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DISSERTATION ABSTRACT
Ashley N. Mapile
Doctor of Philosophy in Chemistry

Title: Unique Mechanisms of Colloidal Stability Probed by Surface-Specific Vibrational
Spectroscopy

The stability of nanoparticles suspended in a solution, known as colloids, is crucial for their
application in drug delivery systems, the solution processibility required for drop-casting films,
and the long-term storage or transport of sensitive chemical materials. While current mechanisms
for colloidal stability include implicit models of solvation — namely Derjaguin-Landau-Verwey-
Overbeek (DLVO) and Flory-Huggins theories — these classical approaches neglect the role of
specific solvent-surface interactions. Analyzing these surface-specific interactions in colloidal
stability becomes increasingly relevant for nanosized particles, which have a highly accessible
surface area compared to their bulk counterparts.

This dissertation seeks to understand unconventional mechanisms of colloidal stability that
are not explained by traditional theories alone, with oil-in-water emulsions and nanoparticles of
metal-organic frameworks (nanoMOFs) as model materials. Leveraging the surface-specific
spectroscopic technique, vibrational sum frequency scattering spectroscopy (VSFSS), this work
provides a molecular-level understanding of the specific surface interactions that contribute to
colloidal stability. In particular, emulsions can be stabilized by a steric layer of polymer alone,
with colloidal behavior tunable by pH, electrolyte concentration, molecular weight, and
temperature. These sterically-stabilized emulsions find applications in drug delivery systems that
must withstand extreme physiological conditions. For bare nanoMOFs, an ordered solvation shell
and solvent-metal surface binding contribute to unforeseen long-term stability in common
solvents. Additionally, nanoMOFs coated with a polymeric binding agent — similar to those used
in the paint industry — yield ultra-strong mixed-matrix membranes for gas separation technologies.
Ultimately, this work bridges molecular interfacial chemistry with material properties,
emphasizing the importance of understanding mechanisms of colloidal stability.

This dissertation includes previously published co-authored material.
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CHAPTER I: INTRODUCTION
This introduction provides a background on the traditional theories used to describe solvation and
stability of common colloids (nanoparticles, polymers, and proteins) whose mechanistic details are
important for application to our nano-sized emulsions and MOFs. Next, this introduction specifies
the unique characteristics of the systems studied here — namely the kinetic stability of emulsions
and the porosity of nanoMOFs — and presents avenues for measuring colloidal behavior.

The introduction contains material published in Chemistry of Materials as a Perspective
written with co-authors Erik Svensson Grape and Carl K. Brozek in 2024. Chapter Il provides a
technical background on vibrational sum frequency scattering spectroscopy (VSFSS) and details
the experimental setup used in this work. Chapters Il and 1V describe two research projects that
study the role of steric bulk from a polymer layers as a mechanism for stability of hexadecane
emulsions. The role of pH- and salt-sensitivity is introduced in Chapter 111 and molecular weight
dependence is probed in Chapter IV. Chapter Il was published in Colloids and Surfaces A:
Physiochemical and Engineering Aspects in 2024 and Chapter 1V is currently submitted to Soft
Matter, with both manuscripts supervised and written with Lawrence F. Scatena. Chapter V was
published in ACS Nano in 2024 in collaboration with Michael A. Leroy, Kevin Fabrizio, Lawrence
F. Scatena, and Carl K. Brozek and introduces VSFSS as an emerging technique to measure the
surface of bare, colloidally stable MOF nanoparticles. Chapter VI contains unpublished work in
preparation for submission co-authored with Michael A. Leroy, Audrey M. Davenport, Lawrence
F. Scatena, and Carl K. Brozek that combines the two main aspects of this dissertation, nanoMOF
particles and polymer coatings, where the surface structure of carbonyl polymers at very low
concentrations is measured and proposed as a solution to homogenously disperse nanoMOF
particles in a polymeric membrane. Finally, Chapter V11 details unpublished work in collaboration
with Adam P. Mather and Carl K. Brozek that connect the fundamentals of colloidal stability
discovered in this work, namely solvation shells, to the relevant parameter of critical aggregation
concentration of both porous and non-porous inorganic colloids. Chapter VI will conclude this
dissertation with remarks on the exciting and broad future of VSFSS for studying buried, colloidal

surfaces.
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I.LA. SOLVATION AT NON-POROUS INTERFACES

I.A.1. Colloidal Stability and Solvation
In the 1940s, two teams of researchers independently studied the forces contributing to particle
colloidal stability. Boris Derjaguin and Lev Landau in the Soviet Union presented their theory of
colloidal stability that invoked short-range van der Waals attractions between particles overcome
by electrostatic surface repulsions.! While the electrical double layer had previously been
introduced by Hermann von Helmholtz (1853),2 Louis Georges Gouy (1910),® David Leonard
Chapman (1913),* and Otto Stern (1924),° Derjaguin and Landau pioneered the notion of
electrostatic potentials at curved interfaces where the surface electric field decays as a function of
the particle radius. Meanwhile, in the Netherlands, Evert Verwey and Theodoor (Jan) Overbeek
developed the now-ubiquitous potential energy curves of two interacting spherical particles as a
function of interparticle distance and electrolyte concentration.®’ Ultimately, a model of the forces
governing nanoparticle stability in solution was named DLVO theory for the four authors

involved.2 DLVO theory has been thoroughly derived to describe the colloidal stability of hard-

9,10 11,12

shell nanoparticles in a variety of electrolyte concentrations,”™ surface charge composition,

solvent environments,® and many other scenarios.’*'® DLVO theory can be summarized by Eq.
I:

WD) = Wyagw + Weiec (D
where W(D) represents the interaction energy between neighboring particles, Wyaw 1s the attractive
energy due to van der Waals interactions and Welec 1s the repulsive electrostatic energy (Figure

I.1A). The entropy and steric pressures of the system have been incorporated into extended DLVO
theory (XDLVO)!*? as described by Eq. 2:

W(D) = Wvdw + Welec + Wosmotic + Wentropic (2)

where the addition of the Wosmotic term accounts for the repulsive energy caused by neighboring
nanoparticles with an increased overlap region (typically due to increased surface sterics), while
the Wentropic term accounts for the attractive energy arising from an increase in solvent entropy

upon particle coalescence. This entropy-driven aggregation is often termed the hydrophobic effect.

Although developed as a general model, DLVO theory applies best to “hard” colloidal
systems, such as colloidal quantum dots, core-shell metallic nanoparticles, or metal oxides with
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well-defined boundaries between the nanoscale object and the suspending solution. Whereas hard-
shelled colloids maintain their rigidity in solution, “soft-shelled” particles stretch and adapt to
nearby fluid interfaces (Figure 1.1B).?"2* Hard-shell particles are convenient systems to study as
short-range van der Waals interactions decay exponentially as a function of distance from the
particle without the need to consider interfacial charge-screening. On the other hand, soft-shell
particles, such as oil droplets, metal nanoparticles coated with a polymer layer, proteins clusters,
and even living cells,® present complications to DLVO theory as solvent intercalation, ion

6

adsorption,?® spontaneously ordered solvation shells , and surface roughness,’® together

comprising so-called “non-DLVO forces”. Experimental attempts to bridge these two types of

21,27 -

systems, such as core-shell colloids with soft exteriors and hard interiors, impart improved

thermodynamic stability and, in some cases, unique optical behavior.?®?° Theoretical models of
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Figure 1. 1 A) Typical DLVO graph showing the interaction energy as a sum of electrostatic
repulsion and attractive van der Waals interactions. B) Illustration of the soft-to-hard range of
nanoscale materials ranging from polymers/proteins to hard spheres, such as metal oxide
nanoparticles. C) The lattice model of polymer solvation as described by Flory-Huggins
theory. D) Illustration and ion examples in relation to the Hofmeister series of solvation.
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such systems account only for the hard-soft interface, while neglecting the possibility of low

density and heterogeneous surfaces and their associated energetics.

According to the [TUPAC definition, a colloid involves a “molecule or polymolecular
particle dispersed in a medium” with “at least in one direction a dimension roughly between 1 nm
and 1 um”.3® Examples of colloids include a solid in a gas (smoke), a liquid in a gas (aerosol), or
a liquid in a liquid (emulsion), in addition to many other dispersion types that do not require solvent
as a medium. Understanding the stability of heterogeneous mixtures in solution is critical to their
implementation in displays, coatings, or membranes, but the clear phase boundary creates
significant challenges because of the difficulty in studying the chemistry that emerges at the
colloidal interface. The process of dissolution, by contrast, involves the formation of a single,
homogeneous phase.3! Unlike solutions, the heterogeneity of colloidal dispersions creates
thermodynamic instability resulting in their eventual phase separation. Suspended particles can be
filtered out or mechanically separated, whereas separating dissolved particles requires additional
chemical transformations.®?% In the following sections, we provide a brief overview of the
chemistry underlying the colloidal stability of non-porous inorganic nanoparticles with and

without functionalized surfaces, and how it critically involves solvent.

I.A.2. Capped Colloidal Nanoparticles
Nearly all non-porous inorganic nanoparticles require surface functionalization for long-term
stability. The strong van der Waals attractions between bare metallic surfaces results in nearly
instantaneous aggregation and sedimentation. Semiconductor nanocrystals, specifically quantum
dots, the topic of the Nobel Prize in Chemistry in 2023,3**® represent another key example of
nanoparticles that find utility only by surface functionalization. Attaching surfactant ligands to

prevent Ostwald ripening®®%

allows semiconductor nanoparticles to remain stable at precise sizes
that dictate their tunable optical properties.®**° Functionalizing quantum dots with either an

inorganic shell also diversifies the available solvents for dispersion.*!*? Most notably, the addition

44,45 46,47

of water-soluble ligands, such as citrates,*® polymers,***® or other small molecules*®*" allows for
the use of metallic nanoparticles within cellular media. A wide variety of ligands have been studied
for their interaction with various solvent media.*®*° By contrast, nearly all porous colloidal

materials, as described below, require no surface functionalization for colloidal stability.
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Therefore, for context, we must understand the mechanism of colloidal stability for nanoparticles

prepared without capping agents.

I.A.3. Bare Nanoparticle Solvation
Few reports have documented bare nanoparticles exhibiting long-term colloidal stability. The
examples described below are restricted in their industrial applications due to highly defective
surfaces, the necessity of a stabilizing supporting material, and the need for post-synthetic cleaning
or filtration. For example, while it has been shown that metallic nanoparticles can be stabilized by
a partially oxidized surface,*® this chemical decomposition generates a heterogeneous and rough
surface with mixed valence sites.’®? An alternate approach that avoids surface oxidation was
achieved by synthesizing bare copper nanoparticles with an electron-donating gadolinium
support.>® Implementing nanoparticles in biological sensing applications cannot be achieved,
however, with a bulky and potentially toxic supporting material. Another approach involves
“sterilization” of bare gold nanoparticles by autoclave.>® Studies suggest that < 5-nm particles
assemble into larger 10-30 nm particles during this process. This size-focusing serves as a form of
filtration to achieve a narrow size dispersity, but size selection does not always ensure colloidal
stability.>® Because these few examples of bare nanoparticles are short-lived colloids, they are

often quickly drop-casted back to their solid state.>¢>°

In the few studies of bare metallic nanoparticles in solution without a stabilizing support,
the ionic structure of the supporting electrolyte and the resulting electrical double layer at the
surface has proven to be a key, but poorly understood feature contributing to colloidal stability.
Simulations suggest that facet-specific ion adsorption and an ordered primary solvation shell
promote gold nanoparticle stability in water.*269 Experimental studies also suggest water stability
of bare nanoparticles arises from ion adsorption dependent on electrolyte concentration and
following the so-called Hofmeister series for anions.>*®*%2 The colloidal stability of nanoparticles
in solvents without electrolyte, however, have only been studied as computational simulations of
bare particles® or through weakly ligated experimental systems where a portion of the surface
remains deliberately exposed.%® Thus, achieving a metal nanoparticle colloid stabilized by
solvation forces alone remains an open challenge and would open an avenue for tuning the opto-

electronic and electrochemical electrical properties of metallic nanoparticles in a wide variety of
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solutions. To understand the colloidal stability of bare nanomaterials, therefore, we instead turn to

the supramolecular solvation chemistry of polymers and proteins.

I.B. SOLVATION AT PSEUDO-POROUS INTERFACES

[.B.1. Polymer Solubility
At nearly the same time that Derjaguin, Landau, Verwey, and Overbeek developed their model of
colloidal stability, Paul Flory and Maurice Huggins independently considered how polymers could
dissolve despite distinct differences in molecular size from the surrounding solvent.®®®” While the

entropy of mixing a simple molecule in solution can be described by Gibbs energy of mixing:
AGmix = AHpix — TASpx (3)

where H is enthalpy, T is temperature, and S is entropy, this relationship only considers the gross

interaction between a molecule and its surroundings. It neglects synergistic behavior between

individual units within a chain, such as in a polymer (Figure I.1C). Flory and Huggins adapted

the Gibbs energy of mixing for polymers as:

AGix = RT(nyIng, + nylng, + nidrx12) (4)
which now considers the number of moles (n) and the volume fraction (¢) of the solvent
(component 1) and polymer (component 2). y;, is material-specific and describes the synergistic

interaction between the polymer and the solvent, allowing for specific descriptions of polymer

solubility.

We introduce the term “pseudo-porosity” to describe the solvation of polymers and related
systems. While polymers lack permanent porosity (the ability to maintain a rigid, porous structure
when suspended in solution), their solvation mechanism depends on the large solvent accessible
surface areas carved out by the wrapping of individual monomer units. In Flory-Huggins theory, a
polymer solution is modeled as a lattice of cells containing either polymer monomer units or a
solvent molecule. Based on this image, the individual mixing components of a monomer unit with
the polymer is well described by equation 4. However, realistic intermolecular forces from

70,71

hydrophobicity,® ionic screening,®® and other polymer or solvent-specific interactions’®"! integral

to solvation and polymer conformation are absent from eq. 4.
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In addition to the pseudo-porosity of conventional polymers, intrinsically porous polymers
and porous polymer membranes also exist. Typical examples of porous polymer membranes
include polycarbonate, polyester, or cellulose with pore diameters ranging from nanometers to 10s
of ums. The narrow, one-dimensional confinement of these pores within a membrane have led to
a versatile platform for studying solvent-controlled ion-transport under spatial confinement akin

7273 Chemical

to the ion-transport across cellular membranes and carbon nanotubes.
functionalization of these materials leads to specific ion effects, such as appended carbonate groups
showing preferential binding of metal cations.”* Polymers of intrinsic microporosity (PIMs), on
the other hand, contain voids of 2 nm or less.” Controlling the solubility of PIMs is critical for
creating robust films with consistent pore sizes.”® The commonly used PIM-1, however, dissolves
only in tetrahydrofuran (THF) and chloroform (CHCl3), leading to reduced solution processability
and restricting the incorporation of fillers or other composites. Recent work has introduced post-
synthetic modifications of PIMs to improve their solubility,”” with the key result that specific
solvent interactions with appended moieties improves solubility. In understanding the solvation of

porous materials discussed in Section 3, these reports of porous polymers offer the insight that

solution stability of nanoscale materials benefits from monomer units accessible to solvent.

I.B.2. Hydration of Proteins
Proteins comprise another class of macromolecules whose solvation depends on solvent interacting
with accessible building blocks, yet with the added compositional diversity of amino acid mixtures
and H-bonding networks. For proteins, solvation can be described as monomer-by-monomer
solubility or by secondary structure solvation via protein folding to bury hydrophobic moieties. As
aresult, proteins arrange into secondary structures, like helices or sheets, and fold into native states
to satisfy solvent interactions with their respective amino acid chains. Numerous studies have

879 with one notable

quantified surface interactions between proteins and water in solution,
computational investigation into the hydrogen bonding of a protein in water as a function of solvent
accessible surface area and protein conformation.®’ These authors report that the solvation free
energy of a protein decreases linearly as a function of the solvent accessible surface area of the
protein. This finding suggests that an increase in the surfaces available for solvation promote

stability in solution. As the basis of Flory-Huggins theory, leveraging enthalpically favorable
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solvent-material interactions is critical for solubility and stability. In a permanently porous
material, as explained below, the unparalleled solvent accessible surface areas provide increased

sites for solvation interactions via internal and external surfaces.

