regardless of the precise origin of
the 531.3 band, there are marked changes in the distribution of oxygen environments on comparing
the control sample with the aged samples. This is evident from Figure 2.7 where the Oadsorbedidefect
content increases markedly in both the low and high Mason number samples, compared with the
Ouatice and O-C contributions. The implication is that the aged particles become enriched in oxides
of iron.

It is not straightforward to assign the oxidation states of Fe with precision in these samples.
Different oxidation states of Fe have overlapping binding energies, making it difficult to employ
multi-peak fitting techniques commonly used for accurate iron oxide species determination. The
problem was simplified by fitting three oxidation states in each Fe(2p) spectrum for the species,
Fe(0), Fe(ll), and Fe(111). The peak assignments are based on those of Lin*® and Yamashita:3! Lin
et al. assign the Fe(Il) and Fe(l11) sites in FesOs(magnetite) (2pss2 state) at 709.7 eV and 711.1 eV,
respectively.?® Yamashita et al. locate the Fe(I11) 2pss. peak for Fe;Os at 711.0 eV, the Fe(ll) 2paz
peak for Fe1.yO at 709.5 eV, and the overlapping Fe(ll) and Fe(lll) 2ps;2 peak for FesOs to be at
710.6 eV.*! Figure 2.8 collects the results of depth profile analysis of Fe(0), Fe(11), Fe(l1l) fractions
from the different microparticle samples. Particles from the control and aged samples follow a
similar pattern in the evolution of oxidized iron species. Prior to etching, the surface of particles

from all samples contains a high percentage of Fe(lll) species. Immediately after etching, the
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concentration of Fe(lll) species decreases sharply, while the concentration of Fe(ll) species
increases to approximately 70%, before declining. There is only a trace amount of Fe(0) at the
surface. The concentration of Fe(0) increases rapidly, plateauing at about 85%. The small
percentage of Fe(Il) and Fe(l11) species at long etching times is likely an artifact of the nonuniform
samples and not the result of deep penetration of oxygen to the core of the particles.

The oxide layer is the thinnest in particles from the control. Aged particles from the high Mn
test have the thickest oxide layer. Fe(ll) is the major component found in the oxide layers, while
Fe(l11) species have elevated concentrations on the surface. On the surface of high Mn particles,
Fe(l11) species reached a 2:3 ratio when compared with the Fe(ll) species. The elevated Fe(lll)
presence on the surface, as well as the line shape of the Fe(2P) spectrum (not shown), both suggest
the presence of FesOs. These experiments do not rule out contributions from Fe(lll) originating
from maghemite or hematite (Fe203). Underneath the surface, a majority of the oxide layer appears

to be composed of Fe(ll), indicating the presence of FeO.
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Figure 2.7 XPS oxidation state depth profile for oxygen of (A) control sample of carbonyl iron

microparticles, (B) low Mason number particles, and (C) high Mason number particles.
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2.3.1.4 Estimation of oxide thickness and limitation of Ar* sputtering

In order to better estimate the thickness of iron oxide layers in the particles, the sputter rate and
chemical changes due to sputtering must be evaluated. The sputter yield, defined as the number of

atoms removed per Ar* ion, is described by Equation 2.3: %

__1000ezpNn
=

S (2.3)

here e = charge, z = etch rate, p = density of the oxide, N = Avogadro’s number, n = number of
atoms per molecule, M = molecular weight and J = ion beam flux density (current/contact area).>?
Substituting the instrumental parameters of this experiment into the results obtained by Viefhaus
et al., the sputter rate of relevant iron oxide species is calculated: 0.40 nm s for Fe;O3, 0.51 nm
st for FesO4, and 0.39 nm s for FeO.32 These compare well with the results from other sources,
where the sputter rate of Fe,Os was calculated to be 0.38 nm s*,*® and that of Fe3O4 was calculated
to be 0.49 nm s1.32 The sputtering rate of metallic Fe is estimated to be lower than that of FeO
using published sputter yield data.3*

One must interpret the curves in Figure 2.8 judiciously since lighter elements like oxygen
tend to be sputtered preferentially in iron oxides, with a concomitant reduction in the oxidation
state of iron. For example, Suzuki et al. found after 300 s of Ar* sputtering (3 KeV), that Fe(lll)
at a surface of Fe>Os was partially reduced to Fe(ll), such that the surface manifested the
characteristics of magnetite by XPS.%® This was established for Fe,O3 (hematite and maghemite)
and FesO4 (magnetite).®® 37 Overall then, preferential sputtering can result in underestimation of
the thickness of an oxide layer® and complicate quantitative calculation of the quantities of Fe in

different oxidations states.
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Nevertheless, the quantity of Fe(ll) caused by preferential sputtering and detected at the
early stages of etching is likely to be small for the following reasons. It is noted that XPS spectra
acquired prior to etching indicated that the most oxidized portion of the particles — the surface —
contained FesO4 instead of Fe»Os as a major species. A past study by Mauvernay et al. has
demonstrated that substantially higher Ar™ sputtering power is needed to convert the surface of a
FesO4 substrate into a FeixO film.® It is more difficult to reduce Fe(ll) by Ar* sputtering than
Fe(111).38%° The short Ar* sputtering time in our experiments is insufficient to convert much Fe(ll1)
to FeO, or even to Fe(0).

Combining sputter rate analysis (Equation 2.2) with the etching times (Figure 2.8), we
calculate the thickness of the oxide layer to be about 20 nm for particles from the control 140 CG
fluid, and ~ 60 — 75 nm for particles from aged fluids. These oxide layers are thin compared to the
volume of the particles, thus unlikely to significantly decrease the saturation magnetization. This
was confirmed by SQUID measurements (Figure S2.3). The hysteresis curves for the aged particles
from the high Mn test nearly overlap those of the control 140 CG particles. Those from the low

Mn test show slightly lower magnetic saturation.
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Figure 2.8 XPS depth profiles for Fe(O), Fe(ll), and Fe(lll) species in (A) control sample of
carbonyl iron microparticles, (B) low Mason number particles, and C high Mason number

particles.
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2.3.2 Particle aging in PFPE-based MR fluids & function of a PFPE-based surfactant additive

2.3.2.1 Particle morphology

Similar to control particles used in the hydrocarbon-based fluid, the CIP used in the PFPE-
based MR fluids are polydisperse with bimodal size distribution. Figure 2.9 reveals particles 2-5
um in diameter coexist with smaller particles with diameters below 1 um. The particles are
approximately spherical and exhibit a small amount of surface roughness. In addition, aggregation
of large particles, decoration of large particles with smaller particles, as well as iron microrods are

found. There is evidence of necking among particles, likely an effect of the manufacturing process.

After aging, SEM images of both ‘with-additive’ and ‘no-additive’ washed particles show
coarsened surfaces (Figure 2.10). Of the two samples, aged particles from the ‘no-additive’ fluid

show different qualities of surface roughness.

The ‘no-additive’ sample (Figure 2.10A) contains particles with surface coarsening and
dense aggregates of nanoscale protrusions. The ‘with-additive’ sample (Figure 2.10B) also

contains nanoscale protrusions, but these are less coarse than those from the ‘no-additive’ sample.

The residues from washing the two types of MRF reveal additional information. Nanoparticles are
generated from the larger MRF particles during the aging process. Images of nanoparticles in the
host matrix are shown as inserts in Figures 2.10A and 2.10B. The sample with no added Surfactant
shows large numbers of embedded nanoparticles with diameters on the order of 8 nm. In contrast,
residues from the ‘with-additive’ sample show comparatively fewer particles and smaller sizes,
about 5 nm in diameter. Notably, more nanoparticles were found in the residues from the

fluorocarbon aged samples than were found in the residues from both high and low Mn
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hydrocarbon aged samples. As discussed below, this difference can be attributed to the formation

of brittle metal fluorides.

Nanoparticle production can impact MR fluid properties: past studies have found that
replacing 0.5% of the mass of carbonyl iron with the same mass of nano-sized ferrite particles
leads to a doubling of the MR fluid off-state viscosity.” The continual production of submicron

particles during shear may play a significant role in the expiration of MR fluids.

Figure 2.9 Control sample PFPE based MR fluid carbonyl iron microparticles. Insert shows

aggregates of iron microparticles. Particles have not been subjected to shear.
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Figure 2.10 Sample of PFPE based MR fluid carbonyl iron microparticles after being subjected
to shear. Particles A were obtained from fluid with no added surfactant, while particles B were

obtained from fluid with surfactant added.

2.3.2.2 Defluorination of PFPE

The carbon depth profile (Figure 2.11) reveals that pristine particles are rich in carbon from
the manufacturing process. A majority of the detected carbon species are sp3 hybridized carbon
(C-H or C-C) at 284.8 eV. A peak evolves at 283.3 eV as the erosion process moves more towards
the core. The 283.3 eV band is associated with a carbidic C—Fe bond (Figure 2.11).2% The pristine
particles are coated with a thin layer of iron oxide, likely with Fe203 on the surface and Fe304 in
the near subsurface.?® Fe(0) emerged as the dominant oxidation state after approximately 30 s of

etching, corresponding to an estimated thickness of about 20 nm or less.

While the pristine particle samples contain no F, both of the aged particle samples
incorporate fluorine to different extents. The incorporation of fluorine into iron particles is the

result of the decomposition of fluorinated ethers by ferrous species. This is thought to proceed via
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a two-step mechanism.'® 1° The first step is rate-determining defluorination, where iron serves as
the reducing agent to activate and break the C—F bond of the fluorocarbon. The second step is the
thermodynamically driven formation of iron fluorides.'® ¥ The newly formed iron fluorides
behave as Lewis acids that can catalyze the further decomposition of fluorinated ethers.8 19 4% 42
It has been argued that the initial iron fluorides accept electron density from oxygen on the
perfluoropolyether chain, weakening the O-CF. bonds and breaking the O-C bond with
concomitant production of a fluorocarbon and an oxide radical.*> %> The oxide radical can cause

further unzipping of the fluorocarbon chain.*?

Evidence of the defluorination reactions can be seen in the carbon profiles (Figure 2.11).
Newly formed species with binding energies corresponding to C-F-C, C-C-F, and various
carbonyl groups are found on the surface of aged ‘no-additive’ particles. These species do not
originate from either the base oil (Figure 2.12) or the particles themselves and must be created
during the in-use thickening process. The ratio between the original species in the base oil
(CF20/CF3 and CF2) and the newly formed fluorine-poor species continues to decrease with
etching time. This shows that perfluoropolyethers close to the iron surface are consumed by
defluorination. A similar observation is made for particles from aged ‘with-additive’ fluid.
Although the fluorine-poor species formed as a result of defluorination could not be differentiated
from those that originated from the additive, the portion contributed by the additive is small due
to the small quantity of additive in the exclusively fluorine-rich base oil. Moreover, the ratio
between fluorine-rich and fluorine-poor species is lower on the surface of particles extracted from
the aged ‘with-additive’ fluid compared to that of the pristine additive oil, demonstrating that

defluorination has taken place.
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Figure 2.11 XPS oxidation state depth profiles for carbon species in (A) control sample of
carbonyl iron microparticles, (B) aged particles obtained from “no-additive” fluid, and (C) aged

particles obtained from “with-additive” fluid. The hydrogen atom is omitted in the labeling of

C-F compounds.

It is worth noting that aged particles from the ‘with additive’ fluid have elevated CF.O/CF3
levels and a higher fluorine-rich to fluorine-poor species ratio on the surface than their counterparts
from the ‘no-additive’ fluid. This indicates a lower extent of defluorination. Because the surfactant

additive forms a protective layer on the surface of particles, the iron/ferrous surface of the particles
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has reduced access to fluorine-rich species in its surroundings to initiate the defluorination reaction,

thus limiting the formation of iron fluoride species.
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Figure 2.12 Fluorine, carbon, and oxygen composition profiles for the surfactant additive
(Krytox 157 FS) and base oil (Krytox GPL 104) controls. The hydrogen atom is omitted in the

labeling of C-F compounds.
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2.3.2.3. Production of iron fluoride

The percentage of F in aged particles from the ‘no-additive’ fluid was found to be close to
40% at the surface, declining gradually to about 25% after 600 s of etching. For particles from the
aged ‘with additive’ fluid, the fluorine content sharply decreased from 40% prior to etching to 25%
after etching for only 5 s, then followed a slow trend of decline until the fluorine content reached
7% after 600 s of etching. A majority of the detected fluorine on the surface involves F-C bonds
rather than F—Fe bonds (Figure 2.13). This indicates that most of the surface fluorine species are
adsorbed fluorocarbon. However, the F—C/F—Fe ratio decreases rapidly on probing the core of the
particles; clear peaks due to F—Fe are visible at 285.5 eV after 600 s of etching. Accurate estimation
of etching rate was not made due to the lack of referencing data. Minor preferential sputtering has
been observed with iron fluorides at 3 keVV Ar" bombardment, suggesting that the actual extent of

iron fluoride formation might be slightly higher than observed.*®

The iron oxidation state profiles (Figure 2.14) confirm the presence of iron fluoride and
identify it as primarily FeF,.2% 4 FeF; is the kinetically favored iron fluoride product, having been
observed as the only iron fluoride to form at 265<C from a study of fluorination of 304 stainless
steel.*® Our results suggest that generation of FeF, may be responsible for the production of
nanoparticles in aged fluorocarbon samples. Iron fluorides are known to be brittle, adhering poorly
to iron, thus spalling easily.*® FeF, is a weak anisotropic antiferromagnet. Long term production
during clutch operation is expected to reduce the overall magnetic remanence of the particles. The
magnetic saturation of aged particles is decreased relative to the control particles in the PFPE test
(Figure S2.4). Over the lifetime of the experiment, the decrease in magnetization is nevertheless

relatively small.
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2.4 Conclusion

This study has shown that collisions among micron-size magnetic iron particles under shear
can result in nanoscale changes to surface topography. Moreover, it has shown that shear-induced
collisions can lead to redistributions among different oxidation state species on the surface and
near sub-surface regions of the particles. The redistributions among oxidation states and chemical
species are the result of interfacial reactions that can involve adventitious oxygen, catalysis, and
other energetic processes that can act on either or both, the host fluid medium and additives
introduced to stabilize the MRF. The interfacial chemistry is complex, inviting studies that couple
macroscale processes (shear events in a clutch mechanism) with nanoscale inquiries into the effects
of such processes. This study has examined physical and chemical changes to magnetic particles
in two classes of MRF. A hydrocarbon-based commercial fluid Lord 140 CG was subjected to
constant shear. A detailed analysis by XPS and XPS depth profiling revealed a diversity of iron
species and oxidation states. Iron oxide layers and surface coarsening were found on aged particles
in both high and low Mason number regimes. Oxide layers were shown to be relatively thin and
on the order of nanometers. There is only a minor impact on the magnetic properties, as revealed
by magnetization studies. In addition, evidence of nanoparticle spalling was observed in the low
Mn test. A PFPE-based MR fluid was also studied. It was found that the host fluorocarbon and
fluorocarbon additive are not immune to chemical reactions during clutch operation.
Defluorination of PFPE produces iron fluorides on particle surfaces. FeF» is the main product
formed in this process. Since FeF; is a brittle compound, an FeF> layer is likely to fragment to
yield nanoparticles. These may be catalytically active and accelerate fluorocarbon decomposition.

Over the duration of the experiment, the impact of FeF> production on the magnetic properties of
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the fluid was determined to be small. The fluorocarbon surfactant appeared to increase the stability

of the iron particle interface against conversion to iron fluorides.
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2.7 Supporting materials
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Figure S2.1 Thermogravimetric analysis (TGA) was performed on control Lord 140 CG particles
and aged particles from the low and high Mason number tests. Samples were incinerated in an
argon atmosphere. One can observe that the fluid (hydrocarbon) phase in the aged MR fluids,

especially that aged in the high Mn test, has diminished in mass.
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Figure S2.2 Example of determining the change in the ratio of different oxidation states of an

element over-etching depth. The graph on the far left shows one oxidation state profile of oxygen

on the surface (unetched) of the control Lord 140 CG particles, while the graph of the far right

shows the profile after 350 sec of etching of the same particles. Three such profiles were taken at

each etching time. The areas under the curve for each peak on the three profiles were averaged and

plotted against etching time.
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Chapter 3

Carboxylated cellulose nanocrystal cryogels: porous monoliths of
CNC and CNC-magnetite nanoparticles oriented under

hydrodynamic flow and magnetic field

3.1 Introduction

This chapter describes the fabrication and characterization of oriented porous cryogel
scaffold monoliths from carboxylated cellulose nanocrystals (CNC) and CNC nanocomposites
comprising bound magnetite nanoparticles. Impetuous for the research comes in part from the
medical field where nanoscale cellulose, including CNC and cellulose nanofibers, are under
development for use in tissue engineering. The study is also motivated by the larger field of
research into self-assembling and self-organizing matter. Under certain conditions, water
suspensions of sulfated and carboxylated CNC will undergo an isotropic to chiral nematic phase
transition. This is a nonlocal event that can be assisted by applying a magnetic field that interacts
with the diamagnetic susceptibility of the nanocrystals. The magnetic field promotes the uniaxial
alignment of the helicoid axes of the chiral nematic phase. Evaporation of water in the presence of
the field to make solid films and monoliths locks in the chirality. CNC will also align under shear
in hydrodynamic flow. Recent research by Munier et al. has shown that unidirectional freezing of
sulfated CNC in water underflow can yield somewhat ordered monoliths of CNC with different
pore size distributions.® From a medical applications perspective, these monoliths may have

potential as tissue scaffolds. Our experiments focus on fabricating carboxylated CNC-based
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cryogel scaffolds from aqueous suspensions at different freezing temperatures, under different
modes of freezing, and by freezing with or without the influence of an applied static magnetic field.
In these experiments, water acts as a porogen. We examined the resulting cryogel scaffolds by
scanning electron microscopy (SEM) and processed the images quantitatively to extract porosity.
Our findings showed that the pore morphologies of the carboxylated CNC-based cryogel scaffolds
depend in complex ways on the conditions under which freezing takes place. Small-angle x-ray
scattering (SAXS) was performed to obtain nanoscale structural information, while dynamic vapor

sorption (DVS) was performed to obtain specific surface area and equilibrium moisture content.

Figure 3.1 Chemical structure of cellulose showing the B(1— 4)-glycosidic bond linking two

D-glucose units.

3.1.1 Cellulose nanocrystals

Cellulose is a biopolymer consisting of repeating 3-D-anhydroglucopyranose units and can
be produced from many sources such as plants and bacteria (Figure 3.1).2 Nanocellulose is a
general term that encompasses cellulose nanofibers (CNF), cellulose nanocrystals (CNC) and
bacterial nanocellulose (BNC). Cellulose nanocrystals (CNCs) are made from cellulose by

selectively degrading the cellulose disordered and amorphous regions using strong acids and
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oxidizers.? Carboxylated CNC used in our studies was obtained by oxidation with dilute hydrogen
peroxide of dissolving pulp from black spruce. CNC exhibits high crystallinity, robust mechanical
strength, and unusual optical anisotropy in scattering left circularly polarized light.> 3 CNC also
retains many advantages shared amongst other cellulose materials, such as low cytotoxicity.? *
Much research interest has been focused on utilizing the unique properties of CNC to develop

novel CNC-based materials with advanced functionality.

3.1.2 Applications of CNC and magnetite incorporated CNC materials

There is a strong incentive to make porous materials from CNC for use in applications as
diverse as supercapacitors and sensors,> thermal insulators,® adsorbents,” host matrices to support
catalysts,® drug loading and release systems,® ° hosts for cell culture,'* and supporting scaffolds
for tissue engineering.'? 1 Incorporating magnetite nanoparticles (MNP) into the nanocellulose
networks helps expand the applications and better realize some existing functionalities.*® For
example, magnetite nanoparticle-CNC nanocomposites have been demonstrated as contrast agents
for magnetic resonance imaging.l” MNP-CNC composites have been used as adsorbents for metal
ions such as Hg(11) and Sh(111).18 19 Magnetite (FesOa) can be attracted to a magnetic field to ease
separations and recovery of contaminants. Polymer-coated MNPs have been grafted onto scaffolds
made with CNC or bacterial nanocellulose (BNC) for biomedical applications. BNC appears to
have higher intrinsic crystallinity and purity than plant-based CNCs due in part to the complete
lack of lignin and hemicellulose.* Nevertheless, high purity CNC can be obtained by carefully
controlling the reaction and purification conditions. In one application, the combination of coated
MNPs in CNC scaffolds is found to simulate the architecture and biomechanical behavior of

animal tendons and provides magneto-mechanical stimulation for cell regeneration.?° Elsewhere,
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coated MNPs in BNC scaffolds have been applied to the surface of stents to orient magnetized

endothelial cells for the reconstruction of tunica media tissue.?

3.1.3 Freeze casting of nanocellulose to make porous scaffolds

Freeze casting is a common method for making porous materials such as various types of
colloidal gels. In freeze casting, solidification of the solvent induces a physical separation of
nanocellulose from the suspending medium. Crystals of the frozen solvent serve as sacrificing
templates, allowing physical or chemical crosslinking of nanocellulose around the crystals. The
frozen crystals are then removed by sublimation methods like freeze-drying and supercritical

drying, revealing scaffolds of nanoparticle networks with an interconnected porous structure. 4 15

It is known that freezing temperature, solvent type, freezing mode, and the physiochemical
properties of the colloidal nanoparticles are important factors governing the structure of the porous
product.’® Numerous experiments have looked into the freeze casting of cellulose nanofibrils
(CNFs) which have long and flexible fibril chains allowing for entanglements.?? ~ 2° Similar
research on CNCs is relatively scarce, 26 and no work has been done to examine the freeze casting

of MNP-decorated CNC scaffolds.

Furthermore, the majority of nanocellulose cryogel studies have focused on investigating
morphologies and mechanical properties. For example, water sorption greatly impacts materials'
mechanical properties and stability and can affect their applicability in the biomedical fields.?” ~32
There has been some water sorption study of cellulose-based materials such as MCCs, CNFs, and

CNCs.33~% However, to the best of our knowledge, the water sorption properties of CNC cryogels,
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especially in connection with explorations of nanoscale structural features, have not been

investigated.

3.1.4 Design of current experiment

Our experiments described below aim to provide a reference for the freeze casting
fabrication of cryogel scaffolds using CNCs and MNP decorated CNCs. Three freezing modes are
tested: one-step low temperature freezing at -196 °C, one-step high temperature freezing at -12 °C,
and two-step freezing by a freeze-thaw cryogelation cycle at high temperature, followed by
freezing at low temperature. The two-step freezing aims to investigate how a change in freezing
pattern affects pore structures. In addition, inspired by the debates on the effects of static magnetic
fields (SMF) on freezing,®” ~4" an SMF was applied in the cryogelation step to examine possible

changes to the final pore structures.

Non-invasive analyses were carried out to probe structural insights of the cryogels from
macroscale to nanoscale. Image analysis using a "local thickness™ algorithm was performed on
SEM images of the cryogel scaffolds to obtain accurate estimates of minimum macropore sizes.
Small-angle x-ray scattering (SAXS) was performed to characterize nanoscale structures such as
the aggregation of CNCs and the arrangement of polymers within the CNC crystals. SAXS
experimentally determines the x-ray scattering intensity 1(q) as a function of the scattering vector

g, i.e., I(q) e« g%, where T is the scattering exponent. It was found that the polydispersity of

particles in a cluster can affect the scattering exponent due to their self-similarity.%* This self-
similarity can be deterministic in nature, where an intrinsic pattern repeats itself under a

transformation scale, or it can be a statistical similarity, which is the case for most structures in
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practice.®* As a result of the self-similar property, regions where the scattering intensity 1(q) decays
as a power law can be described using the ideas of fractal distributions.! 54 8 Other models that
depend on the decay of 1(q) as a power law also apply. For example, the Debye, Anderson and
Brumberger (DAB) model interprets a cluster system as a periodic lattice with equal distance
between particles (or phases), with the assumption that the particles have smooth interfaces and

the cluster exhibit I(q) & q* behaviour.%? In addition, dynamic vapour sorption (DVS) was

performed to obtain specific surface area and equilibrium moisture content. By relating the
analyses done by SEM-local thickness, SAXS, and DVS, we aim to improve our understanding of
the structural properties of CNC-based cryogels as renewable, biocompatible, and biodegradable

porous materials.

3.2 Experimental

3.2.1 Cellulose nanocrystalline (CNC) suspension

The CNC suspension used in this experiment was a carboxylated entity obtained from
Anomera Inc. The CNC was used without further purification. This suspension has a solid

concentration of 3.8 %wt in water.

3.2.2 Magnetite nanoparticles decorated cellulose nanocrystalline (CNC-MNP)

Cellulose nanocrystals decorated with MNPs were synthesized in situ with a co-
precipitation method based on the work of Hassan et al.'® Briefly, 20 mL of the CNC suspension

was thoroughly mixed in 100 mL of MiliQ water(18.2 MOhm), first by stirring, then by sonication
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(Sonics Vibra-cell VCX130 probe sonicator), until the cellulose crystals were fully dispersed. The
CNC suspension was degassed under vacuum several times before flushing with argon. An argon

atmosphere was maintained for the duration of the synthesis.

A separate 10 mL aqueous solution containing 1.0 mmol of ferrous chloride (FeClz 4H0;
Sigma Aldrich) and two equivalent of ferric chloride (FeCls 6H20; Sigma Aldrich) was prepared
and was slowly injected into the stirred CNC suspension. Addition of the Fe-based solution
induced agglomeration in the reaction mixture, but this agglomeration was eventually dispersed
after continual mixing. After thorough mixing, the mixture exhibited an orange color. It was then

heated to 70 °C for 1 hour.

A 1:10 diluted aqueous NH3OH solution was used to coprecipitate the iron oxide. The
NHsOH solution was injected into the reaction mixture in small quantities under vigorous stirring.
The reaction was completed when the mixture turned black. The mixture was stirred for 15 min
more before the heat was removed. Once cooled to room temperature, the product was collected
by a magnet. The product was washed many times using DI water until the wash reached a pH of

7. Excess water was removed by centrifuge at 500 rpm.

3.2.3 CNC and CNC-MNP-containing cryogel preparation

The as-obtained CNC suspension exhibited a gel-like texture, while the as-synthesized
MNP decorated CNCs showed a wet sand-like consistency. CNC cryogels were prepared directly
with the as-obtained CNC suspension. MNP-incorporated CNC cryogels were made from a

mixture of 20 % v/v of the as-synthesized MNP decorated CNCs (CNC-MNP) and 80 % v/v of as-
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obtained CNC suspension to achieve gelation similar to that of the CNC suspension. The mixed

CNC-MNP suspension has a solid concentration of 3.9 %wt in water.

"High-temperature” freezing of the suspension was performed in a freezer (-12 °C), while
"low-temperature™ freezing was achieved by submerging the suspension in liquid nitrogen (-196
°C). Two-step freezing was conducted by first freezing the sample at -12 °C for 8 hours, allowing
the sample to thaw, then re-freezing the sample at liquid nitrogen temperature. Each sample
consisted of 2 mL of CNC or mixed CNC-MNP suspension placed in a 6-dram vial. Each sample
was placed in a holder during the freezing experiments. Two pieces of permanent NdFeB bar
magnets (type BX8X84 1.5" x 1.5" x 0.25" thick nickel plated; K&J Magnet Inc) were attached to
the sample holder to create an external magnetic field, as shown in Scheme S3.1A. After freezing,
the frozen samples were freeze-dried in a lyophilizer (Labconco FreeZone 2.5L benchtop freeze
dryer) for 48 hr. Specific freezing conditions for each of the cryogel samples are detailed in Table

3.1.

Table 3.1 Summary of sample names and corresponding freezing conditions

Magnetic . i
Name ) ) Freezing temperature and duration
field applied
CNC -12°C - -12°C for 12 hr
CNC Nzg) - -196°C for 40 min
CNC 8 hr - -12°C for 8 hr, thawed for 2 hr, then -196°C for 40 min
CNC 8 hr; H field )
) 85 mT -12°C for 8 hr, thawed for 2 hr, then -196°C for 40 min
applied
CNC-MNP -12°C - -12°C for 12 hr
CNC-MNP Na2g) - -196°C for 40 min
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CNC-MNP 8 hr - -12°C for 8 hr, thawed for 2 hr, then -196°C for 40 min
CNC-MNP 8 hr; H
field applied

85 mT -12°C for 8 hr, thawed for 2 hr, then -196°C for 40 min

3.2.4 X-Ray photoelectron spectroscopy (XPS)

XPS was performed using Thermo Scientific Ka. X-Ray Photoelectron Spectroscopy. The
X-ray source employed in this experiment was an Al-Kao X-ray of 1486.6 eV. The X-ray beam was
directed at an incident angle of 60 <from normal (30 “from the horizontal plane of the sample) with
a focal spot size of 400 pm. A flood gun was used alongside the X-ray gun to suppress peak shifting

caused by sample charging due to insufficient conductivity.

Before XPS analysis, as-obtained CNC and as-synthesized CNC-MNP were dried in a
vacuum. Dried and crushed samples were then mounted onto conductive copper tape to avoid
elemental contamination. The XPS vacuum chamber was maintained at <2 x 10~ mbar throughout

the experiments.

3.2.5 Scanning electron microscopy (SEM)

Qualitative images of the cryogel scaffold structures were taken with FEI Quanta 450
Environmental Scanning Electron Microscope (FE-ESEM). The scaffolds were coated with a 4

nm layer of platinum to increase conductivity before conducting SEM.

3.2.6 Quantitative image analysis of macropore sizes using local thickness
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Quantitative image analysis of macropore sizes was performed using the local thickness
functionality in the python library "PoreSpy".*® The "local thickness" of a 2D or 3D pore structure
is measured using a superseding spheres algorithm to quantify the maximum diameter of a sphere
that would fit in the pore space. This algorithm disregards the pore shape while only focusing on
the minor axis of the pore. As a result, local thickness gives an accurate estimate of the lower

bound of the pore sizes.*® 0

In PoreSpy, local thickness data are described in voxels, which correlate with the partial
volume occupied by spheres of a certain size. The diameter of the spheres was changed from voxels
to micrometers by multiplying the voxel length in micrometers for each image being analyzed.
The voxel length in micrometers was obtained using ImageJ. Prior to calculating local thickness,
each SEM image underwent inverse Otsu thresholding to transform the image from greyscale to
binary. A summary of the local thickness analysis for the 8 cryogel scaffolds can be found in Figure

S3.2.

3.2.7 Small-angle X-ray Scattering (SAXS)

SAXS measurements were conducted on a SAXSpoint 2.0 (Anton Paar, Austria) equipped
with a CuKa radiation source (wavelength, A = 1.54 A), using a detector of Eiger R 1M
(Horizontal). The sample-to-detector distance was maintained at 574 mm. The cryogel scaffolds
were placed in a special solid holder. The obtained SAXS profiles were corrected and shown as a
function of the scattering vector (q = (4n/A) sinf, where 0 is the scattering angle in degrees and q
in nm™). The SAXS curves contain the scattering pattern produced by elastic scattering of X-rays

as they travel through the material at angles in the 0.1-10range. The maximum SAXS g range

92



obtained in this experiment was 0.066 —5.5 A=, Each SAXS curve was fitted using a combination
of the surface fractal model and the Debye-Anderson-Brumberger (DAB) model, both available in
the analysis program SasView. The fractal model, constructed based on the work of Mildner et al.,
compared the non-integral power-law density correlation function of a SAXS curve to the
theoretical predictions of the form of the scattering expected from fractal clusters.>* On the other
hand, the DAB model calculates the correlation function based on scattering from a randomly
distributed, two-phase system.>? The DAB model is well suited for approximating spacing between
smooth surface domains of fully random shape, size, and distribution. Definitions of the two

models employed in this experiment are elaborated in Supporting material.

3.2.8 Dynamic vapor sorption analysis (DVS)

Dynamic vapor sorption analysis (DVS) was performed using Surface Measurement
Systems. The experiment was conducted based on a full cycle sorption desorption method. The
sorption cycle starts from ORH% to 98RH% sorption with an increment of 5RH% followed by
desorption to ORH%, in which the temperature was kept constant at 25 °C during the measurements.
The sample was allowed to equilibrate for a period of one hour between steps. DVS provides a
gravimetric measurement of how quickly and how much water is absorbed by each of the cryogel
scaffolds. In addition, DVS provides "Brunauer, Emmett and Teller" (BET) specific surface area
data. DVS-BET was calculated using gravimetric measurements obtained during water vapor

adsorption at ambient pressure and temperature (298 K).

3.3 Results and Discussions
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3.3.1 CNC and CNC-MNP cryogels
3.3.1.1 XPS analysis of as-obtained CNCs and as-synthesized CNC-MNP

The highest intensity peak (286.8 eV) in the C1s spectrum of CNC (Figure 3.2A) is
assigned to C-O and C=0 bonds, with the C-O bond being typical for the cellulose molecules
composed of glucose rings. The peak at 288.4 eV indicated the presence of carboxylate groups.>
The O1s spectrum has a major peak at 533.1 eV and a minor peak at 531.8 eV. The former is
assigned to O-C, reaffirming the abundance of ether and hydroxyl groups in cellulose. The latter

peak is assigned to ketones.>® >

The growth of iron oxide (magnetite) nanoparticles on the CNC produced no discernable
change in the carbon and oxygen-binding energies, as indicated in Figure 3.2B. The most notable
change in the spectral features is the addition of a broad peak centered at 530.4 eV in the Ols
spectrum. We assign this peak to Fe-O bonds of iron oxide. The Fe-C2p spectrum confirms the
presence of iron. TEM images of the MNP-decorated CNCs are shown in Figure 3.2C. Magnetite
nanoparticles 3— 12 nm in diameter are visible on the surface of CNC particles that have assembled
end-to-end and aggregated side-by-side. No MNPs were observed free in the surrounding regions
away from the CNC. This observation is consistent with the nucleation and growth of magnetite
nanoparticles on the CNC. MNPs in this size range are superparamagnetic, meaning that the hybrid

CNC/MNP system aligns in an external magnetic field. (See Figure S3.1).
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Figure 3.2 XPS analysis of (A) CNC as obtained without MNPs, and (B) with MNPs bound to
CNC. (C) shows TEM images of the MNP decorated CNCs at two magnifications. The CNC is

barely visible as weak contrast against the background.

3.3.2 High and low freezing temperature: Impact on pore morphologies and macropore sizes of

CNC and mixed CNC-MNP cryogels

Figure 3.3 shows SEM images of the various microporous structures obtained under the
different freezing conditions that are organized in Table 3.1. The most prominent morphological
change is observed between the cryogel scaffold frozen at -12 °C when compared with that frozen

rapidly in liquid nitrogen. The slow freezing process associated with high-temperature freezing
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resulted in polydisperse pore structures with large pore sizes (Figure 3.3A, C), while rapid, low-
temperature freezing produced closely aligned and layered structures and smaller pore sizes
(Figure 3.3B, D). A sample macropore size calculation of CNC cryogel scaffold frozen at -12 °C

using the local thickness method is shown in Figure 3.4.

The distinctive morphological differences between cryogel scaffolds produced by high-
and low-temperature freezing can be explained by the effects of temperature on ice nucleation.
Studies on ice nucleation and crystal growth have found that lower freezing temperatures lead to
a higher degree of supercooling.>® A higher degree of supercooling means a greater number of ice
crystals are nucleated and more water is instantly frozen.> ° As a result, fewer but larger ice
crystals are expected when the freezing temperature is high, and numerous but smaller ice crystals

are expected when the freezing temperature is low.% %

Ice crystal formation creates porous structures when foreign particles are present in the
freezing suspension. In our case, CNCs are rejected by the moving solidification front and are

concentrated and entrapped between the ice crystals.>® ~5°

The ordered layering of elongated pores produced by low-temperature freezing is very
similar to that produced by directional freezing in other studies.™ %" %° In those studies, directional
freezing was achieved by slowly lowering the sample into liquid nitrogen, creating a temperature
gradient within the suspension, where the direction of freezing was guided from the cold end to
the warm end along the vertical axis. Although directional freezing was not carried out in this
experiment, alignment of the pores with tilted horizontal orientation was observed (Figure S3.4),
and the cryogel scaffold exhibited radial symmetry around the center axis. This tilted horizontal
ordering was likely produced by the temperature gradient created as the suspension cooled from

the outer edge of the container towards the center. Vertically aligned pores were not observed. A
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possible explanation is the large contact surface at the bottom resulted in a small vertical
temperature gradient. Furthermore, the growth of ice crystals could be affected by the inter-particle
interactions and arrangements of the CNCs.* The CNCs are known to exhibit nematic ordering at
high enough concentrations where layers of aligned CNCs are arranged.® This arrangement could
serve as an initial template to assist with the growth of lamellar ice sheets in between nematic
planes. Unlike low-temperature freezing, high-temperature freezing produced rounded pore

structures in scaffolds, indicating aggregated CNCs around individual unoriented ice crystals.>" 8

The introduction of CNC-MNPs appeared to decrease the smoothness of the scaffold, with
clusters of entangled fibers visible around the edges. This observation suggested an
inhomogeneous distribution of CNC-MNPs within the CNC suspension. The cause of this
inhomogeneity could be the aggregation of the uncoated MNPs, as observed in a previous ferrogel
study.®! The effect of MNP-induced surface roughness is the most pronounced in high-temperature
freezing (Figure 3.3C; CNC-MNP -12 °C). While pure CNC formed leaf-like scaffolds at high
freezing temperatures (Figure 3.3A; CNC -12 °C), CNC-MNP formed sponge-like scaffolds with
smaller pore sizes (Table 2) under the same conditions. The smaller pore sizes are an indication
that the presence of MNPs induces changes to the formation of ice crystals. For example, MNPs
are known to be highly effective ice nucleation sites.®? Furthermore, the MNP-induced surface
roughness may have allowed CNC aggregates to better adapt to the shapes of unoriented ice

crystals.
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Figure 3.3 SEM images of the 8 cryogel scaffolds investigated in this experiment. Scale bars on the images are

each 50 pm.

35 40
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Figure 3.4 The SEM image (A), inverted binary image achieved by Otsu thresholding (B), local thickness
fitting (C), and histogram of the pore diameter distribution against normalized volume fraction (D) of sample
"CNC -12 °C". All scale bars on (A) represent 200 um. The yellow color on B indicates areas of emptiness,
and the brown color indicates partitioning formed by the aggregation of CNC. Image analysis for all 8 cryogel

scaffolds are summarized in Figure S3.2.
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Table 3.2 Summary of porosity information on the 8 cryogel scaffolds

Correlation
Most 2" most Surface ]
length (A)
frequent frequent fractal
_ _ Total range | _ calculated
name fraction fraction _ dimension DVS BET
of diameter by DAB
of Of (g=0.065 (m?/g)*
) ) (um) model
diameter diameter -0.28
. (g=0.28 -
(um) (um) A7) .
1.5A471)
2.00 5.77
CNC -12°C | 75.5-63.4 | 53.2-44.7 | 18.6-107.1 141.9
+ 0.06 + 0.61
2.00 6.64
CNC Ny 11.1-95 9.5-8.1 4.4-20.7 144.2
+ 0.06 + 0.64
2.00 6.61
CNC 8 hr 17.2-15.1 15.1-13.2 7.8-29.3 144.6
+ 0.06 + 0.65
CNC8hr; H 2.00 5.83
_ _ 16.1-14.2 | 14.2-124 | 7.3-273 142.0
field applied + 0.06 + 0.61
CNC-MNP 2.12 2.54
38.2-32.0 | 54.8-458 | 13.1-78.4 132.2
-12°C + 0.06 + 0.25
CNC-MNP 2.05 2.80
11.1-9.9 8.8-7.8 5.4-18.1 134.6
N2 + 0.06 + 0.30
CNC-MNP 8 2.07 2.88
18.1-15.7 11.9-104 7.8-31.6 130.5
hr + 0.07 +0.31
CNC-MNP 8
_ 2.11 3.08
hr; H field 11.8-10.3 | 13.5-11.8 6.9-26.5 135.1
i + 0.06 +0.33
applied

The calculation of the BET is based on water as absorbent
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3.3.3 Two-step freezing: high-temperature cryogelation followed by low-temperature freezing and

the impact of an external magnetic field

Figure 3.3E-H shows the SEM images of CNC and CNC-MNP cryogel scaffolds made
with two-step freezing to produce elongated pores with larger diameters. It was found that the
additional cryogelation step increased the pore sizes of CNC scaffolds compared to the scaffolds
made with N2 freezing alone (Table 2). The cryogelation step introduced an aggregated network
of CNCs, most likely caused by van de Waals forces and hydrogen bonding, which inhibited the
redispersion of CNCs even after thawing.>® This network served as a template for ice crystal
growth during the follow-up low-temperature freezing step. CNC cryogel scaffolds that underwent
this two-step freezing process showed mixed morphology characteristics of high and low
temperature freezing as they possess somewhat elongated pore shapes and enlarged diameters
(Figure 3.3E, 2F, Table 2). The effects of an applied SMF were also examined. The CNC-MNP
cryogel made with an applied SMF during two-step freezing (Figure 3.3F) showed an increase in
pore alignment over its counterpart made without an SMF (Figure 3.3E). The CNC-MNP cryogel
made without an applied SMF (Figure 3.3G) consisted largely of unoriented pores surrounded by
aggregated CNC-MNP sheets and exposed fibres. In comparison, the CNC-MNP cryogel made

with an applied SMF (Figure 3.3H) exhibited more elongated pores (Figure 3.3D).

3.3.4 Potential SMF effects on the freezing mechanism

Liquid water freezes when water molecules come together to form clusters of 5-7
membered rings through hydrogen bonding.8® Although water molecule clusters are normally

short-lived, longer-lasting hydrogen bonds are formed when water enters the supercooling state.
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Ice nucleation occurs when enough long-lived hydrogen bonds appear simultaneously at the same

location.®®

Much research effort was devoted to investigating whether SMF can affect hydrogen
bonding and hence be used to manipulate freezing,®’ ~** although results are ambiguous and likely
depend on experimental conditions. While some studies found an SMF to increase the number of
hydrogen bonds,®": %! others found the SMF to weaken or distort hydrogen bonding,® ~4%42 as well

as showing tendency to prolong the supercooling state of saltwater.*> 4

Despite ongoing debates on the effects of an SMF on hydrogen bonding and freezing, an
SMF has been demonstrated to impact the freezing of meat and fruit.*> 4’ It was observed that an
applied SMF lowers the ice nucleation temperature in pork and beef*> %6 and reduces the ice crystal
sizes in cherries.*” The reduction in ice nucleation temperature and ice crystal sizes were attributed
to a weakening of the hydrogen bonds due to the alignment and thermal motions of the water

molecules under the SMF. 4045 -47

The apparent difference between CNC-MNP 2-step freezing cryogel made with and
without an applied SMF may be explained by these mechanisms. That is, the presence of the SMF
may have disrupted the formation of ice crystals during the high temperature freezing step,
reducing the aggregation of CNCs in the intercrystalline space between ice crystals. The resulting
hydrogels thaw without retaining strong cryogelation networks. The stronger the cryogelation
networks, the more structural restrictions they impose.>® Weak cryogelation networks led to the
formation of cryogel scaffolds with increased lamellar pore characteristics after low-temperature

freezing.
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3.3.5 Investigating nanoscale structures using SAXS

SAXS curves for CNC and CNC-MNP cryogel scaffolds is shown in Figure 3.5A and B,

respectively. The x-axis of the SAXS curves is the scattering vector g, which relates to a length

21

scale by 7.64 - % The SAXS data therefore reveals nanoscale insights 9.7 nm and under,

corresponding to the low end of the current data set of 0.065 A~*. Two q ranges of interest were

examined. The first g range of interest of 0.065 — 0.28 A~ represents size range of 9.7 — 2.2 nm.
In this size range, the slope of the scattering curve of all CNC and CNC-MNP cryogel scaffolds
displayed approximate q* power law behaviour, indicating highly aggregated structures.®® This
aggregated structure likely corresponds to the aggregated CNC sheets making up the walls of the
porous scaffolds, as indicated in Figure 3.4. As the measured scattering exponent for our samples
is approximately 4, the samples fall into the surface fractal realm and are fitted using the surface
fractal model.®* % The surface fractal dimension for each of the cryogel scaffolds is shown in Table
3.2. Cryogels made with CNC only all have a surface fractal dimension of 2, indicative of smooth
surfaces and confirms our SEM observations. CNC-MNP cryogel scaffolds have slightly higher
surface fractal dimension compared to the CNC scaffolds, suggesting that the surfaces are

somewhat roughened due to the incorporation of MNPs; however, this difference is not significant.

The second q range of interest is at 0.28 — 1.5 A=, corresponding to a size range of 2.2 —
0.4 nm, respectively. The SAXS curves of CNC-MNP cryogel scaffolds differ from those of CNC
cryogel scaffolds by showing a bump at this g range. This g range of interest, at length scales of
individual CNC crystals or smaller,? was fitted using the DAB model (Figure S3.3B). The DAB
model examines the average spacing between regions of two phases, namely the correlation

length.% The DAB fitting assumes a divided two-phase system with smooth interfaces. This makes
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it a good model to probe the spacing between hard segmental units.’” DAB is, therefore, the model
of choice to investigate the structural changes induced by the in situ synthesis and deposition of
MNPs onto the CNC surfaces. In a size range of 2.2 — 0.4 nm, the structures in focus are the
cellulose polymers that bundle together to form one cellulose nanocrystal. The correlation length

shows the amount of empty spacing between the polymers within the bundle.

Correlation lengths calculated using DAB revealed that deposition of MNPs onto CNC
surfaces reduces the spacing between CNC polymers within a bundle (Table 3.2). The average
correlation length for CNC-MNP cryogel scaffolds is 2.8 A, while for CNC cryogel scaffolds, the
value is 6.2 A. This difference in average correlation lengths suggested that deposition of MNPs
on CNC surfaces changes the arrangement of cellulose polymers within a cellulose nanocrystal.
CNCs that underwent in-situ synthesis of magnetite nanoparticles seem to be more "compact”, that

IS, having less spacing between polymers inside their nanocrystals.