The unique folding ability of a protein allows it to adapt to an otherwise thermodynamically
unstable environment. In contrast, porous framework materials, such as metal-organic frameworks
(MOFs), cannot protect select components by geometrical reconfiguration. Protein folding or
unfolding can be induced by addition of ions that “salt-in” or “salt-out” the macromolecule of
interest (protein, polymer, nanoparticle, etc.) vis-a-vis the Hofmeister series (Figure 1.1D). Ion
specific effects in protein precipitation was introduced by Franz Hofmeister in the late 1880s to
describe how different salts impact the solubility of proteins despite possessing the same net
charges.818? Kosmotropes, or “structure-makers” are ions that interact more strongly with water
than with the protein themselves, causing the protein to remain in its native folded state and salt-
out of solution. Common examples of kosmotropes include citrate, sulfate, and phosphate anions
or magnesium, calcium, or lithium cations. On the other hand, chaotropes, or “structure-makers”
interact closely with individual protein units, promoting an unfolded, solubilized state of the
protein. Chaotropes include iodide, nitrate, and tetrafluoroborate anions or calcium, magnesium,
and aluminum cations. Polyoxometalates (POMs), for example, are super-chaotropes due to their
large, delocalized charge and low surface densities.%> While Hofmeister’s initial experiments
provide a basis for harnessing specific-ion effects, recent work has produced a more detailed
understanding of salts and their impact on colloidal stability and solubility, especially cooperative
contributions from ion pairs.3*8" Vibrational spectroscopy and molecular dynamic simulations
reveal that cations follow the Hofmeister series through strong backbone-salt interactions and
weaker interactions with negatively charged side chains.® Anions, however, despite following the
Hofmeister series at the backbone, exhibit a reversed trend on positively charged amino acid
residues. For this reason, the Hofmeister series for anions holds only when the backbone-salt
interactions outweigh the salt interactions with side chains. Tuning the colloidal stability of metal-
based nanoparticles requires understanding the specific-ion effect in solvents beyond water.8%% A
comprehensive study of the ion effects in non-aqueous solvents found that water is not unique in
its role in the Hofmeister series.®! In fact, aprotic solvents also show an ion specificity due to the

inherent molar volume and electrostriction of the ion, or the ability of the ion to slightly deform.
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These results confirm that a Hofmeister trend persists regardless of solvent identity, thereby

providing a basis for tailoring the colloidal stability of non-aqueous materials.

Specific ion effects are critical to the colloidal stability of bare nanoparticles. In one study,
gold nanoparticles without any organic ligands at the surface were stabilized by as little as 10 uM
of a chaotropic anion.®! The electrolyte solutions were added during nanoparticle synthesis,
thereby acting as a non-organic capping ligand. Additional electrolyte may destabilize colloids,
however. Reports indicate that increasing salt concentration to the mM regime often leads to
nanoparticle aggregation, as exhibited by metallic nanosheets titrated with potassium salts of
varying valency anions®® and other metal nanoparticles.®*** A likely causes is that with increased
salt concentrations electrolyte ions screen the effective charge density that normally prevents
aggregation. Nevertheless, tuning salt concentrations could serve as a promising strategy for

controlling the solvation of porous nanoparticles with bare surfaces.

|.C. SOLVATION OF OIL-IN-WATER EMULSIONS

I.C.1. Emulsion Kinetic Stability
Formulating stable emulsions and understanding the mechanism of oil droplet stability has far
reaching implications, from the development and enhancement of new cosmetic products, to the
efficacy of drug delivery systems and oil spill remediation technologies.®>°" Traditionally, oil
droplets with diameters of 20-200 nm are classified as nanoemulsions while larger droplets with
diameters of 200-1000 nm in diameter can be referred to as miniemulsions.® Regardless of the
size, surfactant-coated emulsions are useful laboratory analogues for modeling commercially-used
dispersants that reduce the surface tension of a large oil patch and enable the formation of stable,
small oil droplets that are continuously distributed by waves and eventually biodegraded by marine
microbes.®® However, these oil droplets require high energy mixing for formation and are
thermodynamically unstable leading to eventual phase separation given enough time.1%0-19 |n
practice, ultrasonication is necessary to input the energy required for the system to enter the
kinetically trapped state (Figure 1.2). The addition of surfactants, electrolyte, polymers, and/or
proteins can provide a protective layer that prevents particle coalescence over time. DLVO theory

explains that particle-particle repulsion in emulsions is commonly accounted for by balancing

23



dispersion

AG*

) mixing via ultrasonication
phase separation

(t

Figure 1. 2. lllustration of emulsion formation from a phase separated state to a dispersion via
ultrasonication. The dispersed emulsion is kinetically trapped and will eventually return to the
phase separate state.

attractive van der Waals interactions with repulsive electrostatic forces, such as those typically
achieved by an ionic surfactant. A zeta potential, or surface charge, of about + 30 mV is typically
necessary to a stabilize a colloid. Extended DLVO theory further accounts for steric effects with
the addition of a destabilizing osmotic pressure term and a stabilizing entropic term. In most
applications, emulsion stabilization is ensured by surface functionalization that provides
electrostatic or steric repulsion, or a combination of the two.

Beyond oil remediation, the curved interface of emulsions have proven to be of interest to
measure the molecular packing behavior as compared to planar oil/water interfaces. The
Richmond/Scatena lab and others have postulated that the geometry of the interface and the
thermodynamic instability of emulsions are responsible for the observed differences in molecular
orientation and conformation at the two interfaces. 1% In one regard, ultrasonication forces both
the formation of oil into small droplets and the adsorption of surfactants or polymers to the
interface. The addition of ultrasonicating energy can cause unexpected interfacial behavior as
compared to what has been exhibited at a planar oil/water interface where small molecules
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thermodynamically adsorb to the interface at an equilibrium time scale. Not only do emulsions
differ from their planar counterparts in terms of kinetic stability, but they exhibit a curved
geometry, instead of flat. While the droplet geometry increases overall interfacial surface area for
chemical adsorption, it also enhances steric and electrostatic crowding effects which can reduce
interfacial coverage of surfactants, polymers, or ions.*%” Keeping these aspects of thermodynamic
and kinetic stability in mind for the planar and droplet oil/water interfaces, respectively, are

important when interpreting VSFS spectra from each chemical environment.

I.C.2. Steric Stabilization of Emulsions

While non-toxic surfactants are useful for environmental applications, the introduction of
proteins as colloid stabilizers have the potential to encapsulate and selectively deliver hydrophobic
drugs.1%®112 |t is hypothesized that colloids are stabilized by protein coronas through steric
hinderance or, in other words, a thick protein shell prevents droplets from coalescing. While recent
work using 2D-IR spectroscopy and sum frequency scattering spectroscopy have investigated the
newfound importance of protein-stabilized colloids, the molecular conformation and detailed
mechanism of stability remain difficult to probe due to the complicated nature of long-chain
proteins and their resulting coronas. 3114

Polyelectrolytes are useful analogues for studying protein coronas as both macromolecules
have varying functional groups along a repeating backbone, a nuanced folding or coiling structure
with the ability to hydrogen bond or form secondary structures, and charge localization along the
chain dictated by environmental pH. Yet, polyelectrolytes are often easier to study than proteins
due to their known monomer units and simple tunability of molecular weight, percent protonation,
and secondary structure. In addition to their pH-dependent behavior in bulk solution, acids and
polyelectrolytes adsorbed at interfaces are known to have a surface pKa ~1 unit more alkaline than
the bulk pKa due to interfacial solvent dielectrics reducing the solvation energy of the acid
functional groups.'*>2 This pH-dependence is critical for materials such as polyelectrolyte
coarcervates, where stabilization across a variety of conditions can be a challenge.'?1?? The
adsorption behavior of polymers has generated both theoretical'? and experimental?#1?® studies
that seek to understand interfacial conformation. In particular, a “train, loop, tail” representation
has been developed that describes how polymers lie flat at the surface (train), coil beyond the

surface into the bulk (loop) and extend at the ends of the polymer chains (tail) to emphasize
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favorable surface-polymer interactions or bulk-polymer interactions, dependent on the polymer
identity and interface.'?®'?8 Here, VSFSS is a powerful tool to probe polymer conformation at
interfaces.

Previous work from Marc Foster in the Richmond Laboratory investigated the role of
carboxylic acid surfactants at the curved oil/water interface.!'® These experiments were
fundamental in developing a rigorous experimental procedure to measure the carbonyl and
carboxylate modes via VSFSS. A non-resonant contribution from the CaF, windows used in
VSFSS contribute to a large background that requires de-timing of the visible pulse to deconvolute
the resonant vibrational modes of interest.!?® Additionally, Marc found that the carbonyl and
carboxylate modes at the oil/water droplet interface differed in both spectral line shape and peak
position then the same modes measured at a planar oil/water interface or the planar air/water
interface.1®+1% These differences were attributed to the difference in solubility of the hydrophobic
phases with the alkyl chains of the surfactant. The improved solubility of the surfactant in the CH-
rich oil phase as compared to air, for example, would increase the ordering of the head group at
the droplet interface. At the same time, it was proposed that the curved geometry of the droplet
resulted in charge repulsion across the droplet that caused a lower population of surfactants at the
droplet surface. With this increased surfactant head group area, the carbonyl and carboxylate
modes exhibited improved ordering at the oil/water droplet interface.

In this dissertation, the ability of a low-charge polymer to stabilize emulsions without the
assistance of a surfactant is explored. The colloidal stability of this polymer system was further
probed by adjusting the pH, salt identity and concentration, molecular weight of the polymer,
backbone substitution, and temperature. The adjustment of these variables provide insight into the
physiological robustness of polymer-stabilized emulsions with tunable parameters that can
improve drug delivery platforms.

I.D. SOLVATION AT POROUS INTERFACES
To understand the solubility and stability of porous colloids, we suggest using the aforementioned
models of solvation, namely electrostatic or steric repulsion, the hydrophobic effect, monomer-by-
monomer solubility, and specific ions interactions. By possessing both internal and external

surfaces, porous colloids exhibit surface area-to-volume ratios and accessible void spaces far
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exceeding any class of non-porous or pseudo-porous material.**! For example, the surface density
of the commonly studied zeolitic imidazolate framework ZIF-8 (Zn(2-methylimidazolate),), has a
surface density of 7 atoms/nm? while non-porous ZnO has a surface density of 78 atoms/nm?
(Appendix F). Additionally, as illustrated by the example above, the internal and external surfaces
of porous materials resemble the heterogeneous surfaces of proteins. We expect the surface of
porous materials to be susceptible to specific solvent-surface interactions as opposed to
generalized hard-shell interactions between a homogeneous nanoparticle surface or surfactant
ligands and the supporting solvent. In the following sections, we describe common permanently
porous materials (i.e., materials that retain porosity in solution) and propose mechanisms for their
colloidal stability and solubility. This research field is nascent, without consensus around theory
that explains the colloidal stability of porous materials. We propose, given the examples below,
that specific solvent-surface interactions, such as through ordered solvation shells and chemical
interactions between the material building blocks and the solvent provide the colloidal stability of

porous materials.

I.D.1. Simple Porous Structures
As a starting point, nanotubes serve as a basis for understanding the solvation of a one-dimensional
porous material (Figure 1.3A). The pores, or tunnels, of nanotubes can range from 0.5-2 nm in
diameter and are typically grown from a metal catalyst via chemical vapor deposition. One might
assume that water should be excluded from the nanotube interior due to its hydrophobicity and
because water absorption is entropically disfavored.'3 Surprisingly, water adsorbs inside the pores
of carbon nanotubes, leading to the phenomenon of “water wires”.*** One explanation proposes
that water wires and carbon nanotube solubility results from the entropy of water flowing through
the pores and from free rotation of water molecules. Studies also suggest dissolution in water does
not involve favorable enthalpic interactions between water and the nanotube, suggesting water
solubility of other hydrophobic materials through entropy-favored interactions. Changing the
nanotube polarity, via simulations or experimental crystal engineering, allows for tuning of the
water wire mobility, specifically in terms of water migration from one opening of the tube to the
other, functioning as a nanosized garden hose. Carbon nanotubes also dissolve in ionic
liquids,*3*135 where both solvation shells and internal hydrogen bonding are postulated to stabilize

the particles. Similar solvation behavior has been observed for carbon nanotubes in benzene,%
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Figure I. 3 lllustration of A) 1-dimensional (polymers, nanotubes), B) 2-dimensional (layered
or sheet-like materials), and C) 3-dimensional structures (porous materials) and their possible
solvent interactions.

alcohols,**” and polymer solutions,*3® however nearly all studies are computational. Although
challenging, experimental studies of nanomaterials solvation will lay the foundation for designing
their application in solution state applications, such as drug delivery or membranes.

Whereas nearly all nanotubes are homogenous and comprised of carbon, the solvation of
2D materials introduces the probability of surface heterogeneity (Figure 1.3B). In addition to the
atomically homogeneous example of graphene, 2D materials include the heterogeneous boron
nitride, metal chalcogenides, or metal oxides. In these materials, solvent accessible surface areas
exist between sheets (interlayer), introducing another unique solvation environment in addition to
interior and exterior pores. Despite their enhanced surface areas, most nanosheets require a
surfactant or post-synthetic modification for long-term colloidal stability, similar to 3D, non-
porous inorganic analogs.®* %! As illustrated by the examples below, electrical double layers are
thought to spontaneously assemble at the surface of nanosheets, providing a large electrostatic
surface repulsion (as measured by zeta potential) and site-specific water interactions at the surface.

These results suggest that in high-surface area materials without deliberately added surface

28



capping agents, specific solvent interactions are important for colloidal stability. Surprisingly,
hydrophobic 2D materials, including graphene and MoS», disperse in aqueous solutions via
exfoliation-induced oxidation.#214® Studies suggest that ultrasonication causes etching of edge-
groups that improves the solubility in water. In a notable study, graphene ultrasonicated at high-
temperatures exhibited long-term colloidal stability in water while the sample sonicated at low-
temperatures maintained a pristine morphology and was unstable in water.'** The introduction of
edge-site functionalization to graphene oxide in the form of hydroxyl and carboxyl groups also
contributes to the increased water stability. However, for heterogeneous nanosheets of hexagonal
boron nitride, MoSz, WS>, and MoSe, colloidal stability in water was achieved after sonication at
both high- and low-temperatures and no surface functionalization was observed.

3D porous materials with relatively simple compositions include microporous
nanoparticles such as silica and zeolites (Figure 1.3C). Mesoporous silica (SiO2) has pore
diameters of 2-50 nm, while microporous silica has much smaller pores below 2 nm. Zeolites are
aluminosilicates with even smaller pore diameters ranging from 0.3-0.8 nm. As with colloidal
nanoparticles, polymers, and proteins detailed above, the colloidal stability of 3D porous
nanomaterials depends on proper electrolyte concentration,* surfactant surface coverage,4614
and polymer coatings.'*® Studies remain largely empirical and an underlying mechanism of
colloidal stability remains unclear. Representative studies include the finding that mesoporous
silica is typically synthesized with a surfactant like hexadecyltrimethylammonium bromide
(CTAB) acting as both a structure-directing molecule (to synthesize a specific shape) and a
stabilizing capping ligand. 45! These surfactant-capped materials can be stable for upwards of a
year in water.'® Mesoporous silica nanoparticles can also be surface functionalized as
hydrophobic, which renders them useful drug delivery agents.®1>* Little is known about the
solvation and colloidal stability of mesoporous silica, although recent work suggests that
performing dialysis solvent exchange or coating the nanoparticles with proteins improves
dispersability.1>%1°6

A potential method for probing mechanisms of colloidal stability in porous materials would
rely on surface functionalization. Although porous, silica and zeolites lack chemical tunability
beyond their typical inorganic compositions (Figure 1.4B). Instead, organic-inorganic framework

materials assemble from a wide variety of metallic and organic-compounds, resulting in a diverse
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range of pore diameters, aperture shapes, solvent-accessible surface area, morphology, and well-

developed methods for post-synthetic modulation of surface compositions.