Research on the CNC-MNP hybrid system found that introducing metal cations, such as
Fe2* and Fe® during the in-situ synthesis of magnetite on CNCs, can induce phase separation in
CNC aqueous suspensions.'® The separation is due to electrostatic interactions between the
negative surface groups on CNCs, such as the carboxylate groups found in our CNC samples, and
the metal cations. The electrostatic interactions also induce irreversible aggregation of the CNCs,
especially when large quantities of cations are added.® Our DAB data shows that encountering
cations can also result in cellulose polymers inside the nanocrystals being more tightly packed.
This increased compactness of the CNC-MNP fibres could affect the surface area and adsorption

properties.
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Figure 3.5 Small-angle X-ray (SAXS) measurements of (A) CNC and (B) CNC-MNP cryogel

scaffolds.

3.3.6 Water vapor sorption study using DVS

The cryogel scaffolds expand with increasing water uptake and contract as moisture is
removed (Figure S3.4). The adsorption isotherm for each cryogel scaffold is shown in Figure S3.5,
and the calculated BET surface areas are listed in Table 3.2. The water vapour
adsorption/desorption isotherms for different CNC cryogels are all type 1V (a) isotherms with H2(b)
hysteresis loops according to IUPAC classification.%® Type IV(a) isotherms with H2(b) hysteresis
loops correspond to mesoporous adsorbents with monolayer-multilayer adsorption and possible

pore condensation.®

The percent change in sample mass by adsorption and desorption of water vapor over time
(Figure S3.6) reveals the equilibrium moisture content (EMC) and the sorption kinetics pattern of
the cryogel scaffolds. Despite the difference in compositions (CNC vs. CNC-MNP) and pore

structures, the cryogel scaffolds show similar adsorption kinetics. The EMC for different cryogel
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samples falls within the range of 17.6% — 20.0%. CNC cryogel scaffolds show slightly higher

EMC than CNC-MNP cryogel scaffolds, as shown in Figure 3.6.

Water sorption is greatly affected by the crystallinity of the material 3 ~ 3% 6 - 71 For
crystalline solids, water adsorbs on the surface as monolayers and multilayers, while for
amorphous solids, water sorption takes place in both adsorption on surfaces and absorption into
the bulk fibril material 33 3* 7172 Amorphous solids, therefore, can take up much more water than

crystalline solids.”®~ 72

It was found that water penetrates pore structures and causes swelling, likely due to
interactions with hydroxyl groups at the interface.® 3¢ 3 The swelling, in turn, opens new sites for
water sorption, including increasing the accessibility to micropores under 2 nm in size.®® 374 The
increased EMC for cryogel scaffolds with higher DAB-correlation lengths demonstrated in this

experiment suggests micropores (< 2nm in size) exist in the cryogel samples.

The effects of crystallinity and structural swelling are visible in the hysteresis of water
sorption. The lower the degree of cellulose crystallinity, the broader the hysteresis® % The broad
hysteresis is due to delayed desorption attributed to the slow breaking of hydrogen bonds at the
interface, difficulty evacuating different pore sizes, and structural deformations.® % 73 The
hysteresis curves of water sorption for all cryogel scaffolds examined in this experiment are

comparable to those identified elsewhere for CNCs with low amorphous content.*

Nitrogen sorption BET at 77K is a common method to investigate the surface area of
materials. BET produces reliable results for materials with meso- and macropores.” However,
studies have found that N> sorption can be unreliable for determining the surface area of materials

with small pores. In one study, Schlumberger et al. found the N2 sorption can overestimate surface
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area due to interactions with surface groups and the filling up of micropores.” On the contrary, in
another study using St&ber silica spheres, Farrando-Pérez et al. found N2 to have limited
accessibility to micropores, likely due to kinetic barriers to N2 molecules at 77K, which leads to
underestimation of surface area for structures with very high microporosity, especially when the
micropores have restricted ("'ink-bottle™) entrances.” ™ In a previous study on microcrystalline
cellulose, Kocherbitov et al. also proposed that N2 adsorbs on the surface of cellulose particles,
while studies have shown that water sorption occurs on both the surface and the gaps between

nano-sized components inside the particles.®®

N2 is known to have limited interfacial interaction with hydroxyl groups which avoid the
problem of overestimating the area of surfaces where hydroxyl groups are numerous,® however,
this may contribute to an unreliable surface area estimation using N2. On the other hand, adsorbed
water multilayers were found to have higher thickness compared to adsorbed nitrogen multilayers.
Water sorption also led to more efficient pore network filling.3® 3% 76 Water sorption can build up
to 3 — 6 layers on a crystal surface.”® In a study using Stcoer silica spheres, it was estimated about

4 layers of water can adsorb on the surfaces at 25°C and p/po = 0.89.73 74
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Figure 3.6 Relationship between the correlation length obtained by DAB and the DVS

equilibrium moisture content (EMC) as indicated by the changes in mass due to water sorption.

3.4 Conclusion

Incorporation of MNP decorated CNCs, the co-precipitation of MNPs onto CNC surfaces,
freezing temperature, freezing mode, and an applied SMF all affected pore morphology in CNC
cryogel scaffolds. High freezing temperatures resulted in large, unoriented pores, while low
freezing temperatures resulted in lamellar, oriented pores. Two-step freezing combining high-
temperature cryogelation and low-temperature freezing produced elongated pores with larger

diameters than those made with low-temperature freezing alone. The incorporation of MNPs
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affects pore morphology in several ways. An applied SMF has the potential to influence
cryogelation by reducing the extent of freezing at high freezing temperatures, possibly due to the
destabilization of hydrogen bonds. DAB fitting of the SAXS curves showed that CNC-MNPs have
more tightly packed polymers inside their nanocrystal structure compared to their pure CNC
counterpart. This compactness was found to correlate with lower BET surface area and lower EMC
in the resulting cryogel scaffolds. Overall, incorporating MNPs by co-precipitation onto CNC
surfaces changes the formation of pores in cryogels. The findings in our experiment will serve as
a reference for future fabrication of emerging CNC and CNC-MNP based porous materials where

the tuning of composition and pore morphology is needed.
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3.5 Supporting materials

Definition of models for fitting the SAXS curves in SASView:

1. Surface Fractal model
1(q) = scale x P(q)S(q) + background
P(q) = F(qR)?

3|sin(x) — xcos(x)|

Fx) = =

$(q) =T(5 = D)§°~P5[1 + (g§)?]C7P)/2sin [ (5 — D) tan™" (¢§) 19~
2
scale = scale_factpr X NVl(pparticle - psolvent)

V—4 R3
_37'[

Where R is the radius of the building block, Ds is the surface fractal dimension, { is the
cut-off length, psoivent aNd Ppareicie are the scattering length density of the solvent and

particles, respectively.

2. DAB (Debye Anderson Brumberger) Model

3

(1+(q-L)?)?

1(q) = scale - + background

Where:
scale = 8np(1 — ¢p)Ap?

and the parameter L is the correlation length.
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Scheme S3.1 (A) Top-down schematic diagram of the sample holder with two permanent
magnets attached on opposite sides to generate an attractive magnetic field. The grey area is
where the CNC and CNC-MNP samples were placed; (B) Schematic diagram of the resulting
cryogel scaffold and the removal of one section for analysis. TEM images and subsequent
graphical analysis were obtained on the cross-sectional area (grey). In this schematic diagram,

the x-axis is the horizontal axis, the y-axis is the vertical axis.

Figure S3.1 As-synthesized MNP decorated CNCs under the influence of a bar magnet.
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Figure S3.2 Summary of the SEM images and their subsequent processing using the "local thickness"
method. Each row is devoted to one of the 8 cryogel scaffold samples, with the name of the sample indicated

at the lower-left corner of each row. For each row, (A) shows the SEM image of the cryogel scaffold, (B)
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shows the inverted binary image achieved by Otsu thresholding, (C) shows the local thickness fitting, and
(D) shows the histogram of the pore diameter distribution against normalized volume fraction for each. The
scale bars on (A) represent 200 um. The yellow color in (B) indicates areas of emptiness, and the brown color

indicates partitioning formed by the aggregation of CNC.
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Figure S3.3 Fitting of the SAXS curves and corresponding residual graphs for each of 8 cryogel
scaffolds. (A) The low end of the SAXS curve (0.065 — 0.28 A~1) was fitted using the surface

fractal model. (B) The middle range of the SAXS curve (0.28 — 1.5 A~1) was fitted using the

Debye-Anderson-Brumberger (DAB) model.
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Figure S3.4 Cross-section of the CNC Ny cryogel scaffold. Structural expansion and
contraction of the cryogel scaffold is observed with changing relative humidity in the

environment.
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Figure S3.5 Adsorption isotherms for water vapor at 25°C for each of the cryogel scaffolds. Each

adsorption cycle runs between 0 — 98% in actual % partial pressure.
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Figure S3.6 (A) Percent change in sample mass relative to reference mass versus running time

in an adsorption and desorption cycle at 95% relative humidity (approximately between 0 — 98%

in actual % partial pressure). (B) is a zoom-in view of the turning point from adsorption to

desorption, where EMC of the cryogel scaffolds occurs.
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Chapter 4

Integrated Optics Techniques Combined with Surface-Enhanced

Raman Spectroscopy

4.1 Introduction

Integrated optics with polarized Raman spectroscopy is the focus of the second half of this
thesis. The present chapter offers a brief overview of Raman spectroscopy, integrated optics
techniques such as waveguiding and prism coupling, and a description of the integrated optics
spectrometer that was constructed for this research. Experimental considerations involving the
assembly and operation of the integrated optics setup are discussed in detail in the following
sections. This chapter should be considered a brief tutorial and an operations manual for the

integrated optics polarized Raman studies discussed in Chapters 5 and 6.

The birth of integrated optics (10) in the late 1960s created the potential for a new way to
study and utilize Raman spectroscopy. The unique properties of guided electromagnetic fields as
sources of spectroscopic excitation have the capacity to allow the study of molecular interactions
at interfaces and the characterization of thin films. With the development of stable, compact and
inexpensive multi-colored semiconductor lasers, polarization-specific waveguide Raman
spectroscopy is positioned new insights into molecular vibrations at the nanoscale by interrogating

the Raman polarizability tensor in polarization-specific ways.
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4.2 Raman scattering

Raman scattering is a form of light-matter interaction where light is scattered inelastically
by molecules or phonons.! 2 As shown in Figure 4.1, the wavelength of the scattered light is not
equal to that of the incident light in inelastic scattering. This is unlike elastic scattering, such as
Rayleigh scattering, where the wavelength of the light is unchanged prior to and post scattering.
Another type of common light-matter interaction is fluorescence and phosphorescence, where the

light is absorbed and subsequently emitted by matter.% 2

Virtual state sssssgassneaass Virtual state sssssgassneaas.
Eq Eq Eo E, E, E,
vV = 2 Vv = 2 V= 2
v=1 } So v=1 = } So v=1 ] So
v=>0 v =0 —————— v=20 —
Stokes Anti-Stokes
Rayleigh Scattering Raman Scattering
(elastic scattering) (inelastic scattering)

Figure 4.1 Inelastic Raman scattering versus elastic Rayleigh scattering. S, represents the
electronic ground state. v,, viand v, represents the vibrational ground state (0) and level 1 and
level 2 of the vibrationally excited states, respectively. Raman scattering can be categorized as
Stokes Raman scattering or anti-Stokes Raman scattering, depending on whether the final

vibrational state is higher (anti-Stokes) or lower (Stokes) than the initial state.
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When light interacts with matter, the electromagnetic field perturbs the charge distribution.
The classical approach to explaining Raman theorizes that the shift results from the modulation of
the polarizability of molecules. In Raman spectroscopy, monochromatic light of optical frequency
is employed to excite molecules to induce a change in the vibrational energy states. The Raman
spectra, therefore, serve as molecular fingerprints that give information such as the structure,

symmetry, and orientation of the probed molecules. 3

4.3 Surface-enhanced Raman spectroscopy (SERS)

The Raman effect is weak and, on the order of 108 to 10" of the incident light intensity
because most of the scattering is elastic. Weak signal has hampered the use of conventional Raman
spectroscopy for molecular sensing. Over the years, Surface-Enhanced Raman spectroscopy
(SERS) has been elaborated as a technique to improve Raman signal intensity for routine sample
analysis, sometimes to the point of single-molecule detection.®>* SERS is commonly observed
when Raman probe molecules are deposited on the surface of coinage metals such as silver and
gold. In addition to traditional nearly-free electron metal substrates, enhanced SER activities have
been reported recently for various categories of non-metal materials, including graphene, MXenes,

transition-metal chalcogens/oxides, and conjugated organic molecules.*

The SER enhancement effects have been argued within the framework of two theories:
electromagnetic enhancement and chemical enhancement. The electromagnetic mechanism is
purely physical and invokes excitations of the surface plasmon modes of plasmonic metals.! 3
Surface plasmons are light-induced coherent oscillations of surface conduction electrons at the

interface between a dielectric and a conducting material such as plasmonic metals. The excitation
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of surface plasmon can be localized or propagating. The localized excitation, known as the local
surface plasmon resonance (LSPR), occurs at fine structures such as surface roughening and
nanoparticles much smaller than the wavelength of the incident light, and optimally on a 10 — 100
nm diameter scale.> ® The LSPR wavelength depends on the size, shape, separation, material, and
external dielectric properties of the fine structures.® In any case, LSPR amplifies the incident
electromagnetic wave by concentrating the local electric field near the surface of nanostructures,
where local concentrations of charge carriers can be found. This field enhancement is associated
with a strong potential gradient due to the curvature of a metallic interface and is commonly

described as the "lightning rod effect".’

The propagating coupled electromagnetic-electron plasma excitation is known as the
surface plasmon polariton (SPP).8 SPPs are electromagnetic waves trapped at the dielectric and
metal interface due to their interactions with the nearly free electrons of the metal.® For a planar
dielectric-conducting interface, polaritons propagate in two-dimensional space at the interface of
surfaces for length scales of tens to hundreds of micrometers.*® Both LSPR and SPPs contribute
to the electromagnetic mechanism of SERS. The electromagnetic mechanism can increase Raman

generation by a factor of 108 to 102,110

The second theory to account for the SER enhancement invokes a charge transfer
mechanism. The charge transfer mechanism is a chemical enhancement effect that shifts the
Raman scattering from a non-resonant state to one in resonance with the laser light through the
formation of charge-transfer complexes between the metal surface and the adsorbed molecules.
The effect results in Raman scattering enhancement factors of approximately 102 to 1032 1% The
mechanism of charge-transfer enhancement is still under study. Efforts now focus on the surprising

discovery that different semiconducting materials can exhibit SERS activity. For example,
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graphene and its analogs have an atomic-scale flat surface that serves as a platform for charge-
transfer; some metal oxides can boost SERS activities by defect engineering; and conjugated
organic compounds and their complexes have been shown to behave as highly tunable SERS

substrates.*

In this thesis, we elaborate a multimode dielectric (glass) waveguide into a structure called
an Optical Chemical Bench (OCB). The OCB is an autoscopic sensing element from which we
excite the SER effect by coupling the evanescent field of the guided wave to produce a plasmonic
response from surface-bound core-shell AuAg nanoparticles. The plasmonic nanoparticles are
used to examine how small molecules bind to the metal surface via their polarized TE/TM SER
response. Knowledge of the binding modes is then used to explore nanoparticle-nanoparticle
binding mediated by ligands on the waveguide surface. We describe the OCB as a polarization
mode filter where the waveguide surface is sparsely decorated with nanoparticles. The plasmonic
nanoparticle regime is then used to construct a hierarchy of hybrid nanostructures that combine
nanomagnetism with plasmonics. Accordingly, we examine the vibrational properties of ligand
crosslinks among the AuAg and magnetite (FesO4) on the OCB. The next section introduces the
concept of the OCB. We then provide background terminology to understand optical waveguiding
and how waveguides can be used for Raman spectroscopy. We then describe the Integrated Optics

Evanescent Wave SER spectrometer that was built for our studies.

4.4 Background to guided wave Raman spectroscopy

Since the development of Raman microscope, many techniques have been developed to

harvest Raman signals. Here we first introduce the notion of a waveguide and then expand that
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notion to the arena of nanoplasmonics. In general, waveguides are physical structures that confine
and guide electromagnetic waves. By concentrating, say a 200 m diameter laser beam within the
small volume of 1 pm thick waveguide structure, the optical field intensity is significantly
increased. Under this condition, the waveguide offers a photon bath sufficient to excite Raman
scattering from molecules embedded in and even adsorbed near the surface of the waveguide. With
slab waveguides, the opportunity arises to create integrated Raman lab-on-a-chip platforms.® *2
Duperat's 1974 paper on Raman waveguide spectroscopy in thin polymer films can be considered
groundbreaking in its adaptation of some of the simplest methods to make and characterize a

passive integrated optics structure, namely the slab waveguide.™

In this thesis, two types of OCB are explored for guided wave Raman. The first is the
evanescent wave-activated SERS waveguide with plasmonic nanostructures.® 12 14-16 This type of
waveguide comprises transparent materials such as SisN4 or SiO2. When light propagates in the
waveguide, a SER response is elicited through evanescent wave excitation of plasmonic
nanostructures located on the surface of the waveguide (Figure 4.2A). Compared with SERS from
free-space confocal Raman microscopy, SERS integrated optics offers reduced signal-to-
background noise and improved selectivity to study molecular orientations.*> More discussion on
integrated SERS waveguides with plasmonic nanostructures can be found in Chapter 5 of this

thesis.

The second type of OCB is made by by sol-gel processing of hybrid organic-inorganic
molecular precursors of the type (R'0)3;SiOR. Here, R’ represents methyl or ethyl and R is an
organic functional group with a Si-R covalent bond. Sol-gel is a wet-chemical process that uses
acid or base-catalyzed hydrolysis and polycondensation of (R'0);SiOR to make a colloidal

suspension (sol), followed by solvent evaporation to yield a continuous liquid phase (gel).}” The
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sol-gel process is a flexible way to make waveguides because it offers control over the optical
properties of the slabs through variations in the number and type of R groups in the precursor
(R'0)3SiOR. This flexibility allows the local environment of sol-gel glasses to be adapted to
accommodate different types of guest species (Figure 4.2B).'8 In photonic applications, for
example, the phonon density of states can be controlled in sol-gel derived glasses for Tb%*, Pré*,
Y3 and Er** to make lasers and amplifiers.®® As a result, sol-gel-derived waveguides find
applications in information and communication technology, photonic devices, and sensing. More

discussion on sol-gel-derived waveguides can be found in Chapter 6 of this thesis.
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Figure 4.2 Schematics of two types of OCB for integrated optics Raman spectroscopy are
explored in the thesis. Waveguide A consists of plasmonic nanoparticles chemically bound
through the R-group (-R-NH. or -R-SH) of (R'0)3;SiOR species to the surface of the
waveguide. As light propagates in the waveguide, the evanescent field localized at the interface

activates the SERS effect by exciting plasmonic response of the nanoparticles. Waveguide B
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depicts a sol-gel-type waveguide supported on a substrate. This waveguide can accommodate

different types of dopants to achieve desired optical effects. See text for details.

4.5 Waveguide Raman spectroscopy in planar slab waveguides

OCBs based on the plasmonic nanoparticle waveguide and the sol-gel derived waveguide
described in this thesis are slab waveguide constructs. A slab waveguide with a planar geometry
is the simplest waveguiding structure (Figure 4.3). It contains a layer of material (the core) that
confines the propagating electromagnetic wave to the region of refractive index nz, which is larger
than the surrounding medium (the cladding, n1, and n3). This is a step-index structure because the
core refractive index changes abruptly across the core-cladding interface. A slab waveguide can
be made by depositing a layer of high refractive index film (the core) between layers of low
refractive index substrate (cladding), or simply by using a low refractive index n=1.400 — 1.1420
material like a silica glass surrounded by an air cladding (n = 1.000). The refractive index of the
core can be real or complex, n = n, + in,. In the latter case, the complex part of the refractive
index is responsible for absorption or, equivalently, optical loss. Other sources of loss are in-plane
and out-of-plane scattering by impurities that render the core layer inhomogeneous, surface

roughness, core density fluctuations, and other core defects.

Waveguiding is governed by an eigenvalue equation that can be derived from the first
principles of Maxwell's equations (electromagnetic wave representation) or given a physically
intuitive representation through the geometric (ray) optics approximation.’® For the latter
approximation, waveguiding is governed by the eigenvalue Equation 4.1, which can be derived

from the geometry shown in Figure 4.3A:
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2kondcosO=p1+@2+2mmn (4.2)

In Eq 4.1 the quantities ¢1 and ¢2 are the phase shifts for total internal reflection at an angle & at
the top and bottom interface of the core. The quantity m is the mode number. The free space
wavenumber is ko=2w4 . Polarization enters through Equation 4.1. Clearly, waveguiding is also
governed by the thickness d of the core region. The number of eigenmodes supported by the

waveguide increases with thickness.
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Figure 4.3. Schematics of ray optics as light is coupled by a prism into the core (n.) of a slab
waveguide (A). The evanescent field for coupling and the resulting propagating modes must
travel with the same phase velocity and (TE/TM) polarization due to restrictions on resonant

the eigenmodes (B).

In Figure 4.3A we show an incoming beam with a free space wave vector k, striking the
hypotenuse of a high refractive index glass prism. The beam is refracted and propagates inside the

prism with a wave vector n,,.;smko. The ray strikes the base of the prism near the bottom right
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corner, where it is reflected, yielding an evanescent field that extends (tunnels) across an air gap
of nanometers. The optimal air gap distance is about half the wavelength of the coupled beam.?®
2L When a light ray propagates, only certain reflection angles 6 will constructively interfere in the
waveguide. Light rays with reflection angles that fail to achieve total internal reflection lose a part
of their energy upon each reflection at the film interfaces until the rays vanish. Only rays with
allowed 6y angles can survive propagation in the waveguide; therefore, only specific propagation
modes (m) can exist. The refractive index n,;s, and prism angle 6., determine the range of
coupling angles and hence the propagation constant f = n,,;¢, koSinp, s, (Mode number) that
is allowed for a given coupling angle. When the coupling angle corresponds to a mode of the

waveguide, a standing wave is excited. This occurs when B = ny.ismkoSintyyism = B =

NeoreKoSinBeore - Each waveguide mode has a specific transverse field distribution pattern,
revealing the oscillation pattern of the propagating light ray perpendicular to the direction of
propagation. In the absence of perturbations, the amplitude and polarization profiles of a
waveguide mode remain constant while propagating in the waveguide. Two types of waveguide
modes can propagate in a waveguide: TE modes (transverse electric or s polarized modes; with
electric vector E fixed and oriented perpendicular to the direction of propagation), and TM modes
(transverse magnetic or p polarized modes; with the magnetic vector H fixed and oriented
perpendicular both to the direction of propagation and the TE modes). For more information on

the theory of dielectric planar waveguides, we refer the reader to the chapter by Marcuse.®

Restrictions on resonant eigenmodes mean that the evanescent field must travel with the
same phase velocity and have the same TE/TM polarization as the mode that is excited in the film.
This is depicted in Figure 4.3B. The dashed parallel lines depict the phase fronts of the propagating

waves. Note the two points A and B in the diagram. The phase fronts are shown to move between
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A and B, but they belong to the same plane wave. In the approximation, the ray AB is assumed to
experience no reflection. There is a longer ray CD that belongs to the reflected wave. It has
experienced two internal reflections while traveling through the phase front at A to the phase front
at B. But all points on the same phase front of the plane wave must be in phase by assumption.
This means that the optical path length of the ray AB can differ from that of the ray CD only by a

multiple of 27z. Marcuse®® shows that the eigenvalue equation for TE polarization is:
tanK = K(y + 6)/(K? — y68) 4.2)

Here,

K = (n2ky* — ,32)% = nyk,sind,
y = (B2 —nkH)'? = [(n§ — nD)k? — K?]/*
y = (B2 = n3k®)/? = [(nf — n)k? — K2]V/2
The eigenvalue equation for TM polarization is:
tan Kd = niK(n3y + n?8)/(K?* — yb) (4.3)

These equations can also be derived from the full electromagnetic treatment with Maxwell's

equations.