I.D.2. Porous Frameworks

Understanding the colloidal stability of porous frameworks attracts intense recent attention, in part
because 3D porosity challenges conventional mechanisms of solvation, such as the notion of
electrostatic forces between smooth, uniform, hard spheres. Porous framework materials metal-
organic frameworks (MOFs) are pursued for a wide range of applications due to their unparalleled
performance at selective gas separation, water filtration, carbon sequestration, and other areas
leveraging tunable guest-host interactions (Figure 1.4A). Practical implementation as solution
processible and reusable materials, such as thin film membranes, demands their ability to suspend
as uniform, stable colloids in a range of solvents. Stability in water would facilitate their utility in
biological applications, for example, while compatibility with low-boiling solvents would render
them amenable to spraying coating and other forms of industrial production at-scale. In addition
to a lack of knowledge of solvation structure, few studies exist for any form of surface
functionalization. Reported surface ligands deviate from those well studied with conventional
quantum dots.?>” Solvent interactions likely dictate the interaction of porous materials with
polymers in the so-called mixed matrix membranes envisioned for chemical separation
technologies. Little is known about microscopic aspects of the polymer-porous colloid interface,
except that great care must be taken to prevent polymers from intercalating and clogging
pores, 15815 which can be detrimental to gas sorption and chemical separation applications. In this
section, we will describe the current theories of colloidal stability for porous frameworks and the
challenges in studying them.

Unlike typical, nonporous nanoparticles, MOFs exhibit colloidal stability without the need
for conventional capping ligands.'®° In fact, while traditional surfactants such as dodecanoic acid
or cetyltrimethylammonium bromide can be included in a MOF synthesis to impart size or shape
control,*61162 these ligands do not remain with the MOF nanoparticles after washing, as we have
observed by nuclear magnetic resonance spectroscopy, thermogravimentric analysis, and other
analytical techniques.6%183 Instead, while post-synthetic addition of ligand dyes'®>” or DNA/protein
coronas'® leads to functionalized surfaces, few if any studies detail how they impact colloidal
stability. Instead, we recently demonstrated that the solvent identity plays a greater role in
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Figure 1. 4 Representation of A) framework materials, comprised of inorganic/organic
building units that are assembled into porous frameworks and B) inorganic porous materials,
which are made up of secondary building units. In C) both material classes show distinct
internal vs. external surfaces due to their high solvent-accessible surface areas. Direct
functional groups or open metal sites within the materials D) may induce different solvent
arrangements.

stabilizing the surface as only solvents that can dissolve the organic linker can suspend the MOF
nanoparticle.'®® This result strongly suggests that the interaction of MOF nanoparticles resembles
the dissolution of cage molecules, polymers, and other macromolecules systems where solubility
depends solvent-monomer energetics and accessible void spaces (Figure 1.4C,D).

In addition to specific solvent-surface interactions, classical electrostatic arguments of
DLVO theory could explain the stability of uncapped MOF nanoparticles, where surface charges
would arise from deprotonated linker molecules or open metal sites. Electrostatics alone is unlikely
to account for the full mechanism of colloidal stability, however.'%® Recent reports of zeta
potentials—indicators of net surface charge— typically at the border (£30 mV) of values required
for colloidal stability by DLVO theory.%1% These reduced zeta potentials can be attributed to the
low surface density of porous nanoparticles and the weak, short-range electrostatic fields produced
by surface defects that quickly decayed through porous channels.*®” Binding of solvent or

polymers to open metal sites at the surface of MOF nanoparticles improves colloidal stability,
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while also reducing the apparent surface charge.'%163 In other words, zeta potentials may not relate
directly to MOF colloidal stability.

Instead of traditional electrostatics, we suggest the intrinsic porosity of nanoMOFs
improves colloidal stability through entropic effects. For nonporous colloids, entropy favors
aggregation because it removes solvation shells and disorders excluded solvent. This process is
termed the “hydrophobic effect” and was introduced as a mechanism to describe porous
nanoparticles,'®® where the total amount of ordered solvent must be lower than nonporous colloids
due to the low density surfaces. As a result, the potential energy favoring aggregation decreases as
well. To examine the interaction of solvent with porous interfaces, we use VSFSS to measure the
orientation of N,N-dimethylformamide (DMF) or water solvation shells at the exterior of Zn(2-
methylimidazolate). (ZIF-8) colloids. Although predicted to exist, solvation shells of colloids were
previously documented only by atomic force microscopy and x-ray studies.'®*-173 In addition to
providing a protective shell of steric repulsion, we propose that solvent interactions with open
metal sites and linker monomer units improves solvation energetics akin to Flory-Huggins theory.
We also observed that the bridging 2-methylimidazolate linkers spontaneously align at the solvent
interface in a manner that expands the internal pore volumes. This lattice flexibility, like a protein,
may further enhance favorable solvent interactions and colloidal stability. Taken together, these
recent reports provide a roadmap for preparing and stabilizing porous materials in solution.

This thesis describes research which probes the surface structure of colloidal materials that
are stabilized by non-DLVO forces, including factors like steric stabilization, low electrostatic
potential, sparse surface density, particle porosity, and surface heterogeneity. A background on the
surface-specific technique of vibrational sum frequency scattering spectroscopy is provided in the
following chapter, laying the groundwork for using this powerful tool to study the interfaces of
uniquely stable colloidal materials.
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CHAPTER II: VIBRATIONAL SUM FREQUENCY SCATTERING SPECTROSCOPY
(VSFSS)

ILA.VSFSS THEORY
Developed by Roke et. al.,}™ vibrational sum frequency scattering spectroscopy (VSFSS)
IS a scattering adaptation of the reflection-based vibrational sum frequency spectroscopy

introduced by Shen et. al..X” While reflection VSFS has been commonly used to probe planar

176 177

air/water'’®, oil/water'’’, oxide/water 1’8, and silica/water'® interfaces, the scattering variation of
this technique enables investigation into the interface of nano-sized colloids.!8%18! |n the scattering

experiment, a visible and tunable infrared (IR) pulse are overlapped spatially and temporally at the
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Figure 1. 1 A) Schematic of VSFSS, in which a scattered sum frequency response (blue) is
generated by overlapping a visible (green) and IR (red) pulse spatially and temporally at a
curved interface. The energy level diagram of VSFSS is shown in the bottom right. B)
Cartoon representation of the possible scenarios in which a sum frequency signal could be
expected. IR transition dipoles at anisotropic surfaces (top) are sum frequency active while
mismatched or directly opposing transition dipoles (bottom) are sum frequency inactive. C)
Schematic of the ssp polarization scheme in which the sum frequency, visible beams, and IR
beams are s, s, and p polarized, respectively. This polarization combination probes vibrational
dipoles perpendicular to an interface.
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curved interface to generate a scattered sum frequency response that is the sum of the two incoming
beams (Figure 11.1A). VSFSS directly probes vibrational modes at interfaces due to selection rules
under the electric dipole approximation prohibiting contributions from a centrosymmetric
environment such as a bulk liquid phase. The signal indicates two main attributes of the chemical
environment: the population of molecules at the interface and the average molecular orientation of
vibrational modes, also referred to as net molecular ordering. Only highly ordered resonant
vibrations generate a sum frequency response (Figure 11.1B).

In VSFSS, the intensity of the scattered SF response is proportional to the intensities of the

incoming visible and IR beams (I;z1,;5) and the square modulus of the second-order nonlinear

susceptibility (X@) as shown in Equation 5.

2
[gp & IIRIVile(Z)l (5)

2

In a centrosymmetric environment where all directions are equivalent, Xijk is identical in two

@ @)

opposite directions such as: y; 7, = x_;_;_. Additionally, x)

ik is a third rank tensor and obeys the

property that changing the sign of the three subscripts is the same as reversing the axis system like:

X0 = —x%);_. To satisfy both of the above symmetry properties, x{

must equal 0, and thus a
SF response in a centrosymmetric environment is forbidden. Therefore, VSFS is a surface specific
technique as the interface of two materials in non-centrosymmetric and results in non-zero tensor
elements. VSFS involve 3 electric fields (visible, IR, and SF), thus y® is a 3x3x3 tensor with 27
elements. These elements are reduced through symmetry considerations to result in seven non-
zero elements that contribute to a SF response. Only four of these elements are unique. These
contributions physically represent different orientations of the vibrational mode dipoles relative to

the interface and can be probed through a variety of polarization combinations. The possible

(2)

polarization combinations and the respective Xijk element(s) that contribute to the spectrum are:

2 2 2 2 2 2 2 . .
pss ()éy)y), sps ()éz)y), ssp ()(ﬁy)z), and ppp ()éz)z ;x; )(,(szc, )(,(Cx)z), where the polarizations are

listed in the order of SF, visible, and infrared. The resonant portion of the second-order
susceptibility is dependent on both the net orientation and population of molecules at the interface
(Equation 6).
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Where N is the number of molecules at the interface, &, is the vacuum permittivity, and (8, ) is
the average macroscopic hyperpolarizability which accounts for the orientation of molecules at the
interface.

The X® has non-resonant and resonant terms which are accounted for in the fitting
equation (7) as developed by Bain et al.
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where the amplitude of the non-resonant susceptibility is described by X,E,ZR) with a phase ¢.1% The
summation of all vibrational transitions that are SFG active describes the resonant susceptibility,
where A, is the peak amplitude, ¢ is the phase, I'; is the Lorentzian linewidth describing
homogenous broadening, and I',, is the Gaussian linewidth describing inhomogeneous broadening.
Equation 5 is used to fit all experimental spectra.

A practical aspect of VSFSS is the ability to change the polarization of the incoming and
collected beams to isolate vibrational responses from unique molecular orientations relative
to the interface. A three-letter nomenclature denotes the polarization of the beams in the sum-
frequency, visible, and IR beams, respectively (Figure I1.1C). In this dissertation, ssp, sps, and
ppp polarization schemes are used. The ssp polarization scheme probes IR transition moments
perpendicular to the interface while the sps polarization probes IR transition moments aligned
parallel to the interface. The ppp polarization combination probes a combination of transition
moments in both the perpendicular and parallel contributions.

[1.B. LASER SETUP
The VSFSS system used to collect the data presented in this dissertation is engineered as follows
and in Figure I1.2. A Ti:Sapphire regenerative amplifier laser (Coherent Libra) generates an 800
nm, ~80 fs fundamental pulses with a 1 kHz repetition rate. A portion of that beam is used as the
visible pulse while the remaining is sent through an optical parametric amplifier (Coherent OPerA

Solo) to generate a broadband infrared (IR) beam through difference frequency
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Figure I1. 2 Schematic of the VSFSS experiment utilized in this dissertation with visible
(green), IR (red), and SF (blue) beam paths. Mirrors are omitted for clarity.

generation. The visible and IR pulses are then directed along a series of mirrors, lenses, and
polarizers to become spatially and temporally overlapped at the sample stage. The sample cell is
composed of a CaF> window in the front and a quartz cuvette in the back (Helma QS) with an
optical path length of 200 pum. The IR beam is focused at the sample to a spot size of ~80 um with
a parabolic gold mirror, while the visible beam is focused right after the sample cell to a ~500 pm
spot size. The scattered SFG response is collected at an angle of ~60°, collimated with a plano-
convex lens, and focused into a spectrograph and accompanying charge-coupled device intensifier
(Princeton Instruments IsoPlane SCT320 and PI-MAX4). For all experiments, the visible pulse
energy was 25 pJ while the IR pulse energies were 2-3 pJ and 5 puJ for the C=0O and C-H stretching
regions, respectively.

To account for daily fluctuations in laser power, a single trace in a figure is the result of at
least 3 averaged trials across different days. One trial consists of 2 signal and 2 background
measurements. Each trial is averaged, background subtracted, and normalized by a non-resonant
response from KNbO3 to account for changes in IR spectral shape. In the C-H region, spectra are
further normalized by the integrated SFG intensity (from 2800-3000 cm™') generated from a d-
hexadecane emulsion in D0 stabilized with 1 mM AOT. Each trial is further normalized by the
size of the droplet (determined by a monomodal distribution from DLS) through a scattering
pattern developed by Roke et. al. that accounts for the percentage of scattered signal collected at

60° which is dependent on droplet size and beam polarizations.'88* More details on the
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normalization procedure for VSFSS utilized in the Richmond/Scatena laboratory can be seen in a
in Appendix G.'®° Additionally, a calculation of the particle concentration necessary to overcome
the signal to noise threshold for VSFSS is provided in Appendix H.

The above procedure was used to collect all of the VSFS spectra presented in this
dissertation and are not repeated in the experimental sections of each chapter for clarity. Chapter
IIT begins the experimental section of this thesis by using VSFSS to study the surface structure of

emulsions stabilized with a steric layer of polymer.
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CHAPTER III: EMULSIONS STABILIZED BY POLY(ACRYLIC ACID)

This work was published in volume 697 of the journal Colloids and Surfaces A: Physiochemical
and Engineering Aspects in June 2024. Ashley N. Mapile is credited with conceptualization,
formal analysis, investigation, writing — original draft, writing — review and editing,

and
visualization. Lawrence F. Scatena assisted in conceptualization, writing — review and editing,

supervision, and funding acquisition. Supplementary information for this chapter is provided in
Appendix A

[1I.LA. AN INTRODUCTION TO POLY(ACRYLIC ACID)
As explained in the introduction to this thesis, polyelectrolytes are useful analogues to studying
protein coronas that are known to stabilize colloids due to the tunable nature of polymers. Many
characteristics of polymers, such as the chain length (via molecular weight), chemical
functionality, % protonation, and morphology can all be adjusted synthetically or by environmental
conditions. Poly(acrylic acid) (PAA, Figure IIL.1) is a simple polyelectrolyte that can mimic
protein behavior at interfaces. PAA, which contains a single carboxylic acid repeating group, can
expand in solution when deprotonated or hydrogen bond with itself to form coils when protonated
and is a useful material in forming zwitterionic polymer coarcervates.’®1% Through pH-
dependent zeta potential measurements (Appendix A, Figure A1) the interfacial pK. of PAA at

the hexadecane/water emulsion interface was determined to be ~5.3, about 0.8 units more alkaline
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Figure I111. 1 Chemical structure of poly(acrylic acid) and percent protonation curve as a
function of pH for surface (solid, orange line) and bulk (dotted, purple line). Percent

protonation was calculated with the Henderson-Hasselbalch equation, the known bulk pKa
(4.5), and the experimentally derived interfacial pKa (5.3).
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than the bulk pKa (Figure II1.1). Therefore, studying the pH-dependent conformational behavior
of PAA adsorbed at the emulsion interface can provide insight into droplets stabilized by pH-
sensitive protein coronas as well as a detailed understanding of the mechanisms of colloidal
stability.

The adsorption behavior of PAA without the addition of a surfactant, has been studied at
both the planar CClas/water and air/water interfaces using vibrational sum frequency spectroscopy
(VSFS). These studies found that in conditions above the pKa (pH >4.5), the polymer is
interfacially inactive, but the addition of charge-screening cations promotes adsorption of the
polymer to the interface.1%>19-194 Below pH 4.5, the polymer is interfacially active and exhibits a
well-ordered structure as evident by strong CH and C=0 VSFS spectral features. At a planar
interface, molecular dynamics are thermodynamically determined by equilibrium surface activity
and surface-active molecules develop a stable configuration given time. On the other hand,
emulsions require the input of external energy to form droplets resulting in a kinetically trapped
interface.®1% During the formation of emulsions, surface-active molecules initially adsorb to the
interface via ultrasonication but subsequently adsorb/desorb through equilibrium thermodynamics
after formation of the curved interface. Thus, the conformational ordering of interfacial molecules
adsorbed to emulsions is dictated by the thermodynamic equilibrium of molecular adsorption and
the kinetic energy encouraging the platform of these colloids to destabilize and coalesce.
Stabilization of emulsions is best described by the theory developed by Derjaguin, Landau,
Verwey, and Overbeek (DLVO) which states that both electrostatic and steric repulsion prevents
droplet coalescence and keeps the emulsions in a kinetically trapped state.%1011% Reports of
emulsions coated with solid polymer particles (such as Pickering emulsions),'% nanoparticles with
a polymeric coating,®” and emulsions formed with surfactant/polymer mixtures'®® suggest unique
behavior at curved hydrophobic interfaces as opposed to their planar counterparts. While there
have been reports of emulsions stabilized with polymer alone, observed through Janus particles®®

200 and specifically emulsions coated with diblock copolymers,20%:202

or magnetic nanoemulsions,
they lack insight into the detailed mechanism of stability promoted by polymers or the molecular
level information to provide a structural understanding of the droplet interface.

Here, we demonstrate the stability of emulsions coated with PAA and provide a picture of
polymer molecular conformation with the surface-specific vibrational sum frequency scattering

spectroscopy (VSFSS). Despite the lack of surface charge thought to be necessary for droplet
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stabilization, PAA-coated emulsions prepared at pH 2 are stable and exhibit interfacial polymer
ordering. Surprisingly, the highly charged pH 6 polymer does not stabilize emulsions and exhibits
no molecular organization. With the addition of salt, we observe charge screening at the interface
and a disruption to polymer ordering because of localized electrostatics. We propose that
emulsions are stabilized through the steric hindrance of an adsorbed PAA layer, whose molecular
conformation and charge-dependent behavior can provide insight to protein corona-stabilized

droplets and their application as drug delivery vehicles.

[11.B. MATERIALS AND METHODS
I11.B.1. Materials
All materials were used as delivered without further purification. Hexadecane (>99%), dioctyl
sodium sulfosuccinate (AOT, >97%), poly(acrylic acid) (PAA, average My ~ 450,000), calcium
chloride (CaCly, anhydrous, >97%), magnesium chloride (MgClz, anhydrous, >98%), sodium
chloride (NaCl, BioXtra, >99.5%), and ammonium chloride (NH4Cl, ACS reagent, >99.5%) were
purchased from Sigma-Adrich. Deuterated hexadecane (n-hexadecane-ds4, 98.6% D), sodium
deuteroxide (NaOD, 99.5% D), and deuterium chloride (DCI, 99.8% D) were purchased from CDN
Isotopes. Deuterium oxide (D20, 99.9% D) was purchased from Cambridge Isotope Labs. All
glassware was copiously cleaned in a bath containing sulfuric acid (98% Sigma-Aldrich) and
AINOCHROMIX oxidizer from Godax Laboratories Inc. After sitting in the acid bath for at least

24 hours, glassware was rinsed for at least 2 min. with 18.2 MQ-cm water and dried in an oven.

[11.B.2. Emulsion Formation
Emulsions consisting of hexadecane (or d-hexadecane) suspended in water (or D20O) were prepared
by ultrasonication (Branson Sonifier 250) of the sample at 5% output power (~12.5%) at 20 kHz
for 5 minutes at a constant duty cycle. The ultrasonication probe tip was placed at the interface of
the aqueous solution and oil layer to ensure homogenous mixing. The AOT-coated emulsion
standard was formed by ultrasonicating AOT stock solution with oil to give a ImM AOT emulsion
with 2.5% v/v oil in water. PAA-stabilized emulsions were formed in the same fashion with DCI
or NaOD added to reach the desired pD (pH). Emulsion pH was measured using MilliporeSigma
MColorpHast pH strips and an Oakton Instruments Portable Meter Kit. The detection of pH values

can differ from pD values by 0.43,2% however for ease of communication, pH is used in this paper.
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[11.B.3. Dynamic Light Scattering and Zeta Potential
Emulsion hydrodynamic diameter (Z-average), polydispersity index (PDI), and zeta potential were
measured by a Malvern Zetasizer Nano ZS. Details regarding the theory and practice of dynamic
light scattering (DLS) and zeta potential can be found elsewhere.?’**% From DLS measurements,
hydrodynamic diameter and PDI was reported from an average of at least three measurements.
DLS and zeta potential measurements were collected by pipetting 1 mL of emulsion solution into
a Malvern folded capillary zeta cell, therefore maintaining consistent v/v oil concentrations. Zeta
potential values were reported from an average of at least five measurements. Determination of
the surface pKa using zeta potential measurements is detailed in the supporting information (Figure

S1) and follows a procedure developed by Haes et. al.?%

I11.C. RESULTS AND DISCUSSION

I11.C.1. Impact of PAA Concentration
Emulsions were formed with concentrations of PAA ranging from 1 ppm to 4000 ppm in the
natural pH conditions of PAA (pH 4) and measured by dynamic light scattering and zeta potential
(Figure 111.2). For context, previous experiments at the CCla/water interface used 5 ppm PAA
while air/water interface experiments used 4500 ppm.1%1° Figure A2 and Table Al demonstrate
that emulsions prepared at or below 250 ppm PAA were unstable after 1 week (Appendix A). Bare
emulsions (those without deliberately added surface active agents) are known to have a negative
zeta potential due to miniscule amounts of surface active contaminants.'®2%” The zeta potential of

our hexadecane/water emulsions (-32 mV) suggest minor surface active impurities. The presence
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Figure I11. 2 Characteristics A) hydrodynamic diameter, B) polydispersity index, and C) zeta
potential) of emulsions coated with varying amounts of PAA at pH 4. Points shaded orange
indicate 500 ppm PAA.
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of these impurities were identified in previous emulsion studies from our laboratory that employed
meticulous and extensive cleaning procedures to minimize their presence.'® After PAA addition,
the polymer is much more surface active than the impurities and displaces any contaminants that
contributed to the negative surface charge. As additional PAA is added, charge screening and
hydrogen bonding causes a reduction in the magnitude of the zeta potential.

At a concentration of 500 ppm, PAA-stabilized emulsions exhibit good colloidal stability,
moderately polydisperse size distributions, and a highly charged surface layer as indicated by the
orange shaded points in Figure 111.2. Additionally, as confirmed by pendant drop surface
tensiometery, discussed in Appendix A and Figure A3, PAA adsorbs to the hexadecane/water
interface at a concentration of 500 ppm. Emulsions formed using 250 ppm PAA and below resulted
in unstable droplets presumably due to a lack of surface population. Despite a remarkably high
magnitude zeta potential (>30 mV) emulsions stabilized with 100 ppm PAA or below are unstable
and crash out quickly after formation, likely due to a thin or completely absent polymer layer.
While the addition of PAA at concentrations above 500 ppm leads to more stable emulsions, as
indicated by the long-term stability, significant charge screening occurs making them difficult
targets for measuring the interplay between electrostatics and steric repulsion when salt ions are
added. The slight increase in emulsion size and reduction in zeta potential with increasing
concentration of PAA is due to polymer layering at the surface which extends the hydrodynamic
diameter and charge screens the surface as is consistent with other polymer-layering
studies. 16201208209 Emylsions stabilized with 1500 ppm PAA or higher have a low zeta potential
(~-7 mV) and are colloidally stable up to a week, solidifying the observation that sterics alone are
enough to stabilize emulsions. Due to the desire to study the impact of surface charge screening,
the emulsions used in this paper are formed with 500 ppm PAA as they have long-term colloidal

stability, are moderately polydisperse and have appreciable interfacial charge.

[11.C.2. Emulsions Stabilized by PAA Alone
Emulsions coated with 500 ppm PAA were formed at pH 2, pH 4, and pH 6 via ultrasonication of
2.5% v/v hexadecane in water. Pendant drop surface tensiometery measurements indicate that high
amounts of PAA adsorb to the hexadecane/water interface at pH 2 and pH 4 while little adsorption
is observed at pH 6 (Figure A4). Emulsions at pH 2 and pH 4 maintained colloidal stability after

one week, as evident by their visual turbidity, while pH 6 oil droplets phase separated (Figure
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A4). Dynamic light scattering of pH 2, pH 4, and pH 6 colloids measured 20 minutes after
formation revealed hydrodynamic diameters of 477.7, 363.2, and 761.0 nm, respectively,
demonstrating that the average size of emulsions prepared at pH 2 and 4 are in the nanosized
regime while pH 6 emulsions are inherently larger. Narrow, monodisperse colloids have a PDI <
0.1, while polydisperse systems have a PDI > 0.1.2° Moderate polydispersity is defined by a PDI
from 0.1-0.4 and describes the pH 2 and pH 4 emulsions studied “here (PDIs of 0.247 and 0.272,
respectively), while the pH 6 emulsions have broad polydispersity (PDI of 0.628). Similarly, size
distribution plots from DLS measurements are monomodal for emulsions at pH 2 and pH 4, but
multimodal for pH 6 (Figure A5). Table S2 lists the PDI of each emulsions system studied by
VSFSS which are in line with recent studies on emulsion formulations.?°*21-213 To be acceptable
for drug delivery applications, monodisperse colloids are defined to have a PDI < 0.3 while
polydisperse systems have a PDI > 0.3, however stricter criterion of monodispersity may require
a PDI < 0.1.98214215 The zeta potential of pH 2 emulsions was measured to be only -3.08 mV,
while at pH 4 zeta potential measurements reveal a charge of -23.4 mV. At only 16.7% protonation
of PAA at pH 6 (Figure 111.1), oil droplets have a significantly charged interface with a zeta
potential -45.0 mV. Doping-in acid or base to an emulsion initially prepared at the natural
conditions (pH 4) has little impact on the resulting size, PDI, or zeta potential of pH 2 or pH 4
droplets (Figure S6) suggesting that emulsion stability is pH reversible and dependent on polymer
adsorption.

The long-term stability of emulsions prepared at pH 2 is remarkable considering that
polymers and surfactants/salt or post-functionalized emulsions are typically required to stabilize
emulsion oil droplets due to the necessity of interfacial charge.?*5-21® For example, reports of low-
charge emulsions such as those coated by the surfactant sodium decanoate in acidic conditions,
have a zeta potential of about -5 mV and destabilize within one hour.1% The appreciable change
in zeta potential can be attributed to the ~5% of deprotonation difference between PAA at pH 2
(~99.9% protonated) and pH 4 (~95.2% protonated). The instability of the pH 6 oil droplets is
surprising considering that the degree of zeta potential for these droplets is similar to that
experienced by hexadecane-in-water emulsions stabilized with 10 mM sodium decanoate where
the zeta potential is about -50 mV.}% Due to this strong electrostatic repulsion, decanoate-
stabilized emulsions can be stable upwards of months with slight Ostwald ripening. The stability

of this PAA-coated emulsion system contradicts what is displayed by surfactant-stabilized
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emulsions, thus, we examine this system with VSFSS to gain a molecular-level understanding of
the polymer conformation at the emulsion interface that gives rise to this unique colloid stability.

VSFSS spectra of the colloids coated with PAA in pH 2, pH 4, and pH 6 conditions were
measured in the C-H stretching region (2800-3000 cm™). Two major peaks were observed at pH
2 and pH 4 while no signal was measured for pH 6 (Figure 111.3). In accordance with previous
heterodyne-detected SFG experiments at the planar air/water interface, as well as complementary
bulk IR and Raman spectroscopies, the broad feature at 2877 cm™ is assigned to the methine (CH)
stretch and the feature at 2929 cm™ is assigned to the methylene (CH2) symmetric stretch.105219
The higher frequency feature also contains contributions from the methylene asymmetric overtone
and Fermi Resonance.!% The broad full width at half maximum present in the methine stretch at
pH 4 (53 cm™ and 16 cm™ for the methine and methylene stretch, respectively) can be attributed
to different solvation environments for the CH mode that is tethered to the carbonyl group.??° At
pH 4, methylene modes presumably lie strictly in the oil phase while the carbonyl groups pull the

methine modes further away from the interface, comparable to what was observed to
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Figure I11. 3 VSFSS measurements (ssp polarization) of d-hexadecane oil droplets in D20
stabilized with 500 ppm PAA at varying pH conditions in the A) C-H stretching region, B)
carbonyl (C=0) stretching region, and C) the carboxylate (COO-) symmetric stretching
region. Solid lines represent fits of the data.
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poly(methacrylic) acid at the planar CCla/water interface.??! The variety of oil- and water-solvated
environments of the methine results in the peak broadening. At pH 2, the methine feature is nearly
absent. SFG experiments with hydrolyzed polyacrylamide (HPAM) and detailed Fourier-
transform IR spectra of PAA show an increase in the CHz intensity while the CH feature broadens
and decreases in intensity with increasing amount of polymer due to a higher population of methine
modes being solvated in the water phase.?*%??° For PAA, as more polymer saturates the interface
from pH 4 to pH 2, as indicated by the increase in surface pressure (Figure A3), it is likely that
some of the methine CH modes are solvated in the oil while others are solvated in the water.

At pH 4, the presence of two distinct and high intensity CH modes (Figure 111.3A) suggests
that the polymer adopts a conformation at the interface with a well-ordered backbone. At pH 2 the
methine stretch is nearly absent and the methylene stretch is reduced, suggesting a less ordered
conformation of PAA as compared to pH 4. These differences in signal intensity can be explained
as the result of slight differences in polymer organization and protonation. At pH 2, PAA is ~99.9%
protonated at the interface while at pH 4 PAA is ~95.2% protonated (Figure 111.1). While the ~5%
difference in protonation might seem insignificant, it has been observed that uncharged
polyelectrolytes in bulk aqueous environments develop a random coil conformation.'®® This
coiling is promoted by acidic conditions where intramolecular H-bonding between carboxylic acid
moieties is most favorable. Extending this behavior to the interface, where the interfacial pKa of
5.3 (as compared to the bulk pKa of 4.5) promotes the formation of acidic polymer, the decrease
in polymer backbone signal moving to acidic conditions is attributed to random coiling of polymer
and forming intramolecular hydrogen bonds at the interface.%® At pH 2, decreasing the persistence
length of the polymer through coiling is thermodynamically favorable and akin to protein folding,
in which the hydrophobic moieties favor intramolecular hydrogen bonding as opposed to aqueous
solvation. In contrast, oil droplets prepared at pH 6 have PAA molecules that are ~16.7%
protonated. It has been observed in bulk aqueous solutions that as ionization of a carboxylic acid
polymers increases, the persistence length increases.'®8?2 In a similar fashion to a protein
unfolding, uncoiling of the highly charged polymer allows for charge solvation within the aqueous
phase. While our experiments cannot conclusively determine the location of PAA at pH 6, we
hypothesize that the polymer is either located near the interface (within the boundaries of a
solvation shell) or at the interface in a low or disordered population. While the lack of signal

observed for PAA at pH 6 could be attributed to the extended polymer solvated in the aqueous
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phase, as in previous SF experiments of PAA at the planar CCls/water interface, the surface
pressure and high magnitude negative zeta potential measurements suggests that PAA is near the
oil droplet surface. Therefore, we will assume that at pH 6 PAA has minimal ordered surface
population resulting in the absence of VSFSS signal.

The pendant groups of PAA were also measured by VSFSS in the C=0 stretching region
(Figure 111.3B) to determine the orientation of the pH-sensitive functional groups at pH 2 and pH
4. Experimentally, a large non-resonant background is experienced in the C=0 region, likely due
to the CaF, window.%? De-timing of the visible beam is used to reduce the non-resonant
response, however, weak C=0 signals also reduce in intensity and result in noisy spectra in this
region. A small feature is seen in the C=0 region for pH 4 at 1735 cm™ assigned to the C=0
stretching mode on the polymer pendant group consistent with VSFS experiments of PAA at the
CCla/water interface.!®® Data from PAA-coated oil droplets at pH 6 is omitted from this graph for
clarity, as the signal resembled the non-resonant background exhibited at pH 2. The absence of a
C=0 vibrational mode at pH 2 and pH 6 indicates that the functional groups are disordered. At pH
2, a slightly disordered backbone (compared to pH 4) results in a disordered pendant group
exhibiting no measurable VSFSS signal. While at pH 4, the highly ordered backbone contributes
to minor organization of the carbonyl. In addition to disorder, the lack of signal could be attributed
to low surface population as described above. To confirm the presence of a C=0 vibrational mode
at pH 4, emulsions stabilized with 1000 ppm PAA were measured in the C=0 stretching region
(Figure A7). A strong feature with good signal to noise with 1000 ppm PAA was measured at the
same frequency as the emulsions measured with 500 ppm PAA. These results suggest that the C=0
group of PAA at 500 ppm concentration at pH 4 are ordered but lack the interfacial population
necessary to elucidate a strong SFG response.