The distance of the air gap between the prism base and the waveguide layer is critical.
When coupling conditions are met, ripple-like "m-lines"” (interference fringes) appear beneath the
prism base lying parallel to the right-angle intersection of the two vertical planes.?? Their

appearance indicates that the correct air gap for coupling has been achieved.
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Prism coupling in the experiments described in this thesis was performed with a custom-
designed SF6 prism, which has a refractive index of approximately 1.81 at 532 nm. A metal
waveguide holder machined from thermally matched stainless steel alloy holds the prism and
waveguide assembly in place. The prism gap is maintained by a top spring-loaded pressure bar
where the "spring™ comprises a column of convex Bell washers placed face to face in a clamshell-
like configuration. Each clamshell was placed back to back to give the column stacking. Coupling
pressure was adjusted by turning knurled knob thumbscrews whose length passed through the two
Bell washer columns. The pressure was adjusted until m-lines (dark and light fringes) were
observed under ambient light. This is an "artful™ painstaking exercise and, when done correctly,
allows the 532 nm laser ray to meet the coupling criteria and therefore excite a standing wave in
the slab waveguide. Figure 4.4 depicts a waveguide and prism assembly on the waveguide holder.
The waveguide holder is attached to an adjustable mount which allows linear movement in x, vy,

and z directions.
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Figure 4.4 Waveguide coupling assembly. (A) reveals the backside of the assembly. The
waveguide holder is positioned in a machined aluminum holder mount. The two knurled knobs
to adjust the pressure on the pressure bar above the prism (not visible here) are shown. A flat
square bar magnet for Chapter 6 experiments is shown attached between the knobs. A Glan-
Thompson polarizer is visible as the labeled black rotatable optical component below the holder.
(B) shows the front (top) view of the waveguide assembly. The prism coupler hypotenuse is
visible below the bottom edge of the pressure bar. The bright white dot above the pressure bar
is the coupling point of the prism. Emanating from the prism is the guided wave. TM polarization
occurs in the z-direction. The TE wave is polarized in the x-y plane along the y-axis. The guided
wave is attenuated and does not reach the top end of the glass slab waveguide because of optical
loss associated with excitation (resonant absorption) of the surface plasmons from the AuAg
core-shell nanoparticles on the waveguide surface (described further in Chapter 5). Raman
intensity is collected orthogonal to the slab waveguide along the z-direction, as shown by the
yellow-orange arrow of the axis system in panel (C). Panel (C) is the front view of the waveguide

assembly. It faces the slit entrance to the Triax 550 spectrograph. More on this type of waveguide
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and its application in integrated optics combining Polarized Raman and Evanescent Wave

Surface-Enhanced Raman Scattering (I0-PEWSERS) is presented in Chapter 5.

4.6 Integrated optics spectrometer setup

The integrated optics (I0) spectrometer setup is a complete redesign of a previous
version.?® The current apparatus is shown schematically in Figure 4.5. The spectrometer combines
a fast multi-channel Raman detection system with the optical waveguide prism-coupler. This
spectrometer differs from similar systems described in the literature in the manner in which the
laser is directed onto the coupling prism.2~3 In our system, the thin film waveguide remains fixed
in space with respect to the Raman collection system. The entire 10 setup is constructed on a
Newport Stablizer™ 1-2000 Series laminar flow table to suppress effects from ambient movements,

air currents, and building vibrations.

The continuous wave light source is provided by a solid-state Laser Quantum Excel 532
nm compact laser. It produces a circular beam with a 1.5mm =0.1mm diameter in transverse
electromagnetic (TEM) modes. The laser beam is first directed into a precision beam-steering
assembly by two reflecting mirrors. The beam-steering assembly is rotatable at the center by a
goniometer. This controls the angle at which the laser beam is incident on the coupling prism
hypotenuse. Upon entering the beam-steering assembly, the laser beam again encounters three A/2
flatness reflecting mirrors. A Glan-Thompson polarizer (Thorlabs; calcite 5 mm x 5 mm) is

situated on a rotational mount between mirrors 2 and 3.

The Glan-Thompson polarizer consists of two right-angled prisms cemented together at the

intersection of their long faces. The interface of the two prisms creates birefringence for incident
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light beams with mixed s and p polarization. The polarizer is designed such that the p-polarized
(TM) incident ray experiences total internal reflection and is deflected. As a result, allowing only
the s-polarized (TE) ray is transmitted. In the optical experiments conducted in this thesis, the

Glan-Thompson polarizer was adjusted to optimize the intensity of the transmitted light.

After the third reflecting mirror, the now s-polarized laser beam encounters a focusing
lens and a half-wave plate (Thorlabs, 532 nm). These are located in housings fixed to a rotatable
mount at the exit of the beam-steerer. The focusing lens has a focal length of 62.90 mm, chosen
so that its focal point lies near the axis of the rotation stage. This distance is approximately the
distance to the right angle junction of the back prism edge in contact with the waveguide. This
configuration ensures the maximum focus of the incident beam for coupling. The half-wave plate
switches the polarization of the incident beam between TE and TM while maintaining the same
coupling angle. Since the TE and TM polarizations are perpendicular to each other, the half-wave
plate needs to be rotated by 45<to complete a 90 “transition. The use of the rotation assembly in
conjunction with a careful selection of polarizing optics provides a high degree of polarization
purity in the incident laser beam and convenient switching between TE and TM polarizations while
maintaining the same coupling spot. The waveguide setup acts as a beam shaper that converts the
circular spot at the coupling point of the prism to a slit image (the waveguide streak) that is focused

on the vertical entrance slit of the off-axis Horiba, Triax 550 spectrograph.

After coupling, the light ray travels in the waveguide along the x-direction, while Raman
scattering in the z-direction is collected (Figure 4.4). The scattered Raman signal is re-focused at
the entrance slit of the Raman monochromator by two planar convex collection lenses. The first
lens 1 is a fast f/2 plano-convex achromatic. A polarization analyzer is placed between collection

lenses 1 and 2 to further isolate the s- and p-polarized scattered light. Porto's notation is used to
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assign the polarization states according to the laboratory Cartesian axis frame. This frame and the

notation are described in Chapter 6 of this thesis.

Immediately before entering the Raman monochromator through the knife-edge slit, the
Raman scattering and the unfiltered 532 nm light encounter two more optical components: a quartz
wedge depolarizer (Thorlabs, DPU-25) and a 532 nm holographic notch filter (Thorlabs, NF533-
17). The depolarizer eliminates the polarization sensitivity of the gratings inside the Raman
monochromator. The notch filter removes the unwanted 532 nm light within a small range of
wavelengths while transmitting light outside of this range with little loss. The notch filter has
passbands of 400 — 517 nm and 548 — 710 nm where light intensity transmission is greater than
90%. By attenuating the wavelengths between 518 — 547 nm, the notch filter effectively eliminated
interference from the much stronger Rayleigh scattering and direct scattering of the 532 nm beam
from defects in the waveguide. The optical bench is matched to the 550 mm focal length of the

spectrograph (f number f/4.0).

The diverging Raman scatter is collected by a concave mirror in the Triax 550. The mirror
directs the light onto an 1800 groove mm holographic grating. The grating diffracts the light by
creating wavelength-and-angle-dependent constructive and destructive interference. Consequently,
each wavelength is reflected at a different angle onto the second concave mirror. This mirror re-
focuses the light onto the liquid nitrogen-cooled coupled device detector (CCD) camera (Horiba,

Symphony InGaAs Deep Cooled NIR Scientific Camera).

The Raman signals generated are directly transferred to a processing program, SynerJY
V3.8 (Horiba). Typically, an acquisition time of 50 - 100 s is employed for each 500 cm™ window

in Raman acquisitions. Each spectrum was collected as the average of 3 acquisitions.
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The Raman Imaging Mode allows one-dimensional spatial imaging up the long axis of the
streak, with simultaneous collections of a complete Raman spectrum across the width of the streak
at a well-defined longitudinal coordinate. In this way, one can obtain Raman spectra along the
length of the waveguide streak. This is a powerful means to study the impact of polarization state
mode conversion in the guided wave as it propagates away from the prism edge. A series of spectra
that represent n different regions of the guided streak can be collected by binning together n groups
of m adjacent CCD pixels along the vertical axis. The CCD detector was binned horizontally into
groups of 2 pixels and vertically in groups of 20 pixels. Since individual pixel dimensions are 22
X 22 microns, each spectrum is collected from approximately 0.44 mm of the guided streak,

assuming a 1:1 imaging by the collection optics.

Further processing of the Raman data was completed with Origin 2021b by OriginLab

Corp.
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Figure 4.5 Photographs and schematic of the integrated optics spectroscopy setup. In this setup,

light produced at the 532 nm laser source (1) is reflected by a mirror assembly (2) into the beam

steering assembly (3). A Glan Thompson polarizer (4) is situated in the beam steering assembly

to introduce TE polarization to the incident light. The light is focused by the focusing lens (7)

and passes through the half-wave plate (6) for the final adjustment of TE/TM polarizations. The
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light then reaches the waveguide-prism assembly (5), where it is coupled into the waveguide.
Light scattered from the waveguide is collected, columnized, and re-focused by collection lenses
1 (8) and 2(10). A polarization analyzer (9) is placed between the two lenses to remove unwanted
polarizations. The focused beam then passes through a depolarizer (11) and a 532 nm notch filter

(12) before entering the Triax 550 Raman monochromator through the slit entrance (13).
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Chapter 5

Integrated Optics Polarized Light and Evanescent Wave Surface-
Enhanced Raman Scattering (I0O-PEWSERS) to detect ligand

Interactions at nanoparticle surfaces

5.1 Introduction

This chapter applies the Optical Chemical Bench (OCB) spectroscopic construct and the
custom-built guided wave Raman spectrometer that was introduced in Chapter 4. The applications
focus on several areas. We calibrated the OCB against previous work that examined SERS from
4-mercaptopyridine. This is important because we developed a new nanoplasmonic particle into
the OCB, namely core-shell AuAg. 3-Aminopropyltrimethoxysilane (APTES) replaced the
mercapto analog as the molecular adhesive. The availability of very high-resolution SEM gives us
a more reliable picture of the nanoparticles on the OCB surface, from which we were able to build
a simple model to simulate polarized guided wave propagation in the multimode silica glass
waveguide. The capacity of the 4MPy modified OCB to recognize cations in solution was
examined by studying the time-dependent binding of Fe?*. We used the OCB to study the ligand
interface between magnetite nanoparticles decorated with 4-aminobenzoic acid (4ABA) and the
nanoplasmonic AuAg particles on the OCB. These experiments make contact with the emerging
research area that focuses on magnetoplasmonics. Overall, the experiments described in this
chapter give insight into how the TE and TM polarization modes interact with adsorbates that are

built up as hierarchical structures on the OCB.
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5.1.1 Plasmon waveguide coupled with surface-enhanced Raman spectroscopy for near-field

probing of molecules and molecular orientations

A persistent challenge to the study of nanomaterials is how to gather information at the
nanoscale by interrogation with macroscale tools. In this regard, the optical near-field has been
utilized to couple across the nano-macro interface. Among near-field methods, nanoparticle
coinage metal resonators have been recruited to create enhanced field intensity through the well-
known plasmonic response localized at the nanoparticle surface.® This, of course, is fundamental
to the surface-enhanced Raman (SER) effect that underlies SER spectroscopy (SERS).? 2 In
addition to detection and assignment of vibrational modes, analysis of the polarization dependence
of SERS is important to reveal details about the spatial orientation of molecules bound to the
nanoparticles. Accordingly, arguments have been advanced that encourage the use of waveguide
constructs to conduct polarized SERS, especially incorporating metal films that can be excited at
their plasma frequency.* Unlike roughed metal surfaces, waveguides that incorporate smooth metal
films offer reproducible sampling configurations for SERS. Examples of these are the surface
plasmon resonance (SPR) sensor chip and the plasmon waveguide (PW).* The PW has been
introduced as a configuration that has the potential to probe molecule orientation through its
capacity to support both transverse electronic (TE) and transverse magnetic (TM) polarizations.
This contrasts with the SPR experiment that is confined to TM polarization. The PW bears some
resemblance to a passive integrated optics component called a waveguide polarization mode
stripper (TE-pass polarizer). This guided wave polarizer is an important device in integrated optics
circuits that incorporate directional coupler switches and Y-junction intensity modulators. It offers
high-differential TE (or quasi-TE) - TM (or quasi-TM) mode attenuation.® In general, a metal

overlayer on a dielectric waveguide behaves like a high-loss medium with a complex dielectric
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function e(w) = e(w); — ie(w), over the frequency range o of light. This is because the inertia
of charge carriers inside a metal film dominates above the metal plasma frequency w,. As a result,
a metal-clad waveguide has a complex propagation constant k = f — ja (a > 0) along the
propagation direction. Selective attenuation of the TM polarization is known to depend strongly
on the thickness of a buffer (insulator) layer between the metal and the guiding layer.® In the
present study, we take advantage of the principle of a metal-clad resonance structure comprising a
multimode dielectric waveguide that is sparsely decorated with a plasmonic bimetallic Au-Ag
nanoparticle overlayer. Sparse coverage allows the TE and TM modes to propagate over sufficient
distances that polarized SERS can be collected from the waveguide streak when imaged into a
polychromator equipped with a cooled CCD detector. We refer to this integrated optics construct
as an Optical Chemical Bench (OCB). Rather than selecting a uniform metal film, this plasmonic
nanoparticle configuration was chosen because of our long-term interest in exploring the coupling
between plasmonic nanoparticles and magnetite nanoparticles in the context of nano-
magnetoplasmonics. Magnetoplasmonic nanostructures exhibit a rich phenomenology associated
with their size, particle-particle interaction distance, surface functionalization, and differences
between quasi-free electrons (for plasma response) and bound electrons (for magnetic response).®
Our current interest is in heterostructures in which the plasmonic and magnetic moieties are in
close contact, with the separation governed by surface-bound ligands. In turn, the ligands can be
selected to regulate the self-assembly of the magnetoplasmonic particles. To our knowledge, little
is known about the nature of ligand couplings that mediate interactions between plasmonic and
magnetite nanoparticles. The OCB was conceived as one method to explore such interactions

through the SER effect.
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Resonant coupling of polarized waveguide modes to surface plasmon excitations has been
pursued in different experimental configurations. The purpose of doing so can be divided into
experiments that focus on chemical sensing and those that probe nanoparticle-interfacial
interactions and orientational details on plasmonic nanoparticles. Notable among the methods is
the work of Smith et al.” They showed that plasmon waveguide resonance spectroscopy could
interrogate molecules on flat gold surfaces using both s- and p-polarization. Elsewhere, integrated
optics evanescent wave SERS (IOEWSERS) has been used to explore enhanced Raman scattering
from molecules attached to silver nanoparticles bound through a chemical spacer to a dielectric
waveguide. In this case, the evanescent tail of a propagating TE wave elicited a SERS response

that was used to examine proton-deprotonation and Cu?* coordination to 4-mercaptopyridine.®

5.1.2 Design of the present study

In the present study, Au-Ag bimetallic nanoparticles with imperfect core-shell structure
(AuAg NPs) were employed as the SERS agents. AuAg NPs were characterized according to shape
morphology, composition, and optical extinction. The AuAg NPs were then bound to the surface
of a multimode slab waveguide by adsorption onto 3-aminopropyltriethoxysilane that was
covalently attached to the glass waveguide surface, yielding the foundation OCB sensor construct.
The starting point for the OCB is shown in Figure 5.1 on the left. Hierarchies of molecular and
magnetite nanoparticle assemblies were then constructed from the bimetallic particles on the OCB.
These are shown in Figure 5.1 by adsorbing 4-aminobenzoic acid (bottom), 4-mercaptopyridine
(middle) or 4-aminobenzoic acid-functionalized magnetite nanoparticles to the AuAg
nanoparticles (top). The 4-mercaptopyridine construct can be used to bind Fe?. The

nanoplasmonic AuAg cladding and its components were excited with TE or TM polarized light
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that was injected into the waveguide by prism coupling. Finite-difference time-domain (FDTD)
calculations were carried out to give additional insight into excitation by the TE/TM polarized
waves, the influence of the polarized evanescent field on bimetallic plasmonic nanoparticles near

the waveguide surface, and the impact of plasmonic particle-particle interactions on the localized

field response.
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Figure 5.1 Hierarchies of assembly of species on a slab waveguide optical chemical bench
(OCB). 3-aminopropyl trimethoxysilane grafted to the glass waveguide surface is used as a
molecular adhesive to bind AuAg core-shell nanoparticles. This OCB is further modified by
binding 4-aminobenzoic acid derivatized magnetite nanoparticles to the plasmonic AuAg
nanoparticles (top center diagram). Alternatively, 4-mercaptopyridine is ligated to the AuAg
nanoparticles (middle center diagram). The 4MPy ligands can recognize and bind Fe?*; or 4-

aminobenzoic acid can bind to the AuAg nanoparticles (bottom center diagram).
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5.2 Experimental

5.2.1 Synthesis of AuAg NPs

AuAg NPs were prepared by a seed-mediated method adapted from the procedure of
Calagua et al.! Briefly, a gold seed solution was prepared by dissolving 0.04g of HAuCl4 3H20
(Sigma-Aldrich) in 100 mL of MiliQ water. The solution was constantly stirred and bought to a
boil. A second solution of 0.114g of trisodium citrate dihydrate (Sigma-Aldrich) in 1 mL of Mili
Q water was prepared. The citrate solution was added to the HAuCl4 solution in one batch. The
resulting solution was boiled for an additional 15 min and then cooled to room temperature in an

ice bath.

To grow the gold core, 0.002g of HAuCls 3H20 was dissolved in 20 mL of MiliQ water.
20 L of 1IN HCI, and then 200 L of the previously prepared gold seed solution were added. The
mixture was vigorously stirred until homogeneous before 100 L of freshly prepared 0.1 M
ascorbic acid solution (Sigma-Aldrich) was added. This was followed by the addition of 100 pi_

of 0.3 M sodium citrate.

To grow the silver shell, 200 pL of 0.1 M AgNOs solution was added to the 20 mL of the
gold core suspension prepared in the previous step. A second solution was prepared by diluting
100 pi of 0.1 M ascorbic acid solution in 5 mL of MiliQ water. This ascorbic acid solution was
added dropwise to the gold core solution. The reaction was allowed to proceed for 20 minutes. The

resulting AuAg NPs were used immediately.
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5.2.2 Hierarchies of assemblies on the waveguide optical chemical bench
5.2.2.1 Preparation of the nanoplasmonic OCB by functionalization with AuAg nanoparticles

All steps were carried out under anaerobic conditions with a Schlenk manifold. Multimode
slab optical waveguides were prepared from HiQa™ glass coverslips (Sigma-Aldrich) cut to the
appropriate size. The coverslips were cleaned with soapy water (Sparkleen™, Fisher Scientific)
and ethanol before immersion in piranha solution for 1 hr (Caution! Piranha solution is strongly
acidic and a strong oxidizer. It consists of 3 parts concentrated sulfuric acid and 1 part 30 wt. %
hydrogen peroxide solution.) The cleaned waveguide was rinsed with a copious amount of
deionized water until the pH of the rinse was neutral. The waveguide was then rinsed again with
ethanol before being placed in a round bottom Schlenk flask equipped with a magnetic stir bar.
The flask was evacuated, then backfilled with argon. Degassed anhydrous toluene (15 mL) and (3-
aminopropyl)triethoxysilane (99%, Sigma-Aldrich, 0.5 mL) were injected by syringe into the flask.
The reaction mixture was heated to 70 °C for 1 hr under argon. Afterward, the system was cooled
to room temperature, and the liquid reaction medium was removed via syringe. Anhydrous toluene
(Sigma-Aldrich) and then methanol (Sigma-Aldrich) were introduced via syringe to rinse the
waveguide. The wash fluids were removed, and the system was evacuated to dryness. The
functionalized waveguide was annealed under vacuum at 100 °C for 1 hr before it was immersed

in a suspension of freshly synthesized AuAg NPs to provide sub-monolayer AuAg coverage.

5.2.2.2 Binding of 4MPy or 4ABA molecules onto the nanoplasmonic AuAg waveguide OCB

The binding of 4MPy molecules was achieved by submerging the as-prepared AuAg

coated glass waveguide into a 4MPy solution in ethanol (6x10°M, 4MPy, Sigma-Aldrich) for 30
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min with occasional agitations. Similarly, to bind 4ABA to the waveguide surface, the same

procedure was followed with a 4ABA solution ethanol (6x10°M, 4ABA, Sigma-Aldrich).

5.2.2.3 Binding of Fe?* to 4MPy onto the nanoplasmonic AuAg waveguide OCB

0.5 mM of Fe?* solution was prepared by dissolving 152 mg of FeSOy4 in deionized water.
A 4MPy functionalized AuAg OCB was immersed in the Fe?* solution and agitated lightly.

Different samples were allowed to react for 0, 8, 20, 35, and 50 minutes.

5.2.2.4 Binding 4ABA functionalized magnetite nanoparticles (MNPs) onto the nanoplasmonic

AuAg waveguide OCB

Magnetite nanoparticles (MNPs) were synthesized using a modified coprecipitation
protocol for magnetite nanoparticles.® Briefly, 1.5 g of FeCl, 4H,0 (Sigma-Aldrich) and 4.1 g of
FeClz 6H20 (Sigma-Aldrich) were dissolved in 100 ml of vigorously stirred deionized water at
70 <C under a nitrogen gas flow. A 20 ml volume of 5 wt% NH4OH was added dropwise until the
solution color changed from orange to black. The product was collected by magnetic separation
and washed with a copious amount of deionized water until the supernatant pH was neutral.