VSFSS measurements in the COO- stretching region were made to determine if the
deprotonated functional group is ordered (Figure 111.3C). However, no signal was observed in the
carboxylate stretching region for any pH conditions. For pH 2 and pH 4, the percent protonation
at the interface indicates that the carboxylic acid group is dominating the surface population. Thus,
any carboxylate groups, if present, are in too little in population to be visible by VSFSS and/or not
well ordered. At pH 6, although the polymer is significantly deprotonated and COO- groups are
present (~16.7% protonation), the polymer is predominately solvated in the water phase as

suggested by low surface pressure (<10 mN/m) measured by pendant drop surface tensiometery
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data (Figure A4). Therefore, there will be no carboxylate organization at the interface, consistent
with the conclusions suggested above by surface tension and VSFSS C-H region data and with
VSFS experiments at the CCla/water planar interface.!®

The adsorption of PAA to the hexadecane/water interface can also be rationalized by the
hydrophilic-lipophilic balance (HLB), a metric commonly used for surfactants to describe their
relative oil or water solubility. Surfactants with a lower HLB value (closer to 0) have better oil
solubility while surfactants with a higher HLB value (closer to 20) exhibit better water solubility.
Generally, oil in water emulsifiers have an HLB between 8 and 16. Using the methods proposed
by Davies,??® we calculated HLB values for PAA at pH 2, 4, and 6 using our experimentally
derived % protonation values (Eq. A2, Appendix A). We found that at pH 2 and 4, PAA has an
HLB or 8.17 and 8.97, respectively, indicating that the polymer is fairly oil-soluble and acts as a
good oil-in-water emulsifier. However, the HLB value for PAA at pH 6 is 22.3 suggesting that the
polymer does not have sufficient surfactant characteristics and prefers to be solubilized in water,
consistent with our spectroscopic analysis.

From these results exploring PAA at the emulsion interface at pH conditions with low
deprotonation (<5%), it appears that sterics play a significant role in dictating the colloidal stability
of these emulsions as the electrostatic repulsion and consequential colloidal stability experienced
in this system is not what would be predicted by DLVO theory. Emulsions prepared at pH 2,
despite having almost zero surface charge are colloidally stable, while pH 6 oil droplets have a
high surface charge but are unstable. At pH 4, the natural pH of the system, the polymer is largely
protonated (~95%), has high surface pressure, and was a well-ordered chain at the interface.
Presumably, the CH backbone is aligned into the oil phase while the carboxylic acid groups are
slightly aligned in the water phase. With the addition of acid (~99% protonation at pH 2), PAA is
still present at the interface in high population but experiences less chain organization as compared
to pH 4 due to intramolecular hydrogen bonding between acid groups and subsequent coiling of
the polymer. On the other hand, at pH 6 (~17% protonated) the polymer is not ordered at the
interface and a higher population of the polymer prefers to be solvated in the water phase as an
extended, charged chain. Figure 111.6 summarizes the molecular picture of PAA-coated oil

droplets.
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111.C.3. Addition of Salt to PAA-stabilized Emulsions

In an effort to charge screen PAA and promote interfacial activity, in particular for pH 6, the impact

of chloride salts on emulsion stability was studied. Upon the addition of chloride-based cations,

the size, PDI, and zeta-potential of PAA-stabilized emulsions were measured (Figure 111.4).

Concentrations of salt ranged from 0-2 mM for the divalent cations (Ca®* and Mg?*) and 0-6 mM

for the monovalent cations (Na* and NH4") to keep the ionic strength of the solution consistent
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Figure I11. 4 Characteristics (top panel: hydrodynamic diameter, middle panel: polydispersity

index (PDI), bottom panel: zeta potential) of d-hexadecane oil droplets in D20 stabilized with
500 ppm PAA at varying pH conditions with the addition of A) CaCl2, B) MgClI2, C) NaCl,

and D) NH4CI. lonic radii and scaled cation sizes are provided at the top. Dotted colored lines
are a guide to the eye for emulsions made without salt.
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between varying cations. In general, the addition of salt causes minor changes to the size or PDI
of the emulsion. To ensure consistent normalization of the scattered light generated and collected
from VSFSS experiments, colloid radius must be within 100-900 nm.?** At pH 2 and pH 4,
emulsions generally stayed within this size regime except for the addition of NaCl at high
concentrations at pH 2 which could be attributed to PAA crowding at the interface. At pH 2 and
pH 4, PDI exhibits no trend with the addition of salt. The negligible change in size or PDI of the
emulsions at pH 2 and pH 4 with the addition of salt suggests that no additional polymer layers are
absorbed to the surface. At pH 6, size and PDI change drastically but without any clear trend. The
wide range in these values are attributed to unstable emulsions that contain little, if any, polymer
at the interface, and do not favorably stabilize the oil droplets. These results suggest that the salt
ions do not bring pH 6 polymer to the surface as observed at the planar interface, which could be
attributed to the different chemical nature of the interfaces and solubility of CCl4.2% In all pH
conditions the addition of salt causes a reduction in the magnitude of the zeta potential. This is
most noticeable at pH 4 and pH 6 where charge screening reduces the zeta potential by almost 20
mV with the addition of only 0.3 mM ionic strength salt. Significant charge screening occurs for
ionic strengths up to ~1.5 mM before the zeta potential plateaus with the addition of salt up to 6
mM ionic strength. Despite the addition of salt and subsequent charge screening, the pH 6 oil
droplets are never stabilized, as evident by the large diameter and high PDI. This suggests that at
pH 6, even with charge screening at the interface promoting the zeta potential akin to stable pH 4
emulsions (<30 mV), the polymer would rather be solvated in the water phase than oriented at the
interface.

To better understand how the presence of salt impacts polymer conformation and promotes
charge screening VSFSS studies were conducted on PAA-coated colloids with the addition of the
various salts. An ionic strength of 2 mM was chosen for all VSFSS salt studies because emulsions
stabilized with CaCl, at 2 mM ionic strength (1 mM CaCly) exhibited the most stable size and PDI
at pH 6 and because charge screening plateaus by 2 mM ionic strength. Upon the addition of 2
mM ionic strength salt, the VSFSS intensity of PAA in the CH stretching region decreases at pH
4 to a signal intensity on the same scale as emulsions at pH 2 (Figure 111.5A-B). At pH 2, adding
NaCl and NH4Cl promotes a slight change in the overall intensity, while at pH 6, no spectral
features are observed with added salt (Figure 111.5C) A small population of PAA does adsorb to

the interface at pH 6 with the addition of salt, as observed through interfacial pressure data (Figure
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A3) suggesting that salt decreases the hydrophilic character of the carboxylic acid group therefore
reducing the HLB (Appendix A) and promoting surface adsorption. However, as seen
spectroscopically, the addition of salt does not cause ordering of the polymer chain at the interface.
The VSFSS response of the carbonyl group was also measured with the addition of 2 mM ionic
strength salt and no increase in signal was observed (Figure A8). Peak position shifts are
potentially present in the C=0 spectra, however the signal to noise is so low in this region that no
conclusions can be made with confidence.

In general, adding salt changes the structure of the polymer at pH 4 more drastically than
at pH 2 as more of the polymer is deprotonated at pH 4 and thus there are more carboxylate sites
for the cations to bind. The binding of the cation to carboxylate sites disrupts polymer organization

at the surface as the polymer likely needs to readjust and coil at the confined emulsion interface to
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Figure I111. 5 VSFSS (ssp polarization) of d-hexadecane oil droplets in D20 stabilized with
500 ppm PAA and 2 mM ionic strength salt at A) pH 2, B) pH 4, and C) pH 6. Solid lines
represent fits of the data. Electronegativity of cations defined by the Pauling scale are
compared to D) the integrated area of the CHa stretch and E) zeta potential.
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create cationic bridging between acid groups.??® As best exemplified in the pH 4 condition, the
addition of salt promotes the polymer to develop a more random coil backbone conformation, that
mimics that of the natural pH 2 polymer, resulting in a decrease in the VSFSS signal with the
addition of salt. The impact of chloride counterion at the surface can be neglected due to the
inherent negative zeta potential of PAA-stabilized emulsions without salt. With the addition of
chloride salts, the surface charge is reduced in magnitude suggesting that the cations are more
attracted to the negatively charged interface than the anions which are assumed to be solvated in
the water phase.

A quantitative look at the VSFSS spectral changes with addition of salt shows that as the
electronegativity of the cation increases, as determined by the Pauling scale, we see a
corresponding decrease in CH integrated area and zeta potential magnitude (Figure 111.5D-E)
The CH. area was calculated by integrating the area from the full width half max of a Gaussian fit
of the CH; feature centered around 2930 cm™. As NH4* is a molecular ion and does not have
electronegativity, it is excluded from this trend. The decreasing CH: intensity with increasing
electronegativity is present regardless of pH but is clearer at pH 4 due to the higher number of
carboxylic acid groups available to interact with the cations. As the electronegativity of the cation
increases, it has an increased ability to pull the electron density away from the carboxylic acid
groups on the polymer and promote solvation in the water phase. Cations with a higher
electronegativity promote polymer coiling, as demonstrated by the decrease in CH signal intensity
and effectively charge screening the zeta potential. This results in a disruption of the CH backbone
conformation and a decrease in the polymer persistence length at pH 4 (Figure 111.6). Slight
change in the polymer structure is observed at pH 2 due to the minimal population of carboxylate
groups that can interact with the cation (Figure 111.6).

The absence of signal from PAA with salt at pH 6 are in contrast with observations at the
planar oil/water interface where the addition of salt increased the C=0 signal and had negligible
impact on the CH stretching modes. At a planar interface, the dynamics of adsorbed molecules are
dominated by the thermodynamics of positive enthalpic interactions while slightly limited by
kinetic diffusion through the medium. Thus, over time, a polymer at the planar oil/water interface
can stretch and extend to adopt a thermodynamically favorable state that allows for stabilizing
complexation with metal cations. Despite the significant charge screening exhibited at pH 6, the

absence of VSFSS signal suggests that PAA is not complexing with ions at the oil droplet interface.
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PAA-stabilized emulsions without salt

hexadecane

Figure I11. 6 lllustration depicting the behavior of PAA at the hexadecane/water droplet
interface in varying pH conditions without (above) and with (below) the presence of salt, the
example of MgCI2 shown here. Chloride anions have been omitted for clarity and are solvated
in the water phase.

Independent of pH or salt addition, in the kinetically trapped emulsion system, the adsorbed PAA
layer will adopt a thermodynamically stable orientation that is different from that at the planar
interface due to the competing kinetic energy driving oil droplets to coalescence. To carefully
consider molecular adsorption at interfaces, we cannot neglect how the factors that contribute to
colloidal stability, namely sterics and charge, impact the conformation of the surface-active
species. The competition between polymer adsorption and droplet coalescence has implications on
molecular structure when variables such as pH and ionic strength are varied. For PAA at pH 6 at
the oil/water droplet interface, the energy released from droplet aggregation overcomes the slight
polymer adsorption that is present with the addition of cations and the polymer remains solvated
in the aqueous phase (Figure 111.6), while at pH 2 and pH 4 PAA can stabilize emulsions through

sterics alone due to the adsorption of the highly surface-active protonated polymer.
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[11.D. CONCLUSIONS

The interface-specific vibrational spectroscopy employed here along with complementary
emulsion characteristic measurements provides a molecular-level picture of PAA at the
hexadecane/water emulsion interface, which has previously been explored only at planar
interfaces. VSFSS spectra in the CH stretching region suggest an ordered PAA backbone at pH 2
and pH 4 (Figure I11.6), while at pH 6, the polymer prefers to be solvated in the aqueous phase
with minimal, disordered chain adsorption. With the addition of salt, no PAA adsorption was
observed at pH 6 which contrasts with findings at the planar CCls/water interface where salt
addition promotes polymer adsorption. While the addition of salt causes charge screening at the
hexadecane/water emulsion interface, the pH 6 polymer does not become more interfacially
ordered resulting in a unstable colloid. At pH 2, the influence of cations has minimal impact on
the conformation of PAA due to the low % protonation, however, at pH 4, the addition of salt
causes a decrease in persistence length and increase in polymer coiling, resulting in an ordered
backbone that mimics the conformational structure of the pH 2 polymer. While there have been
previous reports of sterically-stabilized emulsions, our results provide a molecular level
understanding of the stability mechanism.

Due to the kinetically trapped state of emulsions as compared to the thermodynamically
stable planar interface, polymer conformation and colloidal stability are closely intertwined. While
classical DLVO theory suggests that a large surface charge is necessary to stabilize colloids, these
results show that a surface active, steric layer is enough to maintain emulsion stability for upwards
of 1 week at pH 2 and pH 4, while too much charge on the polyelectrolyte (at pH 6) causes unstable
oil droplets with polymers solvated in the bulk phase. Chapter IV will detail how varying polymer
molecular weight can tune the steric character, with the intention that polymers of a very low
molecular weight could behave like surfactants. Additionally, this work provides a basis for
understanding other pH-dependent polymers, such as those stable in a basic regime. In particular,
emulsion stability via pH-tunable polymers can be applied to targeted drug delivery, allowing for
dissolution of a drug in specific conditions. The ability to stabilize emulsions with a polymer alone
aids in forming colloidally stable systems, such as those coated by proteins coronas or polymer

coacervates and broadens our understanding of traditional DLVO theory.
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CHAPTER IV: IMPACT OF POLYMER STERICS ON EMULSION STABILITY
This work is currently under review in the journal Soft Matter. Ashley N. Mapile is credited with
conceptualization, formal analysis, investigation, writing — original draft, writing — review and
editing, and visualization. Lawrence F. Scatena assisted in conceptualization, writing — review
and editing, supervision, and funding acquisition. Supplementary information for this chapter is

provided in Appendix B.

IV.A. AN INTRODUCTION TO POLYMER STERIC HINDRANCE
The inherent hydrophobicity of pharmaceutical ingredients remains a challenge in delivering drugs
through the aqueous-rich human body. It was estimated in 2007 that 40% of drugs on the market
were water-insoluble with a surge of hydrophobic drug candidates in the development pipeline
(~90%) expected to have increased the prevalence of oil-soluble pharmaceuticals in the current
age.?® In addition to transporting inherently hydrophobic drugs, using oil-soluble delivery agents
protects sensitive ingredients. The recent employment of lipid nanoparticles for delivering the
COVID-19 vaccine, for example, protected the mRNA nucleotides from metabolic enzymes and
other harsh environments in the body.??® Current mechanisms for hydrophobic drug delivery

229 nanoemulsions coated

include inorganic-based nanocarriers,??"??8 lipid-based nanoparticles,
with surfactants or gelling polymers,2%%-22 and protein coronas.?* While these systems efficiently
encapsulate hydrophobic drugs, the mechanism of stabilization is largely unknown. In one respect,
these systems defy common theories of colloidal stability (i.e. DLVO) that require a substantial
surface charge to prevent particle aggregation. Additionally, in the case of proteins or diverse lipid
bilayers, specific probing of the moieties that give rise to colloidal stability is difficult due to the
chemical complexity of the stabilizing units and buried nature of droplet interfaces. We recently
demonstrated that small emulsion droplets suspended in water exhibit long-term colloidal stability
when coated with poly(acrylic acid) (PAA) at pH 2 and 4.2** With surface-specific spectroscopy,
it was determined that low-charge PAA stabilizes emulsions through an ordered backbone that
provides steric repulsion between droplets. These emulsions are resistant to acidic conditions and
the addition of electrolyte. Using a simple polymer like PAA allows for a detailed experimental
view of molecular ordering at the droplet interface with insight that can be applied to more

complicated polymers or proteins that contain many different chemical functionalities.
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Due to their tunable molecular weight, pH sensitivity, and unique architectures of synthetic
polymers,?® kinetically stable droplets coated with polymer are becoming increasingly useful for
biosensing applications.?® While changing the macromolecular concentration can impact
emulsion stability,”®” many polymers exhibit poor solubility at higher concentrations. Instead,
probing different chemical architectures or conformational orientation at an interface is achieved
through polymer morphology (i.e. linear,>® block,23%2° or core-shell?*!), chemical
identity/compatability,4224% and layer thickness.?*4162% |n particular, the thickness of a polymer
layer at an interface is adjusted by modifying the polymer molecular weight or by adding chemical
moieties to the polymer backbone, both of which increase steric hindrance and have the ability to
stabilize emulsions. Understanding how polymers with varying steric properties orient at an
interface will provide insight into developing novel drug delivery platforms, especially with
polymers that have pH tunability relevant to physiological conditions.

The adsorption behavior of polymers has generated both theoretical'® and
experimental*?#1?® studies that seek to understand interfacial conformation. In particular, a “train,
loop, tail” representation has been developed that describes how polymers lie flat at the surface
(train), coil beyond the surface into the bulk (loop) and extend at the ends of the polymer chains
(tail) to emphasize favorable surface-polymer interactions or bulk-polymer interactions, dependent
on the polymer identity and interface.'?6'2 To probe polymer conformation at interfaces,
vibrational sum frequency spectroscopy (VSFS), a surface-specific vibrational spectroscopy that
provides insight to molecular ordering at buried interfaces, has been employed. Previous sum
frequency studies have investigated the influence of polymer molecular weight on backbone
ordering at the planar polystyrene/silver interface,?*® air/water interface,?*’ and oil/water
interface.®? These studies found that polymer ordering was highly dependent on a balance between
enthalpic and entropic contributions to polymer adsorption. It is more favorable for ionic polymers
to be solvated in bulk solution to solvate charged functional groups and emphasize entropic
disorder of the chain. Thus, enthalpically induced adsorption and solvation of the side chain
functional groups must overcome this barrier to drive polymer adsorption to surfaces.?*
Specifically, enthalpic contributions from backbone/substrate interactions would increase
interfacial ordering while entropic contributions from polymer coiling would reduce interfacial

ordering.?*® While delivering a useful mechanistic groundwork for understanding polymer

55



adsorption, a key limitation of the previous sum frequency studies is that only 2-3 different
molecular weights were studied thus, limiting the breadth of steric hindrance applied to the system.

In addition to tuning molecular weight, polymer steric hindrance can be increased with the
addition of bulky groups to the polymer backbone. The few studies that have investigated the
interfacial ordering of a sterically hindered polymer backbone through methyl substitution (i.e.
poly(acrylic acid) vs. poly(methacrylic acid) or poly(methyl methacrylate)) have only been
conducted via bulk infrared spectroscopy?*® or at planar air/water?%2°! or oil/water interfaces?212°2
with VSFS. These studies found that the addition of a methyl group on the polymer backbone
improves solvation of the polymer into the hydrophobic phase. Additionally, changing the stereo
configuration of the polymer, through the use of isotactic and syndiotactic poly(methacrylic acid),
for example, can result in distinct oil- and water-rich C=0 environments. For simplicity, this work
uses isotactic poly(methacrylic acid), but future work will seek to understand the influence of
backbone substitution orientation on polymer conformation at curved interfaces.

In this work, poly(acrylic acid) of five different molecular weights (2, 10, 450, 1000, and
4000 kDa) was used to probe the influence of steric hindrance on polymer molecular ordering at a
droplet interface. The hexadecane/water emulsion interface used in this work mimics drug delivery
platforms where a hydrophobic drug is incapsulated in the oil-core. Vibrational sum frequency
scattering spectroscopy (VSFSS) is used to provide molecular-level detail of ordered vibrational
modes at the curved interface while complementary dynamic light scattering (DLS) provides
insight to emulsion stability. Additionally, we investigated the role of an additional methyl group
on polymer ordering by measuring emulsions coated with poly(methacrylic acid) at varying
concentrations. Based on rheological and thermal testing of bulk polymers,2>3-2% it is hypothesized
that at the oil/water droplet interface polymers of a low molecular weight will exhibit surface
activity similar to that of surfactants and exhibit minimal polymer-polymer interactions. At higher
molecular weights, it is projected that the polymer will have interchain crosslinks that contribute
to layering on the droplet. At any molecular weight, the balance between enthalpically favorable
polymer-substrate or polymer-polymer interactions and entropically favorable polymer disorder in
the aqueous phase will determine the interfacial conformation of the polymer and the resulting
emulsion stability. Finally, pH- and temperature-dependent DLS measurements of emulsion
stability connects the microscopic understanding of polymer steric hindrance on interfacial

ordering to macroscopic insight leading to the development of stable drug delivery systems.
56



IV.B. MATERIALS AND METHODS
IV.B.1. Materials

All materials were used as delivered without further purification. Hexadecane (> 99%), dioctyl
sodium sulfosuccinate (AOT, > 97%), and poly(acrylic acid) (PAA, average My ~ 450 kDa) were
purchased from Sigma-Aldrich. PAA of varying molecular weight (ultra pure 2 kDa, ultra pure 10
kDa, 1000 kDa, and 4000 kDa) and poly(methacrylic acid) (PMAA, 100 kDa) were purchased
from Polysciences, Inc. Deuterated hexadecane (n-hexadecane-dss4, 98.6% D), sodium deuteroxide
(NaOD, 99.5% D), and deuterium chloride (DCI, 99.8% D) were purchased from CDN Isotopes.
Deuterium oxide (D20, 99.9% D) was purchased from Cambridge Isotope Labs. All glassware
was cleaned with a sulfuric acid bath (98%, Sigma-Aldrich) containing ALNOCHROMIX
oxidizer from Godax Laboratories Inc. Glassware was submerged in the acid bath for at least 24
hours before being rinsed with 18.2 MQ-cm water and dried in an oven.

IV.B.2. Emulsion Formation

Hexadecane (or D-hexadecane) emulsions suspended in water (or D.O) were prepared by
ultrasonication from a Branson Sonifer 250 at 5% output power of 20 kHz for 5 minutes at a
constant duty cycle. The ultrasonicating probe tip was aligned at the interface of the aqueous
solution and oil layer to ensure homogenous mixing. The AOT-coated emulsion standard was
formed by ultrasonicating an AOT stock solution with D-hexadecane to generate an emulsion with
1 mM AOT and 2.5% v/v oil in water. Polymer-coated emulsions were formed in the same fashion
with DCI or NaOD added to reach the desired pD (pH). Emulsion pH was measured using
Millipore Sigma MColorpHast pH strips. While the detection of pH values can differ from pD
values by 0.43,2% pH instead of pD is used for clarity and accurately describes the pH-dependent
phenomenon at three regions studied as confirmed by previous work from this group.

IV.B.3. Dynamic Light Scattering and Zeta Potential
Hydrodynamic diameter (Z-average), polydispersity index (PDI), and zeta potential of the
emulsions was measured with a Malvern Zetasizer Nano ZS. The size and PDI are reported from
an average of at least three measurements while zeta potential values are an average of at least five
measurements. Room temperature DLS and zeta potential measurements were collected by

pipetting 1 mL of the emulsion solution into a Malvern folded capillary zeta cell without dilution.
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For variable temperature DLS, 1 mL of emulsion solution was pipetted into a glass cuvette and
capped. The samples are prepared at room temperature and equilibrated for at least 20 minutes
before the first measurement occurs at 0 °C. DLS measurements are taken at 10 °C increments (up
to 90 °C) with sufficient equilibration time at each temperature step to ensure temperature accuracy
with 0.1 °C.

IV.C. RESULTS AND DISCUSSION - EMULSIONS COATED WITH PAA OF VARYING
MOLECULAR WEIGHT

IV.C.1. Emulsion Characteristics
A solution of poly(acrylic acid) (PAA) in D20 at varying molecular weight (2, 10, 450, 1000, and
4000 kDa) was ultrasonicated with 2.5% D-hexadecane to form kinetically stable emulsions with
a final polymer concentration of 500 ppm. Our previous study investigated the influence of
concentration on emulsion stabilization.?** Briefly, 500 ppm was chosen as enough polymer
concentration to coat the interface but reduce the amount of polymer layering that causes charge
screening. We seek to limit charge screening so that approximately a single layer of polymer is at
the interface. This allows for zeta potential to be used as a metric for understanding polymer
adsorption. The size, polydispersity index (PDI), and zeta potential of the resulting emulsions
prepared at pH 2, 4, and 6 are summarized in Figure 1V.1. Stable emulsions were formed at pH 4
with all molecular weights and at pH 2 for low molecular weights (< 450 kDa) as indicated by the

small size and visual turbidity. At pH 2, large unstable oil droplets were formed with high
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Figure IV. 1 A) Hydrodynamic diameter, B) polydispersity index, and C) zeta potential of
emulsions coated with 500 ppm poly(acrylic acid) at varying molecular weights and pH
conditions.
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molecular weights (1000 and 4000 kDa) as indicated by the large size and PDI. No stable
emulsions were formed at pH 6.

At pH 4 and 6, an absolute minimum of the zeta potential was observed at 450 kDa. With
shortening or lengthening of the polymer chain the zeta potential is decreased in magnitude. At
lower molecular weights, the decline in surface charge is attributed to the reduced polymer surface
coverage given the same concentration as higher molecular weights counterparts.?>” At higher
molecular weights, charge screening of multiple polymer layers causes a reduction in zeta
potential. At pH 2, very little change in zeta potential was observed due to the low percent
deprotonation in these conditions (1%).2%* The hydrodynamic diameter and zeta potential are
important parameters for contextualizing our spectral results below, while size distribution was

used to account for the scattered signal collected by VSFSS.

IV.C.2. Entropy and Enthalpy Favored Adsorption
To understand the changes in PAA conformation as a function of molecular weight, we turned to
well-known mechanisms of polymer adsorption to analyze the VSFS spectral trends below. Unlike
surfactants, polymers are not inherently surface active as they do not always possess distinct
hydrophilic and hydrophobic regions as these regions are continuously tethered. In a similar
fashion to denatured proteins, polymers would rather be solvated in the bulk, aqueous phase to
emphasize entropic disorder, solvate ionic functional groups, and protect hydrophobic moieties.
Therefore, to promote polymer adsorption to surfaces, the strong polymer-water interaction must
be overcome by favorable polymer-substrate or polymer-polymer (layering) connections, which
are closely tied to polymer length. Previous work has demonstrated that at high molecular weights,
long polymer chains can extend at surfaces. This extension emphasizes favorable polymer-
polymer and polymer-substrate van der Waals forces which results in an ordered backbone.?*® On
the other hand, at low molecular weight, the conformation of the adsorbed polymer favors entropic
disorder. With less repeat units, there are fewer backbone/substrate interactions as compared to
higher molecular weight systems, thus entropy must compensate. These behaviors are described
as entropy and enthalpy-driven adsorption, describing the driving force that dictates polymer

conformation of the interface.
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Figure 1V. 2 Critical adsorption parameter (6¢) as a function of poly(acrylic acid) molecular
weight. ¢ ~ N-3/5 where N is the degree of polymerization.

The mechanism for adsorption is described quantitatively by the unit-less critical adsorption
parameter, ¢, and was calculated for the PAA system studied here (Figure 1V.2) where 8¢ ~ N3/
and N is the degree of polymerization. A larger &c suggests more entropic contributions to
adsorption while a lower d¢ indicates more enthalpic contributions. We find that PAA adsorption
is entropically driven at low molecular weights (2 and 10 kDa) and enthalpically driven at high
molecular weights (450, 1000, and 4000 kDa). This analysis suggests that at low molecular weight,
a preference towards disorder is expected and at higher molecular weights, an extended ordered

backbone is favored.

IV.C.3. VSFSS of Varying Molecular Weight PAA Emulsions at pH 4
A conformational analysis of PAA at the oil/water droplet interface as a function of molecular
weight was probed with vibrational sum frequency scattering spectroscopy (VSFSS). This
technique provides a molecular picture of droplet interfaces by probing interfacial vibrations,
where the presence of sum frequency signal indicates population and net orientation of the
vibrational transition moments being probed. The polarization scheme ssp (relating to the
polarization of the sum frequency, visible, IR pulses, respectively) was used to probe vibrational
transition moments perpendicular to the oil/water interface, as consistent with previous
experiments.?** Figures 1V.3 and 1V.5 show the interfacial vibrational response of the PAA

backbone in the C-H stretching region as a function of molecular weight at pH 4 and pH 2,
60



respectively. As stable emulsions were not formed in pH 6 conditions, no VSFSS measurements
were conducted.

AtpH 2 and 4, a narrow feature at 2932 cm is attributed to the methylene (CH2) symmetric
stretch on the backbone of PAA while the broad feature at 2871 cm™ is assigned to the methine
(CH) stretch. These fitting assignments are consistent with previous literature and fitting
parameters are summarized in Table B2.1%52% To deconvolute the influence of polymer molecular
weight on interfacial ordering, the peak amplitude and Gaussian linewidth were compared as a
function of molecular weight (Figure 1V.3B-C). As the oscillator probed in these experiments is
kept consistent for each measurement, the peak amplitude provides information on the population
and orientation of vibrational modes while the Gaussian linewidth provides insight into the variety
of chemical environments present for these vibrations at the droplet interface. For example, a large
amplitude suggests a high population of ordered surface vibrational modes and a small Gaussian
linewidth suggests a limited chemical environment of those moieties. The higher intensity of the
methylene symmetric stretch, as compared to the methine stretch, makes it a better probe for

determining interfacial ordering as a function of polymer molecular weight. However, the trends
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Figure IV. 3 VSFSS measurements (ssp polarization) of D-hexadecane emulsions in D20
stabilized with 500 ppm PAA of varying molecular weight at pH 4 in the C-H stretching
region. Solid lines represent fits of the data. Panels B and C demonstrate the relationship
between peak amplitude and gaussian linewidth obtained from the fits as a function of PAA
molecular weight for the CH, and CH symmetric stretch.
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for the methine stretch were included to show that the conclusions generated on polymer ordering
is consistent regardless of the vibrational probe chosen for analysis.

At pH 4, the peak amplitude of the CH2 symmetric stretch (ss) exhibits a maximum at 450
kDa and decreases with either the lengthening or shortening of the polymer chain (Figure I1V.3A-
B) These results closely resemble the trend exhibited with zeta potential as a function of molecular
weight, where high molecular weight polymers layer at the surface and charge screen the slipping
plane. In general, the conformation of PAA at pH 4, as compared to pH 2, is driven by the
polymer’s preference to solvation the ionic species. As detailed below, the conformational changes
as a function of molecular weight at pH 4 are much more dramatic than at pH 2. The high intensity
VSFS signal for the CH> ss at 450 kDa suggests a very ordered polymer backbone, consistent with
previous interfacial studies.?®* When increasing the polymer molecular weight, the peak amplitude
decreases due to disordered interchain crosslinks. While some layering can be ordered, the
necessity to accommodate deprotonated acid groups results in incomplete and random polymer
sheets, which is not seen at pH 2. This PAA layering is supported by the increase in hydrodynamic
size measured by DLS (Figure 1V.1A) Interchain interactions are frequently exhibited for high
molecular weight polymers in bulk solution, where an increase in mechanical robustness and
viscosity is attributed to crosslinking.?>>2%¢ At lower molecular weights, the CH, peak amplitude
decreases due to conformational adjustment of the polymer that is necessary to solvate the
deprotonated carboxylic acids on the short chain and is entropy favored. Additionally, it is likely
that lower molecular weight PAA is less surface active and thus there is less interfacial population
that would give rise to VSFS amplitude.?>” Whereas at higher molecular weights (450 kDa and
above), cooperative, long-chain ordering allows for accommodation of the ionic species. Previous
studies have demonstrated that long-chain polymers emphasize the positive enthalpic interactions
between the polymer backbone and the substrate (in this case, hexadecane).922%8 At low molecular
weights, this long-range communication is disrupted and thus shorter PAA chains cannot utilize
the strong enthalpic interactions leveraged by longer chain polymers. Instead, it is hypothesized
that low molecular PAA is coiled at the interface in a disordered orientation that is both entropy
favored and solvates the deprotonated acid.