Oxidation of the product is expected since no coating agent was added during synthesis.

MNPs were functionalized with 4ABA (Sigma-Aldrich) by incubating the MNPs in 2x10°
2M of 4ABA solution in 95% ethanol. The surface-modified MNPs were extracted by a magnet
and re-dispersed in fresh 95% ethanol. A nanoplasmonic AuAg waveguide OCB was then dipped

into the ABA-MNPS suspension.
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5.2.3 X-Ray photoelectron spectroscopy (XPS)

XPS was performed using a Thermo Scientific K-Alpha X-Ray Photoelectron
Spectrometer. The X-ray source employed was an Al-Ka X-ray of 1486.6 eV. The X-ray beam
was directed at an incident angle of 60 “from normal (30 “from the horizontal plane of the sample)
with a focal spot size of 400 pm. A flood gun was used alongside the X-ray gun to reduce peak

shifting.

Samples were mounted onto conductive copper tape. The XPS vacuum chamber was
maintained at <2 x 10" mbar throughout the experiments. N(1s), and O(1s) spectra were collected
for magnetite nanoparticles as-synthesized or after incubation in 2x102 M of 4ABA solution in

95% ethanol.

5.2.4 Integrated Optics (10) SERS Spectrometer

A custom-built 10-SERS instrument was used to acquire polarization-dependent enhanced
Raman scattering from the nanoplasmonic OCBs. A diagram of the setup together with the
scattering geometry is shown in Figure 5.2. A Laser Quantum Excel model 08542 diode laser
provided 532 nm CW light. The 1.5 mm circular cross-section beam was directed by mirrors to
the entrance port of a rotation stage that supported a precision beam-steering apparatus. The
apparatus incorporated three 45° A/2 flatness mirrors, a Glan-Thomspon polarizer, a halfwave plate,
and a plano-convex focusing lens. These components rotate simultaneously about the axis of the
entrance hole for the incident beam that enters the beam-steering unit parallel to the plane of the
optical table. The slab waveguide OCB was mounted on a stainless steel holder comprising

thermally matched components, including an adjustable pressure bar that maintained a fixed
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coupling gap between the prism and the OCB. The OCB holder was mounted on an xyz-6 stage
bolted to the optical table through a dynamically damped optical post. A guided wave was launched
by varying the rotation angle of the laser beam incident on the prism hypotenuse face with the
beam point of focus at the prism bottom edge located on the rotation axis of the beam steering arm.
Care was taken to ensure that the waveguide streak was oriented collinear with the slit of the
spectrograph. In this manner, a selected wave polarization could be excited in the slab waveguide
OCB. SERS was excited from the evanescent region of the standing guided wave. The laser power
at the coupling prism was approximately 20 mW, except for the AABA@MNP@AUAg 10 sample,
which required ~ 50 mW to generate a sufficient Raman signal. The scattered light was collected
by imaging the slit image of the glowing guided wave with a fast lens and diffraction-limited optics
before focusing through a polarization analyzer, scrambler, and a super notch holographic Bragg
filter onto the entrance slit of the spectrograph. The Horiba Triax 550 Raman spectrograph is
equipped with a liquid nitrogen-cooled coupled device detector (CCD) camera. Raman signal was
dispersed over the CCD chip by a holographic grating (1800 grooves mm-™). A 100 s acquisition
time was typically employed for each 500 cm™ scan window. Spectra were plotted from the

average of 3 acquisitions.
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Figure 5.2 Schematic of the custom-built IO-SERS setup (top) and the scattering geometry as

a laser beam is being guided into the nanoplasmonic OCB (bottom).
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5.2.5 Scanning Electron Microscopy (SEM)

High-resolution SEM imaging and corresponding Energy-dispersive X-ray spectroscopy
(EDX) were performed using a Helios NanoLab™ 660 instrument that combines field emission
SEM (FESEM) and focused ion beam (FIB) capability. The Everhart-Thornley Detector (ETD)

and a high voltage of 10.0 kV were selected.

5.2.6 Transmission Electron Microscopy (TEM)

Light-field and dark field TEM, as well as corresponding EDX were performed using FEI

Titan Krios 300 kV Cryo-STEM.

5.2.7 Simulation of plasmonic electric field

The resonant optical response of AuAg nanoparticles was investigated using three-
dimensional finite difference time domain (3D FDTD) simulations (Lumerical Solutions,
Vancouver, BC, Canada). A miniature SiO2 waveguide (1 pm in the x-direction and 0.35 pm in y-
and z-directions) was created as a model for the real-life waveguide. The boundary conditions
were PML (Perfectly Matched Layer) at y- and z-directions, which absorbs incident light with
minimal reflections to respect the waveguide boundary, and periodic in the x-direction to show
continuity. AuAg core-shell nanoparticles having a silver shell radius of 25 nm and a gold core
radius of 10 nm were created as an idealized representation of the AuAg bimetallic nanoparticles.
These core-shell nanoparticles were placed sparsely on the waveguide based on the pattern of

nanoparticles observed by SEM in a randomly selected section of the real-life waveguide (Figure

165



5.3A, B). A pulse of light at 532 +10 nm was set to propagate through the center of the waveguide
in either TE or TM polarization. The electric field distribution of a selected area on the waveguide
model was simulated using 1 nm mesh size (Figure 5.3B). The yellow box in the xy plane indicates

where the electric field intensity profiles were calculated and plotted (see text).

Figure 5.3 (A) An SEM image showing the sparsely distributed AuAg NPs on a section of the
OCB (top) and the positioning of the particles using black discs (bottom). The side length of
each square grid is 50 nm. (B) The 3D representation of the OCB structure with sparsely
distributed AuAg core-shell nanoparticles mimicking that of the actual OCB calibrated from the

SEM experiment.
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5.3 Results and Discussion

5.3.1 OCB overlayed with AuAg nanoparticles- overlayer

TEM imaging (Figure 5.4A) reveals that the plasmonic NPs are faceted objects with an
average size of 49.2 + 14.4 nm. The light and dark color bands on the nanoparticles may
correspond to stacking faults.'® Due to the similarity in contrast of silver and gold, these two
components are difficult to distinguish with bright-field SEM imaging. The dark-field SEM,
coupled with energy dispersive analysis by X-ray (EDX), is reported in Figure 5.4B. The SEM
images showed evidence of core-shell particle structures, although particles made of homometallic
silver or an ambiguous mix of silver and gold are also observed. The nanoparticles containing a
mix of silver and gold may be attributed to AuAg alloy, as AuAg alloys are known to have more
negative formation energy than their core-shell counterparts, indicating that the alloy phase is more

stable.!t

Figure 5.4C shows the extinction spectrum of the nanoparticles in water. Lim et al. found
core-shell NPs to have two distinct plasmon absorption bands whose relative intensities depend on
the thickness of the shell.}? A peak dominates the spectrum for AuAg NPs in aqueous suspension
(Figure 5.4C) at 424 nm, consistent with a thicker Ag shell. The gold core contributes a weak
shoulder to the spectral response, visible near 520 nm. Compared to homometallic gold or silver,
core-shell nanoparticles exhibit a broader range of extinction. The extinction intensity in the high-
energy end is on the blue side of the well-known 550 nm extinction band for Au NPs. The
extinction intensity in the low-energy end extends well to the red that would not normally be
observed for isolated Ag NPs. Overall, the spectrum is not that of a mixture of separate Ag and Au

NPs, nor is it the result of significant contributions from alloy formation.t3 14
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Figure 5.5 shows an SEM image of the OCB waveguide featuring bimetallic AuAg NPs
anchored by aminopropyl groups grafted to the glass substrate. Individual nanoparticles are dotted
over the surface, which shows some evidence of aggregation among the particles. Overall, the
waveguide surface is sparsely covered with AuAg NPs. Immobilization of the AuAg NPs on glass
substrate led to further broadening of the plasmon absorption band (Figure 5.4C). These effects
are likely due to the clustering of NPs on the substrate, mutual polarization among closely

associated NPs, and multiple scattering from large aggregates.'® 16
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Figure 5.4 (A) Bright-field TEM image of the AuAg NPs; (B) Dark-field TEM images and
EDX elemental analysis of Au and Ag components of the AuAg NPs; (C) UV-Vis extinction
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Figure 5.5 High-resolution SEM image of AuAg NPs immobilized on glass substrate using

APTES.

5.3.2 Binding of 4-Mercaptopyridine (4MPy) on AgAu NP surface
5.3.2.1 Assignment of SER spectra

Prior to adsorbing 4MPy, polarization state-selected TE or TM 532 nm waves were excited
in the waveguide in an attempt to detect the APTES grafting molecules.’” The APTES proved to
be too weak a Raman scatterer, and its response was overwhelmed by Raman modes from the glass

waveguide substrate.

The TE/TM polarized SER spectra obtained for 4MPy adsorbed on the AuAg NPs of the
OCB are shown in Figure 5.6. Peak assignments for the SER spectra are based on previous studies

where the Raman spectrum of 4MPy and its SER responses on different types of silver substrates
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were examined.'®~2* We focus on peak assignments derived from the TE polarized spectra in the

following.

Raman peaks at 1061, 1191, and 1227 cm™ belong respectively to the 18b, B(CH), 9as
B(CH), and 3b2 B(CH) in-plane bending modes of the pyridine ring. The peaks at 1587 and 1617
cm originate in 8b, and 8a; vCC pyridine carbon stretching modes. There was no evidence of a
peak assignable to v(SH) in any of the spectra. While it might be argued that thione/thiol
tautomerism in 4MPy would make the v(SH) mode difficult to detect anyway, 4MPy exhibits what
are referred to as X-sensitive vibrations.?? These are not precisely normal modes, i.e., they are
mixed modes that result from the coupling of the 1a; ring breathing mode with the vibration of the
substituent (sulfur) of pyridine in the 4-position. With this reasoning, the 1a: ring breathing mode
at 1011 cm™ is coupled with the 12a; species at 1094 cm™, which is the most intense feature in
this spectrum region. Thus, in 4MPYy the sulfur substituent moves with significant amplitude when

bound to Au (or Ag).

There is evidence that the 4MPy coexists as the neutral and the protonated species when
bound to AuAg on the OCB, but not bound to the metal through the nitrogen atom. Protonation of
4AMPy is known to weaken and shift the 9a; B(CH) 1191 cm™ peak to a higher wavenumber,® -2
where shifts have been recorded in the range between ~1200 and ~1225 cm™. This would place
the 9a1 mode for non-protonated 4MPy under the 3b, B(CH) band located at 1227 cm, rendering
this diagnostic equivocal for protonation. The sine qua non for the non-protonated nitrogen is the
8a1 vCC band that occurs at 1583 cm™. In Figure 5.6, the 8b,vCC band in the SER spectrum is
joined on the high wavenumber side by the 8a; vCC peak at 1617 cm™. This is the spectroscopic
signature for protonated nitrogen.?® 22 In other words, SERS detects both protonated and non-

protonated 4MPy on the OCB.
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Finally, our analysis assigns the peak at 1285 cm™ to B(CH)/S(NH), a coupling between
ring in-plane bending and NH in-plane wag.?* The minor peaks below 900 cm™ are likely pyridine

ring deformation and aromatic CH out-of-plane bending modes.*®
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Figure 5.6 TE and TM SER spectra of 4MPy molecules adsorbed on AuAg NPs-glass integrated

waveguide.
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5.3.2.2 SER Response of 4MPy to TE and TM Polarization

Propagation of TE or TM waves did not produce significant differences in the number of
peaks nor in the peak positions from the SER response of 4MPy over the 500 to 3200 cm™ spectral
range; however, the Raman counts for spectra obtained with TM polarization were uniformly
diminished compared with those obtained with TE polarization. Despite differences in the
waveguide scattering configurations, this observation also appears to conform to the theoretical
predictions of Chen et al.,* who found that the field enhancement factor for Raman scattering with
the TE mode in a PW was larger than that compared with the TM mode in the same PW. This is
consistent with the well-known fact that metal overlayers on dielectric waveguides behave as
“mode strippers” (optical filters), preferentially removing TM polarization (intensity) from

propagating waves comprising mixed TE/TM polarization.

5.3.2.3 Orientation of 4MPy on bimetallic AuAg nanoparticles on the OCB

Previous studies found that when 4MPy adsorbs onto silver NP and film surfaces, it
assumes a roughly vertical orientation.'® 1° We find that 4MPy behaves similarly on our AuAg NP
OCB. In section 2.1 above, we established that 4MPy binds to the surface of AuAg NPs through
the sulfur atom. Figure 5.6 reveals that in the region 500-1800 cm, the a; and b2 modes of 4MPy
are enhanced compared with the out-of-plane a> and b: vibrations. For an upright pyridine
orientation, the a; and b, modes are normal to the surface. This is consistent with the evidence and
interpretations that SER-responsive modes perpendicular to the surface receives the largest
enhancement.®® 1 23 |n contrast, the out-of-plane a; and bz vibrations that are roughly parallel to

the surface receive only minor enhancement.'® ° Our SER spectra on bimetallic AuAg NPs are
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consistent with an interpretation that 4MPYy is bound through the sulfur atom and that it is oriented
predominantly vertically. This assertion requires some qualifications and will be discussed in

section 5.3.3.2.

5.3.2.4 Binding of Fe?* to 4MPy

Anticipating our studies of binding MNPs to the AuAg OCB, we first examined the
capacity of the OCB to detect binding Fe?* as the OCB architecture evolves more complexity.
Ferrous ions were provided by dissolved aqueous FeSQO4. Exposure of the OCB to solutions of Fe?*
caused some SER bands to increase in intensity relative to others. We observe in Figure 5.7 that
exposure of 4MPy to Fe?* cations over time is accompanied by diminished band intensity at 1617
cm™. This peak is associated with the 8a; v(C=C) ring mode. In contrast, the(CH)/(NH) and
8b2 B(CH) modes located at the band positions 1285 and 1587 cm™ are enhanced. We note a small
peak that emerges at 1039 cm™ after long exposure times. The increase in intensity of 8b, B(CH)
(1587 cm™®) band and the decrease in intensity of 8a; B(CH) 1617 cm™ band indicate binding of
Fe?* in some sort of nitrogen and/or arene-based coordination environment. Enhancement of the
B(CH)/6(NH) band at 1285 cm™ indicates a change in the pyridine nitrogen environment due to
Lewis base donation of the nitrogen lone pair. The nitrogen lone pair directed outward from the
ring skeleton is well oriented to overlap with a 6 -symmetry and energy-adapted vacant Fe?* orbital.
The ring m-electrons can also supply additional n-bonding interactions with the iron d-orbitals.?*
Delocalized n* antibonding orbitals on the pyridyl ring can act as acceptors of Fe?* d-orbital
electron density.?* This perturbation experienced by the delocalized m-electrons of the ring due to

Fe?* binding is the cause of changing intensity of these a; and b2 modes.
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Figure 5.7 Guided wave TE polarized SER spectra of 4AMPy molecules adsorbed on the AuAg

OCB prior to and after different times of exposure to Fe?* solution.
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5.3.3 Binding of 4-aminobenzoic acid (4ABA) in comparison to that of 4AMPy
5.3.3.1 SERS of 4ABA binding to AuAg NPs on the OCB

Figure 5.8 shows the TE/TM SER spectra of 4ABA molecules bound to AuAg NPs on the
OCB. The unenhanced Raman spectrum of crystalline 4ABA is provided in Figure S5.1 for
comparison. Focusing first on TE polarization, the most prominent peaks in the 4ABA SERS occur
at 1126, 1386, and 1603 cm™. These are assigned to NH, bending (tNHz), COO" stretching
(vCOO), and NH. deformation (8NHy), respectively.?> 26 The tNH2 mode is weak in the normal
Raman spectrum of crystalline 4ABA (Figure S5.1), while the vC-OH mode appears as a peak of
medium strength at 1293 cm™.2” The SERS of Figure 5.8 shows a significant enhancement in the
TNH2 mode and a blue-shift and moderate enhancement of the COO" stretching mode. These
features suggest that both the amine and carboxylic acid groups of 4ABA are involved in binding
to the AuAg NPs. Although the literature on how 4ABA binds to silver surfaces is not fully
resolved, there is agreement that the molecule can bind both through the amino and the carboxylic
acid groups.?® To assign the peaks in the TE spectra to bonding modes of 4ABA on the OCB, we
can also turn to functional group analogs where recent data focuses on binding amino and aliphatic
acids. Regarding the carboxylic acid terminus, Uznanski et al. presented evidence that this moiety
in aliphatic molecules binds to Ag nanoparticle surfaces by symmetric chelation.?® Al-Johani
added precision to the notion of bidentate chelation by carrying out an exhaustive study of the
binding of acetic acid and aliphatic di- and tri-carboxylic acid molecules on gold nanoparticle
surfaces.® The monocarboxylic acid was shown to bind through both oxygen atoms to 2 adjacent
atoms in a symmetric p-bridging fashion at any of several crystal planes of Au. There is some
theoretical evidence to suggest that amino acids bind to metal surfaces by donating the nitrogen

lone pair to the antibonding orbitals of the metal, or by accepting the lone pair electrons of metal
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to the antibonding orbitals of N—H bonds.3! The peak at 1603 cm™ is assigned as an overlap of v8a
ring stretching vibration and 6NH. deformation. In crystalline 4ABA, the v8a band shows the
strongest intensity among all Raman modes, while the SNH2 band has a much weaker intensity
and often appears as a shoulder to the v8a peak. Similar to the tNH> mode, the intensity of the
dNH> mode is greatly enhanced upon metal binding. Past research has shown that the NH> band
gets strongly enhanced due to interaction with the silver surface, surpassing the v8a band in

intensity.?

The peaks at 1174, 1197, 1458, and 1518 cm™ are assigned to ring stretching modes v9a,
v13, v19b, and v19a, respectively.?® Past research has also suggested that 4ABA adsorbed on a
metal surface can undergo dimerization, producing p.,p’-azodibenzoate.?® The signature of this
surface product is a strong peak around 1460 cm™ and a strong doublet around 1150 cm™.28 The
presence of p,p’-azodibenzoate is potentially observed in this experiment as the shoulder at 1144

cm™ and an overlap with the v19b band.
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Figure 5.8 TE and TM SER spectra of 4ABA molecules adsorbed on the AuAg OCB.

5.3.3.2 Orientation of 4-aminobenzoic acid on nanoplasmonic AuAg on the OCB

Given the molecular structure of 4ABA and the Raman evidence we have provided, both
the amino and carboxyl functional groups of a given 4ABA molecule appear to interact
simultaneously with the metal surface. We conclude that the molecule lies horizontally on the

AuAg NP surface.
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Comparing the Raman responses from TE and TM guided waves, we did not observe
significant differences in the SERS profiles of adsorbed 4ABA. Unlike the case for adsorbed 4MPy
discussed previously, where the TM polarization produced a SER spectrum with significantly
lower overall intensity than that produced by the TE polarization, such behavior was not observed
for adsorbed 4ABA. The reason may be due to the “planar” orientation of adsorbed 4ABA

compared to the upright orientation of adsorbed 4MPy.

At this point, it is helpful to qualify our discussion on the molecular orientation of 4MPy
and 4ABA by framing the matter of molecular orientation a little more carefully in the language
of the so-called Raman selection rules that have been developed for SERS. We know that for a
fixed orientation of a molecule on a plasmonic surface, the SERS intensity for a given Raman
mode depends on the symmetry of its tensor with respect to the surface, i.e., the intensity depends
on molecular orientation. But knowledge of the Raman tensors of different modes is difficult to
obtain, and the tensors can change on adsorption (i.e., as in the case of chemisorption). Moreover,
it is difficult to describe local field polarization at the molecule and how that polarization connects
with the Raman enhancement factor. Some advances have been made regarding these problems,
especially for the case of a flat metal surface?® and the research on the (flat) plasmonic waveguide
published by Chen et al.* Our analysis of the orientation of 4AMPy and 4ABA presumes that the
local field polarization is primarily perpendicular to the nanoparticle surface. Under this
assumption, modes having a substantial Raman tensor component normal to the surface will be
enhanced more than those whose normal components are weak or forbidden by symmetry.
Quialitatively, one compares the SERS enhancement factor of the various modes, and relates these
to the Raman tensors describing the unenhanced, unbound molecule. By this means, one can infer

an approximate orientation - flat or upright on the surface. Underlying this approach are a number
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of conditions that need to be met. The requirement that the polarization is perpendicular to the
surface is difficult to justify in the case of rough metal surfaces, colloidal suspensions, and most
likely, nanoplasmonic particles on the OCB. The enhancement factor for various Raman modes
must be distinguishable from other effects, notably dispersion in the plasmon resonance which
causes the enhancement factor to depend on the Raman shift.®2 This information is often not readily
available. It is the enhancement factor for a given mode and not the Raman intensity measured
from the spectra that is the important parameter. Given the above remarks on the challenges faced
in measuring enhancement factors, one has little recourse but to turn to qualitative arguments
around the SER selection rules to assign molecular orientation. For this reason, our arguments for

the different orientations of 4MPy and 4ABA remain qualitative.

5.3.3.3 4ABA-functionalized MNPs on nanoplasmonic AuAg on the OCB

To examine the ability of the OCB to detect 4ABA as a capping agent to bind deposited
nanoparticles, instead of as a ligand directly binding to the surface of AuAg NPs, MNPs
functionalized with 4ABA were deposited on the OCB. Our high-resolution SEM of MNPs
deposited on the AuAg NP-covered waveguide is shown in Figure 5.9A. EDX reveals the
composition of the major MNPs and AuAg NP clusters (Figure 5.9B). X-ray emissions from the
Au and Ag overlap as expected, and in turn, we observe overlap with emissions from Fe. This
indicates that the MNPs are in contact with, and probably ligated to the surface of the AuAg

nanoparticles on the OCB. For more evidence, we turned to XPs.

XPS is used to examine the binding of 4ABA onto the MNPs (Figure 5.9C). Comparing

the O1s spectra from pre-functionalized MNPs and after MNPs incubation in 4ABA solution, a
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significant increase in O-C species (531.3 eV) is observed. This difference indicates the presence
of COO" species capable of monodentate or bidentate binding to the MNP surface through
electrostatic or chemisorption.®® Although the electron densities on the oxygen atoms are
nonequivalent in the different carboxylate binding modes, the XPS cannot resolve the peaks.* The
N1s spectra centered at 399.7 eV revealed an abundance of -NH2 group on the surface of the MNPs
after incubation in 4ABA solution. Prior to incubation, only a small amount of N-H was detected,
likely remnants from the coprecipitation synthesis of MNPs, which employed ammonium
hydroxide as a base. A small peak at 398.3 eV is also detected in the post-incubation N1s spectrum.
It is assigned to N-Fe, suggesting possible covalent bonding between nitrogen and iron.3* ** By

XPS, the NH2 and COO" groups bind to the surface of MNPs.
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Figure 5.9 (A) High-resolution SEM image of 4ABA functionalized MNPS deposited on AuAg
NPs immobilized on glass substrate using APTES; (B) Elemental mapping of Fe, Au, and Ag
on a surface of 4ABA functionalized MNPS deposited on AuAg NPs integrated waveguide using

SEM-EDX; (C) XPS analysis of Ols and N1s spectra of MNPSMNPs prior to and after

incubation in 4ABA solution.