The change in Gaussian linewidth for the CH> ss at pH 4 is minimal (+2 cm™) as a function
of molecular weight (Figure 1VV.3C) due to this vibrational mode being solvated completely in the

oil phase. However, the methine stretch exhibits a unique trend and is inherently broader than the
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methylene stretch, as this mode is tethered to the water-soluble carboxylic acid group whose
solvation environment varies significantly. The increase in Gaussian linewidth for the CH stretch
as we move to the lower and higher extremes of molecular weight suggest a wider variety of C=0
solvation environments.??>2* The broadening of the methine mode at higher concentrations is
caused by C=0 modes being solvated at varying distances and degrees of hydrophobicity as the
long chain polymer layers at the surface. At lower molecular weights, the deprotonated acid pulls
the short chain further into the water phase, causing the polymer to be adsorbed to the surface like
a surfactant (Figure 1V.4). The different solvation environments due to this ionic group result in
linewidth broadening. A similar behavior was observed for short chain zwitterionic polymers at
the planar hexadecane/water interface, where the ionic species were solvated in the water and the
polymer chain was suspended in the oil, but the intertwined nature of the polymer resulted in mixed
solvation phases.?®

In general, for pH 4 at low molecular weights, PAA adsorption mimics that of a surfactant
with a distinct hydrophobic and hydrophilic region, whereas at higher molecular weights polymer-
polymer layering is induced by interchain crosslinking (Figure 1V.4). These results are similar to
a physiologically-relevant study that found that Pickering emulsions coated with the
polysaccharide, dextran sulphate, were more stable with a molecular weight of 500 kDa than 40
kDa.?%° Our results expand on the influence of polymer steric bulk by finding that at high molecular

weights interchain crosslinks cause polymer layering at the surface.

PAA pH 4
2,10 kDa 450 kDa 1000, 4000 kDa

hexadecane

|
Figure 1V. 4 Molecular picture of the hexadecane/water droplet interface of PAA at low (2
and 10 kDa), medium (450 kDa), and high (1000 and 4000 kDa) molecular weight at pH 4.
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IV.C.4. VSFSS of Varying Molecular Weight PAA Emulsions at pH 2

At pH 2 (Figure 1V.5), the interfacial ordering trend as a function of molecular weight is not as
clear as at pH 4. However, these minimal changes are not surprising considering that there is such
little surface charge on the PAA-coated emulsion at pH 2 (Figure 1V.1C). Ultimately, the
differences in adsorbed PAA conformation arising between pH 4 and pH 2 are dictated by the
necessity for the pH 4 system to solvate the deprotonated acid. Nearly all of the carboxylic acid is
protonated at pH 2 (99%), therefore the conformational adjustments needed to accommodate that
charge at pH 4 are not observed. Additionally, there is more surface coverage at pH 2 as compared
to pH 4 due to the increase in protonation as confirmed by surface tension measurements (Figure
B3) and the higher CHz ss signal intensity.

At low molecular weight, the entropically-induced adsorption of PAA at pH 2 results in a
slight decrease in methylene and methine peak amplitudes as compared to 450 kDa (Figure

1VV.5B). However, this amplitude is still higher than seen at pH 4, as the impacts of entropy are not
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Figure IV. 5 VSFSS measurements (ssp polarization) of D-hexadecane emulsions in D20
stabilized with 500 ppm PAA of varying molecular weight at pH 2 in the C-H stretching
region. Solid lines represent fits of the data. Panel A inset provides a zoom-in of the 2, 10, and
450 kDa traces. Panels B and C demonstrate the relationship between peak amplitude and
gaussian linewidth obtained from the fits as a function of PAA molecular weight for the CH>
and CH symmetric stretch.
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as dramatic when the polymer is nearly 100% protonated at pH 2. Therefore, despite being
entropically driven, the protonation of almost all the acid groups allows PAA to develop a more
elongated conformation at pH 2 to better emphasize polymer-substrate interactions as compared
to pH 4.

At high molecular weight PAA in pH 2, we attribute the methyl signal intensity to an
increase in polymer layers at the emulsion surface. It is known that crosslinking is favorable at pH
2 due to the low percentage of deprotonation, resulting in a high number of polymer-polymer
enthalpic interactions. While at pH 4, the addition of polymer layers reduced SFG signal due to
disordered packing needed to accommodate the deprotonated acid, PAA at pH 2 can form nearly
perfect layers of ordered polymers without ionic functional group disruption. SFG studies of
poly(methyl methacrylate) at the planar polymer/silica surface also find that at high molecular
weight, the methylene groups on the backbone are closely packed into the hydrophobic phase and
are well oriented.?®* Additionally, nonionic polymers, like poly(N-vinyl acetamide) are known to
exhibit well-ordered layers beyond the droplet surface.'® This analysis is supported by the fact that
DLS reports large diameters (> 900 nm) for droplets formed at pH 2 with high molecular weight
PAA. The increase in hydrodynamic diameter is attributed to an increase in polymer layering at
the surface, as was seen in previous emulsion studies.?®? At pH 2, the change in CHz ss linewidth
is minimal (2 cm™) (Figure 1V.5C), however, the CH stretch linewidth increases at higher
molecular weights. Like in pH 4 conditions, the broadening of this feature is due to the methine
mode being solvated in a variety of chemical environments and becoming disordered. Ultimately,

the conformational differences between PAA molecular weights at pH 2 is not as striking as pH 4

PAA pH 2
2,10 kDa 450 kDa 1000, 4000 kDa

hexadecane |

Figure IV. 6 Molecular picture of the hexadecane/water droplet interface of PAA at low (2
and 10 kDa), medium (450 kDa), and high (1000 and 4000 kDa) molecular weight at pH 2.
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due to the polymer being nearly 100% protonated and thus no ionic species require water solvation.
A detailed interpretation of the data though, shows that increased surface coverage of PAA is
exhibited at lower molecular weights resulting in a fairly ordered backbone, while at higher
molecular weights, the increase in spectral intensity is due to polymer layers increasing the ordered
population (Figure 1V.6).

IV.C.5. C=0 Region and Summary

To determine the influence of polymer molecular weight on carboxylic acid ordering at the
oil/water emulsion interface, VSFSS was used in the C=0 stretching region (Figure B1). As stable
emulsions were not formed at pH 6, no VSFSS measurements were conducted. This region
requires de-timing of the visible beam to reduce a non-resonant response caused by the windows
used in the experiment and detailed in previous publications.?®%% To account for the elevated
non-resonant background, two additional broad peaks were used in fitting (Table B3). A single
resonant feature around 1740 cm™ is attributed to the C=0 stretching mode on PAA. At pH 2 and
4, there seems to be no correlation between the ordering of the C=0 mode on PAA and the
molecular weight. Global fitting and subsequent analyses of the peak position, Gaussian linewidth,
and peak amplitude were all considered (Figure B2). We hypothesize that carboxylic acid ordering
is independent of polymer backbone ordering and is nearly undetectable at the oil/water emulsion
interface at a concentration of 500 ppm, as shown previously.?** While increasing the
concentration of polymer could improve the signal intensity measured by VSFSS, the solubility of
high molecular weight PAA decreases dramatically with increasing concentration.
Complementary surface-specific techniques, such as vibrational sum frequency spectroscopy at a
planar oil/water interface which has increased resolution and input power, could provide better
insight into the molecular ordering of the carboxylic acid group on PAA but directly probing this
mode on a curved interface at this concentration remains elusive.

Ultimately these results suggest that at pH 4, PAA exhibits the highest amount of interfacial
ordering and subsequent emulsions stability (as indicated by size, PDI, and zeta potential) at 450
kDa. At lower molecular weights, PAA is less-ordered due to poor chain communication resulting
in less enthalpically-favored polymer-substrate interactions and greater entropy-favored disorder.
At higher molecular weights, PAA becomes less ordered due to enhanced opportunities for

crosslinking of polymer chains. Similar behavior is exhibited at pH 2, but with less dramatic
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interfacial effects as a function of PAA molecular weight due to the lower degree of deprotonation.
It was observed that at low molecular weights, PAA adsorption at pH 2 is well-ordered. At pH 2
with higher molecular weights, the crosslinking-induced environment results in a thick polymer
chain at the surface. While not accounted for in the critical adsorption parameter, dc, these results
suggest that specific chemical nature, tuned by pH in this case, impacts polymer adsorption

characteristics.

IV.D. RESULTS AND DISCUSSION - EMULSIONS COATED WITH PMAA
IV.D.1. Emulsion Characteristics
Probing the impact of backbone sterics on interfacial ordering was achieved by ultrasonicating a
solution of poly(methacrylic acid) (PMAA, molecular weight = 100 kDa) with D>O and D-
hexadecane to form kinetically stable emulsions with a final PMAA concentration of 500 or 2687
ppm. 500 ppm was chosen to maintain the same concentration as the PAA studies, while 2687
ppm was chosen to result in the same number of monomer units of PMAA as compared to PAA at
500 ppm. The surface activity of PAA and PMAA at 500 ppm are similar at pH 2, 4, and 6 (Figure
B3) as measured by pendant drop surface tensiometery. Stable emulsions were formed with both
500 and 2687 ppm PMAA at pH 2 and pH 4 (Table B1). No stable emulsions were formed at pH
6 regardless of PMAA concentration, however a short-lived emulsion could be formed at pH 6

with 2687 ppm PMAA, likely due to a high surface coverage of the polymer.

IV.D.2. VSFSS of PMAA Coated Emulsions
To determine the influence of steric hindrance on polymer backbone ordering at the oil/water
droplet interface, VSFSS was used to measure the interfacial ordering of PMAA as compared to
PAA. Figure V.7 shows the interfacial vibrational response of PMAA as a function of pH and
concentration in the C-H and C=0 stretching regions for both 500 and 2687 ppm. As stable
emulsions were not formed at pH 6, no VSFSS measurements were conducted on those samples.
In the C-H stretching region, the feature at ~2939 cm is attributed to the methyl symmetric stretch

on the backbone of PMAA (Figure 1V.7A). A small, broad feature at ~2890 cm™ was necessary
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Figure IV. 7 VSFSS measurements (ssp polarization) of D-hexadecane emulsions in D20
stabilized with PMAA in the A) C-H and B) C=0 stretching regions in varying pH conditions.
Solid lines represent fits to the spectra measured with 500 ppm PMAA. Spectra measured
with 2687 ppm PMAA are plotted with dashed lines.

when fitting the spectra and is assigned to the methyl symmetric stretch at the end of the polymer
tail. Fitting parameters are summarized in Tables B4-B5 and are consistent with previous
literature.?21:20,263

As the fitting assignments differ for PAA and PMAA, and therefore individual peak
intensities cannot be compared between systems, the integrated intensity in the C-H stretching
region was used as a metric for polymer backbone ordering (Table 1V.1). The integrated intensity
provides a general representation of polymeric backbone ordering at the emulsion interface. With
the same concentration of polymer (500 ppm) at pH 4, adding a methyl group to the polymer
backbone results in an increase in the integrated C-H stretching region area. This increase in signal
could be attributed to the methyl group on PMAA increasing the solubility of the polymer
backbone into the oil phase, therefore improving the polymer ordering. The improved
hydrophobic solubility was previously observed by studies of PMAA at the planar oil/water
interface.??! However, once increasing the concentration to keep the number of monomer units
consistent between PAA and PMAA (2687 ppm), we see a decrease in the integrated area,

interpreted as a decrease in the polymer ordering due to the methyl group causing steric hindrance
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Table V. 1 Integrated area of VVSFSS spectra collected from PAA and PMAA in the C-H
stretching region from 2800-3000 cm-1, corresponding to Figure 1V.7A.

" PAA PMAA PMAA
p 500 ppm 500 ppm 2687 ppm
2 1.62 1.34 0.559
4 1.87 2.84 1.41

within the polymer backbone. At a lower concentration (500 ppm), PMAA has more space to
lengthen and accommodate the additional methyl group, while at a higher concentration (2687
ppm), the methyl group causes a steric disruption to the backbone ordering. At pH 2, we see an
overall decrease in the integrated area from PAA to PMAA, regardless of polymer concentration.
As PAA is known to form loops and coils at pH 2, the addition of a methyl group increases the
favorability to reduce hydrophobic backbone-water interactions through coiling, ultimately
reducing the interfacial ordering.

Interestingly at pH 6, slight VSFS signal in the C-H stretching region is observed from
emulsions coated with 2687 ppm PMAA (Figure 1V.7A). As this emulsion exhibits short-lived
colloidal stability, VSFS spectra measured nearly immediately after formation of the emulsion (20
minutes) was necessary to observe ordered polymer at the interface. The presence of PMAA signal
at pH 6 is due to the methyl group on PMAA increasing the oil solubility at the interface, in contrast
to PAA at pH 6 which prefers to be solvated in the water phase due to the deprotonated carboxylic
acid groups. While still exhibiting a large negative zeta potential indicative of a deprotonated
polymer, the additional methyl group on PMAA aids in oil solvation at the interface leading to a
slightly ordered and metastable droplet.

In the C=0 stretching region, a single feature at 1736 cm™ is assigned to the carbonyl
stretching mode on the acid (Figure 1V.7B). With 500 ppm PMAA at both pH 2 and 4, we see a
higher intensity for PMAA than was observed for PAA, similar to what was exhibited in the C-H
stretching region. The lower polymer concentration, as compared to 2687 ppm, allows for
accommodation of the increase in steric bulk at the interface and improves the solubility of the
methyl group into the oil phase, causing a subsequent ordering of the carboxylic acid group
tethered to the backbone. Once the monomer concentration is increased (to 2687 ppm), the C=0
mode becomes disordered as a result of the polymer backbone steric hindrance causing looping of

PMAA. Ultimately, while increasing the hydrophobicity of a polymer improves its solubility at an
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oil-rich interface at low concentrations, the steric hindrance of the backbone results in enhanced
coiling and disorder in conditions where that behavior is already favorable, such as at low pH and

high concentration.

IV.E. RESULTS AND DISCUSSION - EMULSION THERMAL STABILITY

To be suitable for drug delivery applications, emulsion vessels must withstand variable
environments in storage, transport, and infusion into the human body. For example, delivering
drugs into the gastrointestinal tract is challenging due to the intense acidity (pH 1-2) of the
stomach. 264285 Additionally, temperature tunability, such as through phase change materials which
selectively deposit an agent at a given temperature, is useful for drug delivery systems.?6:267 Here,
we show the robust stability of this PAA-coated emulsion system at pH 2 and 4 with varying
molecular weights, by measuring the hydrodynamic diameter at a variety of temperatures (Figure
1V.8). Temperature-dependent PDI is shown in Figure B4.