5.3.3.4 Detection of 4ABA-functionalized MNPs using OCB

MNPs decorated with 4ABA were deposited onto the AuAg NPs on the OCB. Raman

spectra were gathered by scattering from TE and TM polarized guided waves. Peaks due to 4ABA
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directly bonded to AuAg NPs (and not to MNPs) were identified in the SER spectra of Figure 5.8
in the previous section. In Figure 5.10, we see that these bands all have their counterparts when
SERS is excited from the 4ABA-decorated MNPs bound to the AuAg NPs on the OCB.
Nevertheless, a close comparison of Figures 5.7 and 5.9 reveals that the peak positions and relative
intensities differ between the two types of bound 4ABA. We observe that from the 4ABA-
decorated MNPs both the tNH> band and vsCOO" bands are blue-shifted and the bands are reduced
in intensity. This outcome suggests a change in the binding environment of 4ABA. The v19a mode
is also blue-shifted, but its relative intensity increases compared to the v19b and v9a ring modes.
The peak at 1598 cm™ dominates the spectra, and it is red-shifted from its original place at 1603

cm™,

We also note that propagating TE or TM guided waves yields slightly different SERS
profiles. Compared to their TE counterparts, the tNH2, vsCOO™ and v19b bands have slightly
stronger intensities, while the peak at 1598 cm™ is noticeably weaker. The vCOO" band in TM
polarization also appears to be broader and is slightly blue-shifted compared to that in TE. The
SERS profile between 500 — 1050 cm also shows Raman profiles that depend on the waveguide

polarization.

The presence of bands attributable to tNH2 and vsCOOQO" indicate that at least some NH> and
COO" groups have partially dissociated from the MNP surface and may have bonded with the
AuAg surface. The fact that these two bands are no longer dominant suggests that, in this case,
4ABA does not assume the horizontal “planar” orientation it did when binding to AuAg NPs, in

the absence of the MNPs.

Furthermore, the SERS from the OCB 4ABA-MNPs responds differently according to TE

and TM polarizations. This contrasts with our studies of the polarization response of 4MPy or
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4ABA on the AuAg NPs alone. In these cases, the molecules are orientated roughly upright (4MPy)
or horizontally (4ABA). Note also that the TE and TM Raman spectral profiles for 45° angle
Raman scattering from crystalline powders (pseudo-orthorhombic unit cell crystallites) are
indistinguishable (Figure S5.1).% It can therefore be inferred that the 4ABA ligands deposited with
the MNPs, now partially bound to the AuAg surface, exhibit orientations that are not upright,
horizontal, or completely randomized. The different TE and TM SERS profiles suggest a complex

environment for the surface ligands.
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Figure 5.10 TE and TM SER spectra of 4ABA functionalized MNPS deposited on AuAg NPs-

glass integrated waveguide.

5.3.4 FDTD simulation of electric fields of AuAg NPs excited by TE/TM polarized light

Since the Raman process is proportional to local electric field intensity,®” it makes sense
that methods of enhancing the local field may enhance the Raman response. It is well-known in
SERS experiments that when plasmonic nanoparticles aggregate to the point where the individual

particles are in close proximity, optical coupling between particles in the electromagnetic field
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becomes very strong. Particle dimension, state of aggregation, and geometry play a large role in
determining enhancements in plasmon resonance spectroscopy. Aggregates of plasmonic particles
produce a stronger coupling of the electric field. As a result, the local field near the particle can be
enhanced by many orders of magnitude over the incident field. The incident light around the
plasmon resonance peak wavelength is scattered very strongly. With regards to the SER effect,
Johnasson et al. have provided guantitative theoretical arguments that establish that the coupling
between a molecule and the electromagnetic field is enhanced by placing the molecule between
two silver nanoparticles.® In light of these remarks, Figures 5.3 and 5.5 encouraged us to examine
how the TE and TM polarized evanescent waves might interact with the plasmonic nanoparticles
attached to the OCB surface. Accordingly, we carried out FDTD calculations based on the
simplification depicted in Figure 5.5. Figure 5.11A shows plots of the electric field intensity
around AuAg NPs as they are excited by the evanescent field of TE or TM polarized light
propagating in the waveguide beneath the nanoparticles. Excitation with the TE mode leads to
symmetric field intensity concentrated at the north and south poles of the particles and nodes
around the equator of particles. In Figure 5.11A, TE polarization lies in the xy plane oriented in
the direction of the double-headed white arrow. For TM excitation, the electric field oscillates
orthogonal to the xy plane. The field intensity concentrates around the equator of the nanoparticles
and has lower intensity at the surface than that shown for the TE response. Particles isolated far
enough apart show undistorted dipolar field intensity. For both polarizations, as the interparticle
separation decreases, one observes distortions in the fields. This is evident left of center in the top
part of the images in Figure 5.11A for both polarizations. With decreasing separation (bottom
center, Figure 5.11A) one observes the high concentrations of field intensity that are the hallmark

of the “hotspots” that are associated with enhanced SERS.3" 3¢
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TE and TM polarized light exhibit different transmission losses as the light propagates in
asymmetric metal-clad thin-film-clad waveguides.*® Attenuation experienced by the TM mode is
greater than that of the TE mode because the TM mode interacts strongly with the metal surface,
while the TE mode is repelled by the metal surface.*° Figure 5.11B gives images of the waveguide
streaks for the two polarizations. Like the metal-clad waveguide, the TM polarized wave in the
OCB couples more strongly than does the TE polarization, and as a result, the TM wave suffers
more loss. The plasmonic particles on the OCB behave somewhat similar to the polarization mode
filter we presented in section 5.1.1. The discontinuous nature of the plasmonic AuAg NP overlayer
allows us to propagate either polarization over distances larger than would be capable with a

continuous metal film.
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Figure 5.11 (A) FDTD electric field simulations of AuAg core-shell dimers. The color code on
the right indicates the maximum and minimum electric field intensity is corresponding to TE
and TM polarization. The vertical axis in each simulation is y, and the horizontal axis is x. The

propagation direction is orthogonal to the xy plane. The double-headed arrow (TE) and the
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arrow-and-dot (TM) indicate the direction of the exciting electric fields. (B) Waveguides streaks

from prism coupling of the 532 nm laser polarized TE and TM orientation.

5.4 Conclusion

In this experiment, the integrated optics setup introduced in Chapter 4 is combined with an
OCB prepared by immobilizing AuAg NPs on a glass substrate using 3-Aminopropyl
trimethoxysilane (APTES). This IO-PEWSERS system operates by coupling TE or TM waves into
the OCB waveguide and excites SERS using evanescent waves on the waveguide surface. The
functionality of this ICB has been tested in several steps. In the first step, we verified the
applicableness of the OCB by examining the SERS response from the binding of 4MPy molecules
onto AuAg NPs. The TE-polarized SER spectrum of 4MPy is similar to that obtained in a previous
experiment, also using TE polarization, but for different types of silver substrates. We further
verified that 4MPy modified OCB has the ability to recognize cations in solution by carrying out
a time-dependent binding study of Fe?*. This demonstrated the availability of 4MPy pyridine

nitrogen for cation binding.

Interestingly, we discovered that the TM-polarized SER spectrum for 4MPy has
significantly lower peak intensity compared to its TE counterpart. To better understand the
significance of this finding, we tested the binding of 4ABA on the OCB; however, the strong
polarization-dependent SER intensity difference that is observed for 4MPy is not observed for

4ABA. We believe this difference in SER intensity is affected by molecular orientations.

Analyses of molecule binding modes using SER fingerprints suggested that 4MPy and

4ABA assumed a roughly upright (4MPy) or horizontal (4ABA) position on the AuAg NPs.
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Furthermore, our electric field simulation using FDTD suggested that excitation by TE or TM
polarized light resulted in different electric field profiles on the AuAg NPs. The TM mode showed
greater attenuation compared to the TE mode, likely due to stronger interactions with plasmonic
nanoparticles on the waveguide surface. Despite the fact that the precise Raman tensors of different
vibrational modes are difficult to obtain and may change during the course of molecular binding,
and that local field polarization and their Raman enhancement factors are hard to quantify, our
SER results showed that molecules with different orientations interact differently with the electric
field environment excited by different polarizations of light. Our OCB system, therefore, provides

a qualitative system for differentiating molecular orientations.

To expand the application of our OCB system, we also tested the SER response of 4ABA
functionalized MNPs depositing on the OCB. Some distinctions are observed comparing the TE
and TM-induced SER spectra after nanoparticle deposition. We inferred that the polarization-
dependent distinctions are produced by the partial binding of 4ABA ligands to the AuAg substrate
upon deposition of the MNPs. However, the complexity of the OCB-nanoparticle interface

environment warrants further investigations.
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5.5 Supporting materials
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Figure S5.1 Raman spectra of crystalline 4ABA using either TE or TM polarized light.
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Chapter 6

Polarization mode conversion in sol-gel derived waveguides

6.1 Introduction

This chapter validates our design and implementation of our custom-built Raman
Waveguide spectrometer for the case of wave propagation in a medium with an anisotropic
refractive index. We then follow up with preliminary experiments to determine if an applied
magnetic field can induce polarization mode conversion in a non-Faraday effect configuration
optical chemical bench comprising core doped magnetite nanoparticles. In effect, doping the

waveguide core with magnetic nanoparticles creates a gyrotropic medium.

6.1.1 Background to waveguide polarization state mode conversion and polarized waveguide

Raman spectroscopy

Chapter 4 presented some background theories of propagation of electromagnetic waves in
a dielectric waveguide. The analysis presumed propagation in a dielectric waveguide having an
isotropic refractive index. In this case, for the waveguide depicted in Figure 4.3, the refractive
index profile n(z) is fixed and uniform along the longitudinal propagation x-direction of the
waveguide, meaning that the electric (E) and magnetic (H) fields of the transverse wave satisfy

the vector wave equations of a dielectric source-free medium:

VZE + k2n?-V(V-E), (6.1)
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VX [n2-(VxH)]=kiH (6.2)

Note that the refractive index n is a 3 x 3 tensor. In these equations, the wave vector for propagation
in free space, k,, has the value 2m/A,. For a dielectric waveguide with an isotropic refractive index,

the E and H fields separate into x- and z-dependent terms as follows:
E(x,z) = e(z) exp(ifx) (6.3)
H(x,z) = h(z) exp(ifx) (6.4)

These equations describe a standing wave with fields e(z) and h(z) propagating along the
x-direction with propagation constants 8 = kq, = k,, = k3, . In this case, the vector wave
equations yield analytical solutions. The modal fields separate into the well-known polarizations
TE,, and TM,,, where m is the mode index that counts the number of nodes in the standing wave.
The propagation constant £ is also a function of the mode index, so we write this as f3,,. The
quantity, B,,/k, gives the ratio of the wave velocity in vacuum to that in the waveguide. We call
this ratio the effective index, n.ss., of mode m. Within the guiding layer, the field intensity
distributions are sinusoidal. In the substrate and superstrate regions, the field profiles decay
exponentially. This portion of the field is called the evanescent wave. Values of n,sf ., fall
between the refractive indices of the film and substrate. TE and TM polarized modes of the same
order, m, have different n, ¢ . Although the modes may be close together, orthogonality requires

that they are never degenerate in an isotropic waveguide.

Let us now consider a waveguide with an anisotropic refractive index. We shall show, for
a simple case, that this can lead to polarization mode conversion, ie, that a propagating TE
polarized wave can acquire TM character and vice versa. Because we are interested in Raman

vibrational spectroscopy, we take the unusual step of converting the waveguide “optical readout”
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into polarized vibrational modes instead of the simple expedient of optical detection of rotation of
the plane of polarization. The advantage here is that we can interpret changes in the molecular

features of the waveguide that cause polarization mode conversion.

Now a non-absorptive dielectric waveguide medium can be described in terms of its
dielectric tensor through,
Nix Niy N
£ =¢gn?® =gy |n%, nj, nj, (6.5)
The tensor is symmetric and real. In this case, the waveguide modes now have a complicated
polarization dependence. We call these hybrid modes, coupled TE-TM modes. However, when the
dielectric tensor is diagonal, the TE and TM modes are uncoupled and they propagate just as they
do in a medium with an isotropic refractive index. A complete analysis of coupled mode theories
that have been developed to handle the complicated problem of mode conversion is beyond the
scope of this chapter. Nevertheless, we note that hybrid modes are widely described in the
framework of linear combinations of TE and TM modes. In turn, polarized Raman spectra are
readily described in terms of these linearly polarized TE and TM fields, meaning that this type of
coupled mode theory offers a framework for interpreting polarized Raman spectra collected from

anisotropic films.

In the sol gel medium described below, the refractive index of the dielectric waveguide is
initially isotropic. We will show that this implies that one will obtain three polarized Raman spectra
that have roughly the same band profile, and one spectrum that differs from the other three and
corresponds to strongly polarized Raman modes. By introducing anisotropy in the refractive index,

mode mixing will occur. One must observe changes in the Raman spectra that reflect mode mixing
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as a result. We first show that this is indeed the case when thermal energy is deposited in a
waveguide by the highly spatially confined laser beam. This leads to thermally activated
crosslinking of acrylate moieties in the glass. The result is that a polarized laser beam “writes” an
anisotropic refractive index into the glass waveguide. The formation of C-C bonds from C=C
olefin causes the matrix to densify and thus raises the local refractive index. This refractive index
perturbation is highly localized. In fact, localization is accompanied by self-focusing of the laser
beam so that diffractive losses are compensated by ongoing local increases in the refractive index.
In effect, as it propagates the waveguide mode creates its own permanent internal “optical
waveguide” whose shape and spatial dimensions are governed by the mode index and
corresponding beam shape used to induce the refractive index change. This type of optical self-
inscription can be conducted with polarized light so that one can intentionally write an anisotropy
into the refractive index, but only in the highly localized region of the propagating wave. In effect,
one can create an anisotropic waveguide-within-a-waveguide. The anisotropy in the refractive
index can then be “read” by interrogating the self-written waveguide at reduced power. Thus, in
our experiments, instead of measuring the rotation of the electric field vector, our optical “readout”
will be the change in the polarization state of a vibrational C-H mode of a functional group

component of a hybrid organic-inorganic sol-gel derived alkyl-substituted alkoxysilane

One can also induce mode conversion with magnetic media. When a propagating
electromagnetic (EM) wave encounters a magnetic medium, the EM response depends on whether
the light is transmitted, reflected, or absorbed by the medium. In the case of transmission, the plane
of polarization is rotated when linearly polarized light travels through a magnetized sample. This
is the Kerr effect. In micro-optics, Faraday’s rotation is the outcome of mode polarization in a

dielectric medium when an external static magnetic field is applied along the direction of
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propagation. The origin of this change in propagation mode is attributed to the Lorentz force F =
qE + qv X B acting on the propagating light. Here, q is the electron charge, v is the electron
velocity and B is the magnetic induction. Linearly polarized guided waves have two circularly
polarized components in a magnetic medium. Each circularly polarized component interacts with
the electrons in the waveguide medium. Two distinct and opposite oscillating electric dipoles are
induced, each with its own corresponding electric and magnetic fields. The force exerted on an
electron in the waveguide medium due to these electric and magnetic fields is the Lorentz force.
With an external magnetic field applied to the waveguide, the external field interacts with the
oscillating dipoles along the propagation path, whose orientation depends on the directions of the
two circularly polarized light beams. The oscillating dipoles with different orientations, therefore,
interact with the applied magnetic field differently. As a result, the two circularly polarized beams
now experience different refractive indexes while propagating through the medium, changing the

polarization plane of the overall propagating light.*:?

The second part of this chapter documents our studies of how the local superparamagnetic
field of magnetite (Fe3O4) doped in a hybrid sol-gel glass waveguide might influence guided wave
propagation under the force of an applied magnetic field. An external magnetic field will induce
the superparamagnetic spin vector to align with the film. In particular, we are interested in the
interconversion of transverse electric (TE) and transverse magnetic (TM) waveguide eigenmodes.
This interconversion is important to the phenomenon of phase matching. Phase matching between
the fundamental TE and TM modes is an essential condition for complete polarization rotation in
magneto-optical waveguides with longitudinally directed magnetization. Without phase matching
between the TE and TM modes, the propagation constants for the different modes of polarization

limit the maximum power transfer ratio. The result is that the form birefringence of a planar
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waveguide limits optical isolation and the performance of the waveguide as a nonreciprocal device
degrades. The incentive for our study is based on the possibility of using the magnetic field
response of superparamagnetic nanoparticles to regulate TE-TM mode conversion. Although this
phenomenon is documented through the Kerr effect in a series of papers published in the photonics
literature,® ~> our interest is to gain more fundamental insight into how the vibrational properties
of the nanocomposite waveguide might be readout as signatures of mode conversion. We note that
the challenge to this experiment is formidable. For background, we note the theoretical treatment
by Chung and Kim.® These researchers treat the case of mode conversion in a lossless (non-
absorbing) gyrotropic waveguide medium relevant to guided wave modulators, switches, and
phase shifters. The assumption that the waveguide is lossless simplifies the mathematics because
the gyrotropic medium can be treated as having a dielectric permittivity tensor that is Hermitian.
Regrettably, we find no treatments of gyrotropic media that incorporate optical loss. Magnetite
nanoparticles are lossy. They absorb light in the visible domain. Light absorption by magnetic NPs
is associated with thermally induced electron delocalization between adjacent Fe2+ and Fe3+ ions,
where the electronic transitions arise from intervalence charge transfer transitions that occur in the
visible and out into the near-IR region. Simply put, we attempt to look for signs of mode
conversion in a self inscribed gyrotropic “waveguide-within-a-waveguide” made from a hybrid
sol gel glass and magnetite nanoparticles. Despite the lack of a resolved theoretical framework to
understand mode conversion in such a lossy gyrotropic medium, we hypothesized that the NPs,
under the influence of an external magnetic field, might induce mode conversion. Our intention
was to "sense" the intervention of the magnetic medium by "reading out" polarization mode

conversion as was done for the case of optical self inscription.
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To understand the above-mentioned experiments in self inscribed waveguides, we first
remind the reader of how the tensorial properties of the molecular polarizability can be exploited

to measure mode conversion using guided wave polarized Raman spectroscopy.

6.1.2 Polarized Raman Spectroscopy

As discussed in Chapter 4, the Raman effect is directly related to the induced dipole of a
probe molecule. The induced dipole results from a perturbation in the polarizability of a probe
molecule due to its molecular vibrations. The relationship between the induced dipole of a probe

molecule and the incident beam of excitation is:’
i=aE (6.6)

where fi is the induced dipole and E is the electric vector of the incident beam of excitation. Both

fi and E are three-dimensional vectors, the polarizability tensor « is, therefore, a second-rank

tensor, namely a matrix.

Uy Axx  Oxy Axz
Hy| = [%yx Qyy Qyz

Hz

Ey
Ey (6.7)
Azx Azy QAzz||E,

The polarizability tensor a describes the polarizability of individual vibration in the probe
molecule. Each coefficient describes a directional specific change in polarizability due to
interaction with a unit incident electric field with polarization along an axis. However, not every
coefficient in the polarizability matrix leads to a different induced dipole moment. A few of the

coefficients may be equal depending on the symmetry of the tensor. For example, a tensor with

spherical symmetry has equal off-diagonal coefficients and equal diagonal coefficients.” This
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symmetry is affected by molecular structure, inter- or intramolecular interactions, and the three-
dimensional packing of the probe molecules. Polarizability tensors can be visualized as
polarizability ellipsoids with different shapes. The differential polarizability ellipsoids determine
the mode of the vibrations. The directional information in the vibrational modes is lost if an
incident ray with a non-specified electric vector is used to excite the probe molecules. In polarized
Raman spectroscopy, the combination of a polarized incident beam with a polarization analyzer of
the scattered light can extract precise directional information about the differential polarizability

of molecules; hence, the orientation of the molecules can be determined.

Polarized waveguide Raman spectroscopy on thin films can be used to interpret the mode
conversion.® When a guided wave excites a Raman probe molecule, the induced dipole moment
depends on the angle between the electric vector of the incident light and the magnitude of the
polarizability. The tensorial character of the polarizability thus contains directional information
about this excitation event. For a particular vibrational mode, the Raman intensity is proportional

to:8

IFFI X EgaI%FI (6-8)

where F is the axis along which the Raman scattering occurs, F’ is the axis of polarization of the
incident radiation, E2 is the intensity of the incident radiation, and ary, are components of the
polarisability tensor a. Specifically, azr, are derivatives of the polarizability tensor with respect

to the normal coordinate of vibrations, and each normal mode of vibration has a unique .2

As shown in equation 6.8, the observed Raman intensity changes depending on the incident
and scattering geometries. The symmetry properties of a;; depend on both the symmetry

properties of the molecular polarizability tensor and the orientation of molecules being probed.
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The tensorial nature of the Raman response also reveals that the polarization of both the incident
and the scattered radiation is essential to decipher the orientation of probe molecules or molecular
subunits in the waveguide medium. Polarized Raman spectroscopy is, therefore, a suitable
technique to study TE-TM mode conversion in guided waves. Polarized Raman can monitor the
anisotropy of the waveguide due to intrinsic or induced birefringence or mode conversion caused

by a magnetic field.

6.1.3 Porto notation

We adopt Porto notation to describe the spectral patterns in guided wave polarized Raman

spectroscopy. The notation takes the following format:

A(BC)D

where A represents the direction of propagation of the incident light, B represents the direction of
polarization of the incident light, C represents the direction of polarization of the scattered light,

and D represents the direction of propagation of the scattered light.

Figure 6.1 illustrates how to interpret polarized Raman spectroscopy with planar
waveguide using Porto notation. As shown in Chapter 4, the integrated optics configuration is
oriented in a way such that the waveguide lies in the xy-plane. The incident laser beam propagates
in the x-direction upon coupling into the waveguide, while Raman scattering is observed in the z-
direction. Incident light with a TE propagation mode is polarized along the y-axis (Ey) and incident
light to excite a TM propagation mode is polarized along the z-axis (E;). The polarization of the
collected Raman scattering can be controlled using a polarization analyzer orientated along either
the x- or y-axis. The Porto notations for the four incident-and scattered Raman polarizations are:
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X(YY)Z, X(YX)Z, X(ZX)Z, and X(ZY)Z. This underscores a unique benefit of guided wave
Raman spectroscopy: one can obtain four output spectra in a given experiment. Indeed, a simple
analysis of the polarizability tensor shows that it is diagonal for an isotropic medium (uniform
refractive index). This is also true if the three principal axes of € are oriented along the x-, y-, or
z-ax b or in the xz-plane. The off-axis components are identically zero. In this case, it can be shown
that only the X(YY)Z leads to strongly polarized spectra; the other three configurations yield
identical Raman spectra. Any birefringence that is induced in the medium will show up as mode
conversion. Therefore, comparing Raman spectroscopic measurements from four polarizations
reveals how to extract orientational information about probe molecules. For example, previous
work in our lab has demonstrated that a waveguide fabricated from amorphous polystyrene is
three-dimensionally isotropic, in which case three of the four Raman measurements, X(YX)Z,
X(ZY)Z, and X(ZX)Z, produced the same scattering activities. For cases with uniaxial chain
polymer orientation, the two-dimensionally isotropic alignment of the chains leads to pairs of

equivalent Raman measurements with polarized waveguide Raman spectroscopy.®

6.1.4 Sol-gel derived waveguide and laser-induced anisotropy

The sol-gel process has been widely used to produce films, waveguides, photonic crystals,
insulators, protective and functional coatings, bulk glasses, even cosmetic products.® *° Most
generally, the sol-gel process is an acid- or base-catalyzed polycondensation reaction, often
utilizing silicon alkoxides and similar metal alkoxides. These are prepared as represented by the

generic reaction:

XRIE(OR)n1 + YE(OR")m + zZH20 — REOp + WR'OH
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R can be a latently reactive functional group (vinyl or acrylate) covalently bound to an oxide-
forming p-block element, E (usually Si). When R undergoes thermally or photoinitiated
propagation, we obtain a hybrid organic-inorganic glass that is inscribed with an increased
refractive index localized to the propagating beamwidth, or smaller, of a guided wave. A sol is
produced In the early stages of reaction. The sol is a liquid phase with nanoparticles dispersed in
the fluid. The nanoparticles can be branched (acid-catalyzed reaction) or roughly spherical (based-
catalyzed reaction). The sol eventually converts to a gel phase during spin-coating in the event that
one makes an amorphous waveguide. The gel phase is usually consolidated by heating to drive off
excess liquid.® The sol-gel process is versatile because it can be modified to create products with
different properties. Some examples of tuning the properties of sol-gel derived glass include the
introduction of an organic polymer into the sol-gel matrix to increase flexibility of the product,
incorporation of gold nanoparticles to create a metallo-dielectric SERS biosensor, and tuning of

refractive indexes with rare-earth dopant.® 1°

Scattering
direction

z

Ex X

Ey / waveguide

Y e—

. .
|~
E,(TE) < l,_/,

Laser Bz (TM)

Figure 6.1 Raman scattering geometry illustrating Porto notation. Figure adapted from Kanigan

Ph.D. thesis (1995)8 Figure 2.7.
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Below, we describe our fabrication and guided wave spectroscopy of hybrid organic-
inorganic sol-gel glass waveguides and our attempts to induce mode conversion by incorporating

14 revealed that the

magnetite (FesOs) nanoparticles. Past research in our laboratory!! -
methacrylate moiety of sol-gel polymerized methacryloxypropyl trimethoxysilane would undergo
thermal or photo-initiated crosslinking in a guided wave configuration. In some cases, the effect
would proceed with an induced anisotropy in the refractive index of the waveguide. With the new
custom-built guided wave Raman spectrometer, we first identified mode conversion in our sol-gel
films. This is a precondition to benchmark mode conversion in response to the coupling of
waveguide modes with the induced magnetic field response on magnetite nanoparticle waveguides.

Mode conversion within the waveguides was monitored by polarized Raman spectroscopy. Four

incident-and scattered polarizations were examined: X(YY)Z, X(YX)Z, X(ZX)Z, and X(ZY)Z.

6.2 Experimental

6.2.1 MAPTMS sol-gel

With minor modifications, the sol-gel derived glass waveguide was fabricated according
to reported procedures.® ° The starting materials were: 3-(Trimethoxy-silyl) propylmethacrylate
(MAPTMS; 98%, 248.35 g/mol, Sigma), zirconium (IV) propoxide solution (Zr(OCH2CH2CHj3)a,
70% in propanol; 327.57 g/mol, Sigma) and methacrylic acid (MAA; CH.C(CH3)COOH, 86.09

g/mol, >98%, Sigma). The overall molar ratio of the three chemicals in the sol was 5:2:2.

In one round bottom flask, MAA (1.39 g) was slowly added to zirconium propoxide (7.49
g) ina 1:1 molar ratio. An exothermic reaction occurred to form a zirconium alkoxide complex. In

another round bottom flask, HCI solution (0.05 N, 0.54g) was added under vigorous stir into
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MAPTMS (10.14 g). This mixture was cloudy at first due to the immiscibility of MAPTMS and

water but was cleared in minutes as MAPTMS was hydrolyzed.

After approximately one hour of stirring, the hydrolyzed MAPTMS was added dropwise
into the zirconium alkoxide complex. Deionized (DI) water was then added to hydrolyze the
suspension further. The amount of water added was up to 0.97g; however, the actual amount
differed due to the clumping, or “orange skin” texture, observed when casting the fully hydrolyzed
sol into films. The “orange skin” texture was identified as excess hydrolysis by Dr. Oubaha through
personal communications. Indeed, the “orange skin” texture was minimized when the water usage
was reduced, but the appropriate amount of DI water depends on the moisture level of the ambient
environment and must be tested through actual film casting. It was suspected that extra moisture

had entered MAPTMS during storage.

The mixture was stirred (400 rpm) in a capped vial wrapped in aluminum foil for about 16
hours. Before film casting, the resulting clear and pale-yellow mixture was filtered through 0.2um

syringe filters.

6.2.2 Synthesis of magnetite nanoparticles (MNPS)

MNPs with oleylamine capping agents were synthesized based on a procedure developed
by Xu et al. with modifications.*® 1.095 g of iron(l11) acetylacetonate (Fe(acac)3; 97%, 353.17
g/mol, Sigma) was added to 30 mL of oleylamine. Oleylamine served as the solvent, the reducing
agent, and the stabilizing ligand. The reaction mixture was stirred and heated to 120 °C. At 120 °C,
the mixture was subjected to at least three cycles of vacuum evacuation followed by an Argon

flow. At the end of this process, the reaction mixture was immersed in an Argon atmosphere. The
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mixture was further heated to 300 °C at a rate of 200 °C per hour. The mixture was maintained at
300 °C for 1 hour before being removed from the heat. The argon atmosphere was removed once
the mixture had cooled to below 80°C. The MNPs were precipitated from the mixture by washing
with ethyl acetate and ethanol. The precipitated particles were collected using a magnet bar and

air-dried.

The oleylamine-capped nanoparticles underwent ligand exchange with APTES.Y Under
ambient conditions, 0.25 mL of 3-Aminopropyltriethoxysilane (APTES, 99%, 221.37 g/mol,
Sigma), 10 mg of the previously synthesized MNPs, and 0.005 mL of acetic acid were mixed in
40 mL of hexane. The mixture was shaken for at least 16 hours, during which the NPs precipitated.
The black-brown precipitate was collected using a magnet bar and was washed three times with

water by centrifugation.

Figure 6.2 Iron oxide nanoparticles with oleylamine (A) and APTES (B) capping agents. The

MNPs are approximately 9 nm in diameter.
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6.2.3 Incorporation of magnetite nanoparticles (MNPSs) into the sol

The as-synthesized MNPs were re-dispersed in a small amount of water (approximately 20
uL of water for 10 mg of MNPS) in order to mix with the acidic sol for sol-gel casting. Four MNP

concentrations in the sol were tested: 3.07 mg/mL, 1.53 mg/mL, 1.18 mg/mL, and 0.7 mg/mL.

6.2.4 Fabrication of sol-gel derived (laser poled) waveguides

Spin coating was accomplished using a Laurell WS400-LITE spin coater. For each
waveguide, an appropriate amount of the as-prepared sol was pipette-delivered onto an acid-
cleaned fused silica microscope slide (Alfa Aesar, fused). The sol was spread cross the surface of
the fused silica slide before being spin-coated at 1200 rpm for 20 seconds. The wet film was
subsequently baked at 100 °C for 30 minutes and then dried at room temoperature in air for at least
4 hours. The film thickness was not measured due to imposed Covid-19 restrictions and limited
instrument access during the time of the experiment. The approximate film thickness is 1 pum based

on previous experiments in our lab.®

Each waveguide was poled by TE+TM polarization (turning of the half-wave plate by 22.59
at approximately 55 mW for at least 2 hours. Polarized Raman spectra of the same coupling

location were then collected, as described in Chapter 4.

6.2.5 Applied magnetic field

An applied magnetic field was achieved by inserting a NdFeB bar magnet (type BX8X84

1.5” x 1.5” x 0.25” thick nickel plated; K&J Magnet Inc.) directly behind the waveguide, between
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the poles for the prism holder (Chapter 4, Figure 4.2). The magnetic field lines coming out of the
permanent magnet are orthogonal to the plane of the waveguide at the center of the magnet.
Towards the edges of the magnet, the field lines bend over into a circular shape to meet with the

opposite pole.

6.2.6 Photographs of the coupling waveguides

Photographs of the coupling waveguides were taken during the collection of Raman
measurements using a cellphone camera. Two sets of photographs were taken. One set was taken
with just the cellphone camera, and the other set was taken using the cellphone camera through
the protective lens of laser safety glasses (LG12; Thorlabs), which greatly reduced the transmission
of light at 532 nm. The coupling and propagation of light within the waveguide have a high
concentration of light. Reducing the transmission of light helps to differentiate between waveguide

couplings from scattered light.

6.3 Results and Discussion

6.3.1 sol-gel derived waveguide with no incorporated MNPs: Sol-gel glass waveguide with

isotropic refractive index

Figure 6.3 shows the Raman spectra of the as-derived hybrid sol-gel glass waveguide. The
sample was thermally cured but had not been subjected to polarization-induced anisotropy (PIA,
or “poling” as described in the previous work by our lab®) by the guided wave. The signature

Raman band for the C-H vibrations in the range of 2800 — 3200 cm™* shows different band profiles
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when different combinations of input and output analyzer orientations (denoted by the Porto
notation) are used. Specifically, the X(Y'Y)Z spectrum is strongly polarized, having a substantially
more intense signal than do the other three spectra, which show less intense peaks but self-similar
Raman profiles. The sol gel comprising the waveguide in this case is an isotropic glass. By
definition, the refractive index is isotropic. For an isotropic refractive index the scattering activities
for the different combinations of polarizer and analyzer predict that the three spectra obtained from

the combinations X(YX)Z, X(ZX)Z, and X(ZY)Z will be identical.® This is what we observed.

X
CH stretching modes
. e
y
X(Y)Z l E
X(YX)Z « 2
X@NZ E
X(ZX)Z «— =
X .
Analyser 7 S
z TM polarization along Z y
y TE polarization along Y i i i i
2800 2900 3000 3100

WAVENUMBER (cm™)

Figure 6.3 Right-hand image shows the guided wave Raman spectra in the C-H stretching region
of the hybrid organic-inorganic waveguide (no MNPs) for four different acquisitions of
polarizations according to the Porto notation. The left-hand image shows the waveguide, input
polarization, and analyzer configurations in the laboratory frame of reference. The combinations

of input and output analyzer orientations are given according to their corresponding Porto
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notation. Note how the X(YY)Z spectrum is strongly polarized and that the remaining three

spectra are similar, according to predictions from the scattering activities.

6.3.2 Sol-gel glass waveguide with polarization induced anisotropy

In this experiment, anisotropy was introduced to the hybrid sol-gel waveguide by “poling”
with TE+TM polarization for approximately 2 hours with approximately 55 mW of external laser
power (measured at the coupling prism hypotenuse), following a procedure described in previous
work by Kanigan.® In this case, the laser was polarized TE+TM by adjusting a half-wave plate to
22.5< Note that this experiments “writes” a spatially localized poled waveguide inside the slab
waveguide. The refractive index of the surrounding cladding is isotropic, but the index in the self-
written waveguide is anisotropic. We then lowered the laser power to acquire the Raman spectrum
of the poled self-written waveguide in the range of 700 — 3500 cm™. The result with unpolarized
polarized light is shown in Figure 6.4. The Raman modes in Figure 6.4 are assigned based on
previous work.® 18 We can observe that the deformation modes (5) are located at 1458 cm™ or
below, while the stretching modes (v) are above 1600 cm™. The prominent “fingerprint” band at
2800 — 3200 cm! has the highest CCD intensity count and is an area of interest for further analysis
using input and output polarized Raman. This area contains several overlapping C-H symmetric
and asymmetric stretching modes. The goal of using polarized Raman is to differentiate the
behavior of these modes in different polarizations according to the Porto notation. Polarized

Raman spectra were collected at the same coupling location, as described in Chapter 4.
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Figure 6.4 Raman spectrum of the uncured hybrid sol-gel waveguide after the introduction of

anisotropy using the technique of TE+TM laser poling. The Raman spectrum is not polarized.

6.3.3 Raman optical “read” in C-H fingerprint region of induced anisotropy in the refractive index

of the self-inscribed waveguide

Figure 6.5 (black line) reveals the CH-stretching “fingerprints” in the 2800-3200 cm™
range for each of the X(YY)Z, X(YX)Z, X(ZY)Z, X(ZX)Z polarizations. Unlike the C-H

fingerprint region for the “unpoled” waveguide shown Figure 6.3, the same Raman region of the
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poled waveguide clearly shows different Raman profiles for the diffrenet combinations of input
polarization and output analyzer. From Figure 6.5, the X(YY)Z spectrum arises from the highest
CCD count intensity among the four polarized waveguide Raman spectra and is the most polarized.
The v, (CH,) mode at 2925 cm™ is the most intense C-H stretching mode for X(YY)Z, and it
remains the most prominent mode in X(ZY)Z spectrum. However, the v,,(CH2) mode becomes
less intense in the X(YX)Z and X(ZX)Z spectra as the comparative intensities of the v,,(CHa)
and v¢(=CH2) modes increase. Similarly, the v;(CH3z) mode at 2894 cm™, which has high intensity
in the X(YY)Z and X(ZY)Z spectra, only appears as weak shoulders in the X(YX)Z and X(ZY)Z
spectra with greatly diminished intensity. The X(YX)Z and X(ZX)Z spectra also exprerss evidence

of a more intense v,;(=CH2) mode at 3099 cm™ than do the X(YY)Z and X(ZY)Z spectra.

The X(ZY)Z spectrum has acquired polarized character characteristic of the X(YY)Z
orientation as a result of poling the sol-gel waveguide. Comparing the X(ZY)Z spectrum in the
same region in Figure 6.3 with that in Figure 6.5, the presence of TE character in the X(ZY)Z
spectrum confirms mode mixing caused by refractive index anisotropy “written” in the waveguide

in the path of the laser beam.

The Raman spectral patterns of Figure 6.5 confirm mode mixing. By simultaneously
exciting TE and TM modes, the waveguide film is exposed to a net electric field in the xz-plane at
some angle to the y-axis. In this case, a refractive index change along the polarization direction
generates off-diagonal dielectric tensor elements. When the laser power is reduced to collect the
Raman spectra, these off-diagonal elements persist. They cause the TE-TM mode conversion that

is observed in the Raman spectra.
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Figure 6.5 Polarized waveguide Raman spectra of the CH stretching region of a sol-gel derived

waveguide, uncured and TE+TM poled. The Porto notation is indicative of the polarization of

each spectrum. The black line shows spectra of the poled waveguide in the absence of MNPs,

while the red line shows spectra of the poled waveguide with MNPs. Band position and mode

assignment are labeled for the sol-gel waveguide without MNPs (black).

6.3.4 MNP doped sol-gel glass waveguide with polarization induced anisotropy

6.3.4.1 Problem of optical loss in gyrotropic sol-gel glass waveguides

Guided wave Raman spectra were gathered from a set of nanocomposite MNP waveguides

comprising 0.7, 1.18, 1.53 and 3.07 mg/ml sol of FesO4 nanoparticles. Figure 6.6 shows a series
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of photographs of the slab waveguides and the guided mode streaks in bright green that were
imaged onto the detector. Though difficult to discern from these images, the streaks attenuate
systematically from left to right in order of increasing loadings of the MNPs. Raman spectra were
only obtainable for the waveguide made with 0.7 mg/ml sol of MNPs. This is because of the strong
extinction of the laser beam caused by optical absorption and scattering by the absorbing (black)
MNPs.*® In the language of optics, magnetite MNPs induce “optical limiting”, where the magnetite
inclusions strongly attenuate the optical beam to a threshold level at high laser intensity whilst
exhibiting linear transmittance at low intensity. Furthermore, the APTES ligands covering the
surface of MNPs, despite providing adequate miscibility for MNPs to suspend in sol-gel, did not
allow uniform dispersion of the MNPs. Aggregation of the MNPs in the sol-gel derived waveguide
can result in greater light attenuation, not just by absorption but also by scattering. In our case,
optical limiting clearly diminished our capacity to study mode conversion as a function of MNP

loading.

0.7 mg IONPs 1.18 mg IONPs 1.53 mg IONPs 3.07 mg IONPs

Plai IONP:
ain (no s) Per mL sol Per mL sol Per mL sol Per mL sol

Figure 6.6 Photographs of light propagating in sol-gel waveguides. Two versions were taken
for each waveguide. The red-tinted photos were taken through the lens of LG12 laser safety

glasses, which filter green light that is scattered. It can be observed that doping with MNPs
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significantly increases the attenuation of green light in the waveguide. The higher the

concentration of incorporated MNPs, the higher the attenuation.

6.3.4.2 Poled gyrotropic MNP sol-gel waveguide

A hybrid organic-inorganic sol was doped with 0.7 mg of magnetite nanoparticles. The
composite was spin-coated and thermally cured to produce a slab waveguide. The sample was then
poled as described in the Experimental section. Poling created a permanent spatially localized self-
written nanocomposite gyrotropic waveguide within the slab waveguide. We proceeded to gather
four polarized waveguide Raman spectra in the 3000 cm™ CH stretching region of the poled
waveguide. The poled spectra from the nanocomposite are shown in Figure 6.5 overlaid in red on
the black spectral features obtained from the poled waveguide without MNPs. Note that the Raman
counts in red on the right-hand vertical axis are substantially lower due to waveguide absorption

loss

The strongly polarized X(YY)Z spectrum is characteristically the most intense in both
cases for the doped and undoped waveguides. The peak shape of the X(YY)Z spectrum for the
MNP waveguide is similar to that of the waveguide without MNPs. Dissimilarities are more
evident for the X(ZY)Z, X(ZX)Z, and X(YXZ) spectra. In the X(ZY)Z spectrum, the MNP
waveguide yielded a less intense v¢(CH3) mode at 2894 cm™ and a more intense v;(=CH) mode
at 2991 cm. For the X(ZX)Z and X(YX)Z polarizations, the MNP waveguide showed decreased
intensities in the v,g(CH2), v,5(CHs), and v,5(=CH2) modes at 2921 cm™, 2957 cm™, and 3099
cm?, respectively. The reduction in intensities suggests that the asymmetric stretching modes of

CHa, CHjs, and =CHj are less active in the MNP incorporated waveguide.
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6.3.4.3 Polarized Raman spectra after an applied magnetic field orthogonal to the waveguide plane

A bar magnet was attached to the back of the waveguide to try to induce mode mixing. The
magnet generates a magnetic field orthogonal to the plane of the waveguide at the center of the
magnet. Figure 6.7 (A) contains four polarized spectra, X(YY)Z, X(YX)Z, (XZY)Z, and X(ZX)Z
of the CH stretching region of the poled nanocomposite MNP waveguide with an applied magnetic
field (red line) and without the applied field (black line). These Raman spectra showed that an
applied magnetic field does not result in mode conversion. However, these spectra are the average
of all Raman signals over a propagation distance. To better examine whether changes have
occurred during propagation, distance resolved Raman measurements (along the x-axis) were
obtained for the X(YY)Z polarization, which offers the best signal-to-noise ratio, and focus on the

CH stretching region.

The CCD was set in “camera” mode to gather Raman spectra from the waveguide streak
with spatial resolution along the propagation x-axis, beginning at the coupling prism edge and
evolving away from it. This strategy allows one to “watch” and map polarization mode conversion,
should it occur along the path of the streak, beginning at the coupling edge. Accordingly, the
detector pixel matrix was binned to achieve spatial resolution along the direction of the
propagating guided wave. We gathered 10 spectra starting from the source (prism edge position 1)
to the terminus (position 10). Figure 6.7 (B) shows the distance (spatially) resolved Raman spectra
in the CH stretching region for the totally polarized X(YY)Z orientation of the nanocomposite
MNP waveguide. In spectrum b), a magnetic field was then applied orthogonal to the plane of the
waveguide. This setup differs from the conventional Faraday configuration, where the magnetic
field is applied in the x (longitudinal) direction. Close examination of the spectra reveals small

differences. Comparing positions 1 and 2 in Figure 6.7 (B-a) and (B-c), we can observe a shift in
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the initial intensity of the propagation streak after the magnet is applied. Although both distance-
resolved spectra show that propagation intensity quickly diminished, likely due to the attenuation
of the MNPs, the spectrum with an applied magnetic field has slightly increased intensity

compared to the spectrum without an applied magnetic field.

Figure 6.7 (C) is similar to Figure 6.7 (B), but for the distance (spatially) resolved Raman
spectra in the X(Y'Y)Z CH stretching region for the waveguide without MNPs. In the presence of
the applied field, the number of counts drops from a maximum of ~2800 (no applied magnetic
field) to less than 1750 counts when the magnetic field is applied. This might suggest that intensity
for the fully polarized mode peaking at vy (CH2) 2925 cm™ is “partially siphoned off” to the
X(ZY)Z, perhaps representing some manifestation of mode conversion. As interesting as the
finding is, we cannot at this stage rule out random errors, including in-plane and out-of-plane

scattering by MNP aggregates, that might lead to a false reading for mode conversion.

There are two reasons why we might not see evidence of TE-TM mode conversion when
focusing on the X(YY)Z polarization combination. In the first case, the v,5 (CH2) 2925 cm™ mode
overwhelms all other modes in intensity. Small changes in the intensity of this mode (parasitic
losses to TM polarization) might go unnoticed. To remedy this problem, distance resolved Raman
measurements should also be performed in the X(ZY)Z polarization. X(ZY)Z polarization is TM
in origin and has demonstrated mode changes as the electric field vector rotates from TE to TM

orientation via laser polarization poling.

Secondly, it is unlikely that there is a persistent (remanent) magnetic field in the
nanocomposite waveguide. The total magnetic spin vector of the individual superparamagnetic
nanoparticles can fluctuate through 2z radians because the barrier to spin rotation/randomization

(Neéel transition) is well below the mean thermal energy of the waveguide. This means there is not

222



likely to be any permanent (remnant) magnetic field inside the waveguide. Moreover, we would
not expect a particular alignment of any residual magnetism since the nanoparticles were not
oriented in a magnetic field during the curing of the waveguide (see future work below). At this
point in time, we do not know if the nanoparticles have spontaneously aligned themselves in chains
or other types of aggregates. If kinetically trapped in the glass, it is possible that some aggregates

might manifest a persistent magnetism (remnant magnetism), much as occurs in magnetotactic
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Figure 6.7 (A) The red line shows the four polarized spectra of the C-H stretching region of the

MNP incorporated, uncured and TE+TM poled, sol-gel derived waveguide with an applied
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magnetic field orthogonal to the waveguide plane. The red spectra are overlaid onto the polarized

spectra of the same poled MNP waveguide without an applied magnetic field (black line).
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Figure 6.7 (B) Distance resolved Raman measurements (along the x-axis) of X(YY)Z
focusing on the CH stretching region of the sol-gel derived waveguide, poled, with
incorporated MNPs. No external magnetic field was applied for spectra (B-a) and (B-b). An

external magnetic field was applied by inserting a bar magnet for spectra (B-c) and (B-d).

224



3500
3000 |

2500

n
o
o
o

Intensity
@
o
o

1000

Sol-gel; no MNPs
no magnetic field

!‘
A
|

b
’ x

2 OONOOGOPAWN =

j 0

2800

b)

3000
Wavenumber (cm”-1)

3200

No applied
magnetic
field

3000
Wavenumber (cm*-1)

c)

2000

1500

Intensity

500

0

Intensity

1000

2800

d)

Sol-gel; no MNPs

magnetic field applied

g
S OoO~NOODWN =

3000
Wavenumber (cm”*-1)

3200

Magnetic 1500
field
applied 1000

3000
Wavenumber (cm*-1)

Figure 6.7 (C) Distance resolved Raman measurements (along the x-axis) of X(YY)Z focusing

on the CH stretching region of the sol-gel derived waveguide, poled, without incorporated

MNPs. No external magnetic field was applied for spectra (C-a) and (C-b). An external magnetic

field was applied by inserting a bar magnet for spectra (C-c) and (C-d).
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6.3.5 Recommendations for future experiments

Here we suggest how to formulate new experiments that might clarify the possibility of

mode-changing phenomena under the influence of an external magnetic field. The current

limitations are:

The magnetic field was applied by inserting a bar magnet directly adjacent to the
waveguide holder, which was magnetically susceptible. The motion of inserting this
magnet, as well as the attractive force imposed by the magnet, can induce small changes
to the coupling of the waveguide, which could directly affect light propagation.

The MNPs employed in this experiment were capped with APTES ligands. Although
APTES ligands allowed MNPs to disperse in the sol-gel medium, the dispersion was
ununiform, and aggregation was observed. Although MNPs are optically limiting as per
their light attenuation property, reducing the aggregation of MNPs may help with
lessening the light attenuation and provide a longer optical path for the propagating light.
The possible mode change phenomenon due to an applied magnetic field can be minute
in nature. Replacing the ligand can decrease light attenuation and increase the length of
the propagating streak, and this can lead to better resolutions for polarized Raman spectra.
In addition, replacing the ligand may allow for incorporating a higher concentration of
MNPs. A high MNP concentration can also increase any possible magnetically-assisted
effects.

Mode conversion in a waveguide occurs when there is coupling between pairs of off-
diagonal dielectric tensor elements (mode degeneracy) present simultaneously for both
the TE and TM modes. Parameters such as the refractive index, the thickness of the

waveguide film, and the chosen coupling angle (propagation constant) determine the
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modes that are allowed in a waveguide, therefore also affecting mode degeneracy. The
film thickness need to be accurately determined to achieve optimal waveguide design and
quality control.

A possible magnetically induced mode-changing event can be subtle. As a result, it may
be the best to induce such as phenomenon using a waveguide containing no previously
induced anisotropy. The reason is that preexisting anisotropies, such as those caused by
laser poling, would also produce mode changes that may interfere with the potential
magnetically-induced mode-changing effects.

Spatially-resolved Raman spectroscopy should be performed with other polarizations as
well as X(YY)Z. The dominant v, (CH2) mode at 2925 cm™ in X(YY)Z could mask the
TE-to-TM conversion as TM polarizations result in lower intensity modes. The obscuring
effect can be magnified when accompanied by the light attenuation effect by the

incorporated MNPs, as both would lead to reducing mode intensities.

6.4 Conclusion and Future work

In this chapter, we confirmed the ability of polarized Raman spectroscopy to detect changes

in light propagation mode. Our data from previous experiments showed that the uncured, unpoled

sol-gel derived waveguide produced two distinct sets of polarized Raman spectral patterns, one for

X(YY)Z polarization, another shared by X(YX)Z, X(ZX)Z, and X(ZY)Z polarizations. The two

sets of polarized Raman spectral patterns are the signature of an isotropic waveguide. In this

experiment, waveguide anisotropy was first induced by subjecting the waveguide to TE+TM laser

poling. The poling led to thermally activated crosslinking of acrylate moieties in the glass, which
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raised the local refractive index. This laser-induced anisotropy resulted in mode changes detectable
by polarized Raman spectroscopy. Instead of producing two sets of spectral patterns typical of an
isotropic medium, three distinct sets of spectral patterns are produced for the poled waveguide:

one for X(YY)Z, one for X(ZY)Z, and one shared by X(YX)Z and X(ZX)Z.

In the next step, APTES-ligand-coated MNPs were incorporated into the uncured, laser-
poled sol-gel waveguide. It was found that the incorporation of MNPs into waveguides indeed
changed the propagation profile of guided waves. The presence of MNPs greatly attenuated light
propagation due to absorption and scattering. In addition, the incorporation of MNPs seemingly
disrupted the alignment of polymers inside the waveguide medium. The resulting polarized Raman
spectra showed similar peak shapes as the spectra for waveguide without incorporated MNPs, with
exceptions for some Raman modes, such as the v¢(CHz3) and v¢(=CH>) modes for X(ZY)Z, and the

Vas(CH2), v,s(CHz3), and v,5(=CH2) modes for X(YX)Z and X(ZX)Z.

This chapter further explored the potential of inducing mode-changing behaviors by
applying an external magnetic field to light propagating in an MNP-incorporated, TE+TM poled,
sol-gel derived waveguide. The regular polarized Raman spectra, which averaged all signals across
the span of light propagation, showed no difference in spectral patterns before and after applying
an external magnetic field for all four polarizations. The distance-resolved Raman spectrum for
X(YY)Z also produced similar spectral patterns before and after an applied magnetic field. Still,
some fluctuations in the spectra may indicate underlying mode-changing activities. Limitations
such as the physical placement of the magnet bar, light attenuation due to partly aggregated MNPs
in the waveguide, interference due to preexisting anisotropy in the waveguide, and lack of data

from other polarizations for distance-resolved polarized Raman, may have prevented us from
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clarifying the possible magnetically-induced mode change phenomenon. Whether an applied

magnetic field can induce mode changes in light propagation remains inconclusive.

For future experiments, the experimental apparatus should be redesigned in a way such that
the magnetic field can be applied from an external structure to minimize its interference with
waveguide coupling. The MNPs and their surface ligand can also be redesigned. Optimal materials
for the MNPs should be highly magnetic to reduce the MNP concentration in the waveguide, while
optimal ligands for the MNPs should opt to achieve uniform particle dispersion inside the
waveguide medium. Accurately determining the film thickness helps to optimize the sol-gel
waveguide design. In addition, the experiment on magnetically induced mode changing
phenomenon should be performed on uncured, un-poled waveguides to minimize interference
from preexisting anisotropies. The distance resolved polarized Raman spectra of different

polarizations should be obtained to provide verifications to possible TE-TM conversions.
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Chapter 7

Summary of findings and suggestions for future research

7.1 Summary of chapters

The research undertaken in this thesis explores interfaces of magnetic and plasmonic
particles at the nanoscale. Part one of this thesis, Chapter 2, details physical and chemical changes
to magnetic iron particles in two classes of “smart” magnetorheological fluids (MRFs) formulated
from iron microparticles and hosted in different carrier fluids for use in a prototype avionic rotary
clutch. Hydrocarbon and fluorocarbon fluids containing carbonyl iron microparticles were aligned
in a magnetic field and subjected to shear forces under various operating conditions. Oxidation
under shear was postulated to be an important feature of MRF failure in the clutch over time. We
carried out a detailed analysis of the Fe(0) microparticle surfaces with TEM, SEM, surface XPS,
and XPS depth profiling. Our studies revealed some key outcomes of frictional shear force
interactions at the interface between the iron particles and the carrier fluids that contribute to
degradation. In hydrocarbon MRFs, we detected iron oxide surface layers encapsulating the core
Fe(0) microparticles. FeF. appeared as the predominant species at the surface of Fe(0)
microparticles aged in perfluoro-polyethers. In both carrier fluids, surface coarsening was
observed, together with evidence that collisions among iron particles under shear change the
surface topography to produce nanoparticles through cracking and erosion of the surface layers.
Accompanying these chemical changes at the surface iron particles, outgassing was observed

during the shearing operation of the clutch. Magnetization measurements appear to be rather
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insensitive to changes in the magnetic properties of the fluids, but oxidation at the nanoscale, and
the physical consequences of microparticle wear, provide more sensitive insight and important
evidence that nanoscale transformations are important components of MRF aging. Knowledge of
the physical-chemical processes leading to oxidation at microparticle nanoscale surfaces can be
used to design and improve the formulation of smart fluids beyond avionics and into the realms of

automotive, medical prosthetics, robotics and body armor.

In part two of this thesis, in Chapter 3, we investigate the fabrication of cryogel porous
scaffolds by unidirectional freezing of carboxylated cellulose nanocrystal (CNC) and magnetic
iron oxide nanoparticle-grafted CNC (MNP-CNC). In some cases, we supplemented the
hydrodynamic unidirectional flow field with a static magnetic field. Host factors influence the pore
morphology of the cryogel scaffolds. These factors include the presence/absence of MNPs,
freezing temperature, freezing mode, and an applied static magnetic field during freezing. Freezing
temperatures caused the most notable changes to the macroscopic morphology of the scaffolds:
high freezing temperatures resulted in large, unoriented pores, whereas low freezing temperatures
resulted in lamellar, oriented pores. The combination of high-temperature cryogelation and low-
temperature freezing produced intermediate scale elongated pore morphologies. Incorporation of
MNPs affected freezing by reducing the extent of freezing at high freezing temperatures, possibly
through destabilizing the hydrogen bonds in water. To study the nanoscopic structures and water
sorption properties of the cryogel scaffolds, small-angle x-ray scattering (SAXS) and dynamic
water sorption (DVS) were employed. Fitting of the SAXS data revealed that grafting of MNPs
onto the CNC crystals led to a more compact arrangement of CNC polymer chain nanofibers which

assemble to enhance the densification of the individual nanocrystals. DVS data indicated that this
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densification correlates with lower BET surface area and lower water sorption in the resulting

cryogel scaffolds.

The third part of this thesis introduces a nanoscale sensing technique that combines the
rudiments of integrated optics with guided wave polarized Raman spectroscopy. Chapter 4
describes the integrated optics guided wave Raman spectrometer that was constructed for
experiments detailed in Chapters 5 and 6. The setup allows quantitative mode selected polarized
Raman spectroscopy in thin films and at interfaces. The selection of transverse magnetic (TM) or
transverse electric (TE) waves allows one to interrogate components of the Raman polarizability
tensor to reveal detailed information about chemical species in confined regions below the
diffraction limit of conventional lens configurations and classic free-space Raman scattering
geometries. Mode selection permits the experimentalist to excite discrete eigenmodes of the
waveguide and thus to control the location of the field intensity. The use of the waveguide
construct in combination with a CDD detector permits acquisition of spatially resolved Raman
spectra without the need for moving parts like optical scanners or piezoelectric driven near field
scanning probe optical fiber tips. We introduce the notion of an Optical Chemical Bench. The OCB
is a slab waveguide circuit element that can be systematically modified to build up hierarchies of
nanoscale matter. The OCB is therefore co-opted as a passive waveguide autoscopic element that
reveals information about chemical and physical interactions within itself. In the simplest version
of the OCB, we use thick film waveguides as multi-mode substrates for evanescent field Raman

scattering.

In Chapter 5, we use polarized evanescent waves to excite surface-enhanced Raman
Scattering (SERS) on a waveguide decorated with plasmonic gold-silver bimetallic nanoparticles

(AuAg NPs). In effect, we make a nanoplasmonic waveguide, but one in which the guided wave
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can propagate over larger distances than classical metal overlayer configurations like those used
in the Kretschmann configurations. We show how our nanoplasmonic waveguide SERS setup can
detect orientations of molecules binding to the AuAg NPs SER substrate. Our plasmonic SERS
waveguide resembles a passive photonic device called a mode stripper. Accordingly, we
investigate how the different boundary conditions associated with exciting plasmons with TE
versus TM polarizations affect the SER spectra and provide at least qualitative evidence for
molecular orientation at or near the nanoparticles. In our system, the TM mode was selectively
attenuated and exhibited greater transmission losses. The lossy TM mode showed lower electric
field intensity on the SER substrate, as demonstrated by FDTD simulations, and faster-diminishing
SER signals compared to that of the TE mode. In view of research activity in the domain of
magneto-nanoplasmonics, we provide the first evidence of ligand interactions that can be viewed
as paradigms for ligand-mediated soft-soft transactions between nanoplasmonic particles and

magnetic nanoparticles.

In Chapter 6 we describe a thin film OCB derived from a photo/thermal crosslinkable
organic-inorganic sol-gel glass. The purpose of this study was first to establish that an anisotropy
in the refractive index of the glass can be thermally written by the optical field of a laser
propagating within the slab waveguide. The propagating wave causes thermal crosslinking of the
glass and in effect, inscribes a waveguide-within-a-waveguide. In other words, one uses the guided
wave to “write” a waveguide whose optical properties are differentiated from the host glass in both
space and refractive index. The method was used to confirm that certain combinations of TE/TM
polarization allow one to create an anisotropic refractive index. This anisotropy was shown to lead
to polarization mode conversion, i.e., to changing TM polarization to TE. In this case, polarized

light was coupled into sol-gel-derived waveguides, while the polarization of the scattered light was
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also isolated using a polarization analyzer. Combining the polarization of the incoming and
outgoing light we extract precise orientational information about the differential polarizability of
molecules inside the waveguide. Our optical readout of mode conversion is a change in the C-H
vibrational modes of the organic component of the host glass self-written waveguide. Returning
to the theme of magnetism and magnetic nanoparticles, we formulated a magnetic nanoparticle
composite waveguide. We then “wrote” a waveguie-within-a-waveguide with a polarized guided
wave. The idea was to determine if we might stimulate mode conversion in a non-Faraday effect
gyrotropic waveguide with a long term view to making a passive non-reciprocal optical device.
The experiments are inclonclusive, pointing out the need for new theory to understand wave

propagation in lossy (absorbing) waveguides comprising gyrotropic media.

7.2 Contributions to original knowledge

1. The x-ray photoelectron spectroscopy (XPS) depth profiling of surface and sub-surface
elements and their oxidation states for pristine and expired MRF particles is the first
quantitative study to provide this type of knowledge on a degradation process relevant to
smart magnetorheological fluids in shear operation. By combining XPS, SEM, and TEM,
we identified key species that contribute to the degradation of MRFs. These include
oxidation of Fe(0) particles, interfacial reactions between iron microparticles and the
carrier fluid vehicles, nanoscale surface coarsening, and mixing of oxidation product
species at the surface of iron particles due to shear-induced collisions.

2. For the first time, carboxylated cellulose nanocrystal (CNC) and magnetic particle-grafted

cellulose nanocrystal (MNP-CNC) cryogel scaffolds were fabricated using a combination
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of unidirectional high-temperature freezing in the presence and absence of a static magnetic
field. This method is shown to tune pore morphologies of the resulting cryogel scaffolds.
Small-angle x-ray scattering (SAXS) and dynamic water sorption (DVS) were combined
to reveal that the water sorption properties of CNC-based cryogel scaffolds correlate with
the tightness of fiber-bundling inside a cellulose nanocrystal. According to the analysis of
SAXS data using the Debye-Anderson-Brumberger (DAB) model, scaffolds made with
MNP-CNC have smaller correlation lengths inside their crystals. This indicates that the
MNP-CNC samples have more compact cellulose fibers within the CNC crystals. Such
compactness correlates with reduced water sorption.

. The capacity to propagate both TE and TM polarized guided waves for evanescent wave
surface-enhanced Raman spectroscopy (SERS) was demonstrated experimentally for the
first time. We introduce a nanoplasmonic waveguide construct called the Optical Chemical
bench that allows one to build up hierarchies of nanoscale matter to probe vibrational
properties and chemical interactions across the macroscale-nanoscale interface. We
showed that the capacity to excite both TE and TM polarization states allows one to
attribute the molecular orientation of small molecules on the surface of plasmonic core-
shell AuAg nanoparticles on the surface of the waveguide. Finite-difference time-domain
(FDTD) calculations shed light on the electric field interactions among bimetallic AuAg
nanoparticles that contribute to SERS enhancements.

. We introduce the first experiments that offer insight into inter-ligand soft-soft interactions
at magnetic nanoparticle-nanoplasmonic particle interfaces. These constructs are relevant
to the emerging area of magneto-nanoplasmonics, where it is very difficult to probe

magneto-nanoplasmonic interfaces. We established how polarization mode dependent-
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evanescent wave surface-enhanced Raman scattering could detect the ligand couplings
between plasmonic and magnetic nanoscale particles in waveguide heterostructures.

. We apply the method of optical wave self-inscription to write optical anisotropy in a
photo/thermal responsive hybrid organic-inorganic glass waveguide. The method allows
us to create a spatially resolved waveguide-within-a-waveguide. We establish how TE/TM
polarization mode conversion can be a “readout” of the optical device by studying changes
in the C-H stretching region of the photo-inscribed waveguide. These experiments are
fundamental to the next stage of research, where we introduce for the first time, a method
to make self-written magnetite nanoparticle waveguide gyrotropic composite media.
Attempts to detect non-Faraday effect conversion were inconclusive, pointing in part to the

need for new theories to examine the case of wave propagation in lossy gyrotropic media.

7.3 Future directions

This thesis lays the groundwork for taking interfacial studies further. This section outlines

some directions for future research for each of the chemical systems involving iron oxides explored

in this thesis.

7.3.1 Conduct targeted studies into factors that affect particle-fluid interfacial chemistry in

magnetorheological fluids (MRF) systems

Chapter 2 explored the interfacial chemistry between carbonyl iron microparticles and

commercial hydrocarbon and fluorocarbon carrier fluids. Carbonyl iron microparticles have been

the standard magnetic component in most MRF applications, and they were the only magnetic
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particles used in our MRF-related studies. We suggest expanding the repertoire of magnetic
particles to include other magnetic elements and their oxides, magnetic alloys, and magnetic core-
shell particles. Some examples include nickel, cobalt, and some types of manganese oxides, such

as Mn30a.

The carrier fluids studied in this thesis were all commercially available fluids with largely
undisclosed chemical compositions. The lack of knowledge in fluid composition significantly
limited our ability to understand the evolution of chemical species in the degradation process. We
propose to conduct controlled studies using carrier fluids with known chemical compositions. We
may also diversify the type of applied stressors that contribute to the aging of the MRFs, such as

studying the effects of temperature and mechanical compression, in addition to shear.

7.3.2 Effects of composition designs and fabrication techniques on the physiochemical properties

of CNC-based composites

Despite its biocompatibility, biodegradability, and renewability, CNC alone may not offer
the full range of chemical and mechanical properties required for different applications. One
strategy is to alter the physicochemical properties of CNC by blending CNC with other natural or
synthetic polymers to create nanocomposites.® Attractive physicochemical properties can also be
added to CNC or CNC-based composites by incorporating inorganic nanoparticles, such as gold,
silver, or iron oxides. Pertaining to cryogel scaffolds, changing the composition of the initial
polymer gel may lead to different freezing processes. Different conditions for cryogel fabrication,
such as precisely controlled freezing time, freezing temperature, and freezing rate, may produce

different morphologies in the resulting scaffolds. Fabrication of the CNC and MNP-CNC cryogel
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scaffolds studied in this thesis are but two examples of a vast plethora of CNC-based composites.
Despite the rising interest in creating various CNC composites, however, studies examining their
nanoscopic and interfacial chemical properties are not abundant. For future studies, we propose to
design CNC-based composites targeting specific applications. The potential of examining the
morphologies and interfacial chemistry for different CNC-based composites using techniques

explored in this thesis is very exciting.

7.3.3 Improving the optical chemical bench (OCB) for nanoparticles detection

The optical chemical bench (OCB) combining polarized light and evanescent wave
surface-enhanced Raman (SER) allows one to distinguish molecular orientations depending on the
SER response of the molecules towards TE and TM polarized light. Comparing the SER spectra
induced by TE and TM modes also showed a new way to explore the binding of nanoparticles on
SERS-active substrates via surface functional groups. In the future, experiments can be performed
to improve OCB’s detection of nanoparticles. One suggestion would be to redesign the linkage
between the SER-active substrates and the magnetic particles using DNA linkages or DNA
templated-click chemistry. DNA has been shown to bind with nanoparticles to produce origami
composites with precise structures.? In addition, past research has shown that polarized Raman
spectroscopy can be used to detect the orientations of DNA oligonucleotide single crystals and
oriented nucleic acid fibers.® There is an enormous capacity to advance the OCB construct into
other areas of chemical sensing for the purpose of acquiring knowledge of chemical interactions
at thin films and interfaces. For example, one might study hyper-Rayleigh scattering from
quadrupolar molecules like crystal violet absorbed on gold nanoparticle arrays on the OCB. There

is a need to develop systematic methods that allow one to create well-defined periodic arrays of
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plasmonic nanoparticles on the OCB. The physics literature offers abundant approaches based on
nanolithography, and there is ample opportunity to recruit the methods of self-assembly in this

service.

7.3.4 Optical anisotropy induced by magnetic particles and/or applied magnetic field

There is a need for new theories in the area of wave propagation in lossy gyrotropic
waveguides. This would assist the design of waveguides in examining the potential for new non-
reciprocal devices and their application not only in photonics but also in fields of study where
magnetic forces are at play over nanometer length scales. We demonstrated in this thesis that
photoinduced anisotropy in photo/thermally sensitive sol-gel derived waveguides can be detected
using polarized Raman spectroscopy. The purpose was to calibrate mode conversion that would
assist the detection of polarization mode conversion in spatially localized self-inscribed magnetic
nanoparticle composite waveguides. The use of longer wavelength NIR lasers like a solid-state
1054 nm laser coupled with a NIR detector would likely reduce optical loss in the self-written
waveguide. Alternatively, coupling scattered light into a NIR FT-Raman spectrometer might be of
use. Studies should begin with self-written “isotropic” waveguides so that polarization mode
conversion might be more easily detected and distinguished from the anisotropic case. Although
results were obtained in the current experiment, we encourage the design of new experiments that
address the problems we identified in Chapter 6. Improvements in sample preparation for
gyrotropic medium waveguides are recommended. MNPs be made from high magnetic saturation
materials and capped with suitable ligands that allow for uniform dispersion inside the sol-gel.
Redesigning the ways of creating uniform magnetic fields (Helmholtz coils, for example) is

recommended for these studies. Lithographic techniques can be used to make magnetic strips over
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layers with an isolating buffer layer to control the transverse magnetic field in the vicinity of the
waveguide. In this way, one might “watch mode conversion as it occurs in an active waveguide
configuration. Other waveguide multilayer architectures can be constructed based on designs

extant in the photonics literature.
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