Emulsions at pH 4 remain relatively stable across a wide temperature range (20-90 °C,
Figure 1V.8A) as indicated by their invariant size. While the emulsions are not particularly
resistant to cold temperatures (0-20 °C) and coagulate in solution, they exhibit strong thermal
robustness at high temperatures. In fact, when moving from room temperature (~20 °C) to

physiological temperatures (~36 °C), emulsions coated with 450 kDa PAA and lower molecular
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Figure 1V. 8 Temperature-dependent diameter of emulsions coated with 500 ppm PAA of
varying molecular weight as a function of temperature at A) pH 4 and B) pH 2.
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weight, exhibit improved colloidal stability as indicated by the smaller size, suggesting that these
emulsions approach a thermodynamically stable diameter in physiologically relevant conditions.
These results are in contrast to other temperature-dependent emulsion studies which observe phase
change behaviors at higher temperatures (~60 °C).23t Emulsions coated with 1000 and 4000 kDa
PAA have a larger diameter than the shorter chain counterparts, likely due to thick polymer layers
at the surface extending the measured hydrodynamic diameter. At pH 2, emulsions only exhibit
temperature stability across the entire temperature range when coated with 2 kDa PAA (Figure
IV.8B). At higher molecular weights, the increasing tendency for looping and coiling results in
emulsion destabilization and larger droplet sizes. These results corroborate the VSFS spectra
demonstrating that polymer disorder and crosslinking that occurs at pH 2 does not promote
colloidal stability. Only at low molecular weights, where less crosslinking is expected to occur and
the polymer behaves more like a surfactant, do we see thermal stability. Meanwhile, at pH 4, where
very little crosslinking of the polymer is expected as compared to pH 2, emulsions remain
relatively stable across a wide temperature range. We hypothesize that in addition to forming a
steric layer that facilitates colloidal stability at room temperature, the PAA layer provides
additional thermal protection, making it a relevant choice for drug delivery. Expanding these
results to consider the impact of physiological saline buffers would be useful,?®® but we predict
from previous work that the addition of electrolyte at low concentrations has minimal impact on

the resulting emulsion stability.?3*

IV.F. CONCLUSIONS
Via linear and non-linear light scattering techniques, the influence of PAA molecular weight and
the addition of a methyl group on the backbone (PMAA) on polymer conformation at the curved
hexadecane/water interface was probed. The readily available 450 kDa molecular weight of PAA
is considered a standard likely due to its ability to form well-ordered chains at the oil/water
interface. At higher molecular weights (1000 and 4000 kDa), enthalpically favored van der Waals
interactions between the polymer backbone and the oil as well as hydrogen bonding between
polymer chains results in an ordered backbone with multiple polymer layers extending beyond the
surface. This surface layering lengthens the hydrodynamic diameter and charge screens the zeta
potential. At lower molecular weights (2 and 10 kDa), shorter polymer chains act like surfactants

and rely on entropic disorder to solvate the deprotonated groups. This general behavior is exhibited
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at the natural pH of PAA, pH 4. With PAA at pH 2, the conformational differences as a function
of molecular weight are not as distinct due to the nearly 100% protonation of PAA at pH 2 reducing
the need for ionic solvation.

For PMAA, with an additional methyl group on the backbone as compared to PAA, no
steric hindrance is faced at low concentrations as the polymer has more surface area to extend and
form an ordered backbone. In fact, the improved oil solvation of PMAA results in a short-lived
emulsion formed at pH 6 with a concentration of 500 ppm PAA. With higher concentration (2687
ppm), making the number of repeat units for PAA and PMAA the same, the additional methyl
group causes steric disruption and results in a more disordered configuration as compared to PAA.

The unveiling of polymer conformation at the curved hexadecane/water interface can help
design efficient drug delivery emulsions with long-term colloidal stability. In particular, we
demonstrate the size stability of these emulsions in physiologically relevant pH and temperature
conditions. Another way to tune emulsion stability could be with the incorporation of both short-
and long-chain polymers which have been shown to be impactful for physical properties.?®
Combining polymers of varying molecular weight could improve interfacial surface coverage due
to efficient packing capability, similar to surfactant mixtures and surfactant-polymer composites.

This work also provides another example of non-DLVO forces, namely steric bulk without
surface charge, that contribute to colloidal stability. In the following chapters, the unique colloidal
stability of bare metal-organic framework nanoparticles are studied to better understand other
forms of non-DLVO interactions that give rise to stable dispersions.

72



CHAPTER V: COLLOIDAL STABILITY OF ZIF-8
This work was published in volume 18, issue 20 in the journal ACS Nano. Ashley N. Mapile is
credited with conceptualization, formal analysis, investigation, writing — original draft, writing —
review and editing, and visualization. Michael A. LeRoy is credited with formal analysis and
investigation. Kevin Fabrizio assisted in data visualization. Lawrence F. Scatena assisted in
conceptualization, writing — review and editing, supervision, and funding acquisition. Carl K.
Brozek assisted in conceptualization, writing — review and editing, supervision and funding

acquisition. Supplementary information for this chapter is provided in Appendix C.

V.A. AN INTRODUCTION TO BARE MOF NANOPARTICLES

Solvation shells dictate the interactions between colloidal materials and their surroundings. The
activity of proteins, for instance, derives from the structure and dynamics of hydration shells often
nanometers thick and with behavior distinct from bulk water.2%2"! The properties of nanoparticles,
from catalysis and particle growth mechanisms to plasmonics and colloidal stability, also depend
on how solvent molecules structure around a particle surface.'%%272273 Classically, according to
continuum solvation models and Derjaguin-Landau-Verwey-Overbeek (DLVO) theory, colloidal
stability depends only on electrostatic repulsion overcoming van der Waals attraction between
particle surfaces.® When attractive interactions outweigh repulsion, as with metal nanoparticles
and quantum dots, capping ligands provide additional steric and entropic repulsion.?”* Colloids
without capping ligands and weak electrostatic forces are postulated to be stabilized by solvation
shells that act as protective coatings.527>:276

Available analytical tools reveal important, but more general information about solvation
shell structure and ordering. Atomic force measurement techniques, pioneered by Israelachvili,
detect the presence of multi-layer hydration shells on mica surfaces through oscillations in the
steric friction upon approaching the particle surface.’>%"" Pair distribution function analysis of X-
ray scattering data similarly suggests water self-assembles into ordered nanometer-thick layers at
the surface of metal oxide nanoparticles, even when surfactant ligands are added to cap the particle
surface.'®® Recently, second harmonic generation scattering experiments reveal pH- and salt-
dependent ordering of water at the interface of colloidal SiO2 and TiO2 nanoparticles.?’®2” While
these studies lay foundational evidence for ordered solvation shells, they lack the specificity

necessary to identify both the chemical nature and molecular conformation of solvation shells near
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metal nanoparticles. Such insights will be critical in understanding the chemistry of solvation
shells assembled at complex interfaces. In particular, porous colloids pose considerable challenges
and opportunities for studying interfacial phenomena due to their low surface-charge densities, the
presence of both internal and external surfaces, and because void spaces comprise a significant
portion of the nanoparticle-solvent electrical double layer. Preliminary investigations of porous
colloids include calculations that reveal significant fluctuations in the electrostatic potential of
bare, mesoporous silica nanoparticles that are highly dependent on pore size.67280-283 Related
studies have shown that the morphology of porous particles influences the ordering of solvation
shells and overall colloidal stability.?®* To understand how factors such as pore topology,
molecular composition, and particle size influence the colloidal stability of porous materials
spectroscopic techniques are needed to uncover the arrangement of molecules at solvated
nanoparticle surfaces.

While VSFSS has been used extensively to study surfactant-stabilized nanoemulsions and
ligand-capped particles, here we use VSFSS to probe a free-standing nanoparticle-solvent
interface. Not only does our work assign discrete vibrational modes to solvent molecules and their
relative orientation to the interface, but we also provide insight into the interfacial structure of both
traditional metal oxide nanoparticles and the largely uninvestigated porous metal-organic
framework nanoparticles whose surface is significantly less dense than their metal oxide
counterparts.

Colloidal nanocrystals of porous solids stand in stark contrast with the “hard-shell” colloids
well-suited to conventional models of interfacial chemistry. Metal-organic frameworks (MOFs),
in particular, possess the highest accessible surface areas of any known material.?® Unlike
conventional nanoparticles, void spaces of nanometer-sized pores dominate the external surfaces
of MOF nanoparticles (nanoMOFs). This scarcity of nanoparticle material at the interface should
consequently lower the electrostatic repulsion and van der Waals attraction that dictate colloidal
stability according to DLVO theory. Such low-density architectures also create complex surfaces
for the self-assembly of solvation shells due to their heterogeneous compositions and to the
presence of both internal and external surfaces accessible to solvent. In the few existing synthetic
methods for nanoMOFs, “modulators”, rather than the typical surfactant ligands found in the
guantum dot literature, direct the size of nanoMOFs. Unlike surfactant ligands, evidence suggests

modulators rarely incorporate onto the exterior or interior surfaces. Instead, as described by the
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“seesaw” model we reported recently, modulators influence particle sizes by affecting the metal-
linker binding and linker deprotonation equilibria.?®¢28” With this predictive model, we
demonstrated a nanoparticle synthesis of the conductive MOF Fe(1,2,3-triazolate), with diameter
sizes controllable to just 6 nm—the smallest nanoMOFs to-date.?®® Size-dependent optical and
charge-transport behavior emerged from this class of semiconductor nanocrystals distinct from
traditional quantum dots. Despite the lack of surfactant additives and the absence of incorporated
modulator, the particles exhibited indefinite colloidal stability in N,N-dimethylformamide (DMF)
under anaerobic conditions. These observations suggest a mechanism of colloidal stability
involving solvation shells, despite the minimal amount of material at the particle surfaces where
solvent could potentially bind. Nanoparticles of the commonly studied Zn-based MOF, ZIF-8
(Zn(2-methylimidazolate),), also demonstrated long-term colloidal and air stability?®® (unlike
Fe(TA)2) in DMF, making them ideal candidates to study solvation shell chemistry. While ZIF-8

and other MOF species are known to be colloidally stable?®°

, and are frequently used in drug
delivery platforms due to this attribute?®!, most cases require post-synthetic modification in the
form of capping ligands, surfactants, or polymers to provide long-term stability and efficacy?%*
2% The mechanism of colloidal stability for bare nanoparticles, especially those with a low surface
density such as MOF nanoparticles, remains unknown. In applications, the ability to functionalize
these nanoMOFs into polymer matrices to meet industrial demands for chemical separations and
carbon capture will depend on surface interactions that contribute to this surfactant-free colloidal
stability.2%2% While others have studied the ligands of surface-coated nanoparticles’429"2% or
bulk-sized MOF materials®®® through sum frequency techniques, herein, we investigate the
solvent-particle interface of bare colloidal nanoparticles with long-term colloidal stability via
VSFSS. Our results demonstrating the necessity of an ordered solvation shell for MOF colloidal
stability are important for the varied uses of bare MOF nanoparticles where the addition of a
surface agent could have unintended consequences on optical properties, solution processibility,

solubility, and self-assembly.
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V.B. MATERIALS AND METHODS
V.B.1. Materials
All chemicals were used as purchased unless otherwise stated. Zinc nitrate hexahydrate (99%,
metal basis, crystalline, Thermo Fisher Scientific), 2-methylimidzole (99%, Acros Organics),
methanol (certified ACS, Fisher Chemical), N,N-dimethylformamide (certified ACS, Fisher
Chemical), and N,N-dimethylformamide-ds, (99 atom % D, CDN Isotopes). All glassware used in
VSFSS experiments is copiously cleaned in a concentrated sulfuric acid bath (98% Sigma-Aldrich)
containing AINOCHROMIX oxidizer (Godax Laboratories Inc.) for at least 24 hours before being

rinsed for at least 2 min. with MilliQ water and dried in an oven.

V.B.2. Synthesis of nanoZIF-8 Particles

ZIF-8 nanoparticles (nanoZIF-8) were synthesized following literature procedure.3® In general, to
synthesize 36 nm nanoZIF-8, zinc nitrate hexahydrate (2 g, 6.72 mmol) in 136 mL of methanol
was poured into to a 2-methylimidazole solution (2.7596 g, 33.61 mmol) in 136 mL of methanol
stirring at 500 rpm and left to react for 1 hour. After 1 hour, the resulting nanoparticles were
centrifuged and washed 3x with methanol by sonication and centrifugation. The resulting particles
were then dried at 100°C under vacuum for 24 hours. For different sizes the ratio of
Zn:2Mim:MeOH was adjusted by a scale of 1:X:1000 with X = 2, 3, and 5 equivalents for large,
medium, and small sizes of nanoZIF-8, respectively.

V.B.3. nanoZIF-8 Sample Preparation for VSFSS

SEM images of nanoZIF-8 are shown in Figure C1. Unless mentioned otherwise, 316 nm sized
particles (96 nm crystallite domain) were used in all experiments described in this paper whose
hydrodynamic diameter averages between 300-400 nm as measured by dynamic light scattering.

Each VSFSS sample consists of 80 uL of freshly sonicated nanoparticle suspension
prepared at a concentration of 5 mg/mL. The ZIF-8 particles measured here exhibit crystallite
domain sizes of 96 nm as determined by Scherrer analysis (Figure C2). By SEM, particle sizes
average to 316 nm. When suspended in DMF, H2O, or solvent mixtures, all samples exhibit slight
swelling to hydrodynamic diameters of ~300-400 nm. This increase in hydrodynamic diameter

arises from the presence of self-assembled solvation shells with finite diameters in solution.
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Because the DLS sizes appear only slightly larger than the SEM sizes, we conclude that size

contributions from particle aggregation is minor.

V.B.4. Powder X-Ray Diffraction
Sample purity was verified by powder X-Ray diffraction (PXRD) with a Bruker D2 Phaser
benchtop diffractometer. Using the PXRD, Scherrer analyses were conducted to analyze crystallite

size of the nanoMOFs and are shown in Figure C2.

V.B.5. FT-IR Spectroscopy
FT-IR spectra were collected on a Thermo Fisher Nicolet 6700 FT-IR spectrometer using the
Smart iTR diamond ATR accessory. Bulk FT-IR spectroscopy assisted in analysis of VSFSS
spectra and is shown in Figure C3.

V.B.6. Dynamic Light Scattering and Zeta Potential Measurements

Particle size average (Z-average), polydispersity index, and zeta potential were measured with a
Malvern Zetasizer Nano ZS. Through dynamic light scattering, the Brownian motion of nanoMOF
particles is observed by irradiating the sample with a 633nm laser and measuring the intensity
fluctuations in the light scattered by the particle?*43%!, The Stokes-Einstein equation correlates the
size of the particles with the speed of their Brownian motion. Instrumental software measures the
rate of scattered light intensity fluctuations, generates a correlation function, determines the decay
rate of the correlation function, and uses that decay rate to calculate a particle size distribution. A
cumulant analysis determines mean particle size (Z-average) and the polydispersity index.

Zeta potential measurements characterize the potential at the slipping plane boundary of
nanoparticles which indicates surface charge?®3%, Laser Doppler Velocimetry is used to measure
the electrophoretic mobility, or the velocity of particles moving under the influence of an electric
field. Henry’s equation describes the relationship between electrophoretic mobility and zeta

potential.
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V.C. RESULTS AND DISCUSSION
V.C.1. Ordered Solvation Shells Revealed by VSFSS

A colloidal suspension of nanoZIF-8 in DMF (SEM particle size of 316 nm and hydrodynamic
diameter of 357 nm) was studied by VSFSS in the carbonyl stretching region of DMF (1600 —
1900 cm) in three different polarization combinations (Figure V.1A). As a control, VSFS spectra
of bulk DMF were collected in all polarization combinations (Figure C4.A-C), indicating that
solvent absorption does not impact spectral line-shapes reported here (Figure C4.D). To test
whether particle aggregates impact the observed sum frequency response, we pursued a
concentration-dependent size and polydispersity analysis as summarized in Figure C5. The
concentration of 5 mg/mL ZIF-8 in DMF was monodisperse and contained no aggregates. Fitting
parameters are provided in Tables C1-2.

The ssp trace, which probes vibrational modes perpendicular to the interface reveals two
prominent features at 1689 and 1774 cm™. The significant signal intensity in this region indicates
a large population of DMF molecules at the nanoMOF interface and indicates a high degree of
ordering, as compared to previous VSFSS experiments that report relatively low signal intensity
in the C=0 region.'®3% The presence of two distinct features indicates two significantly different
chemical environments of the DMF C=0 mode, which corroborates previous reports purporting
the existence of multiple solvation shells at conventional nanoparticle surfaces.'®® Because both
features are blue-shifted relative to DMF in bulk solution, these spectra indicate the C=0 bond of
interfacial DMF strengthens upon association with the nanoparticle surface, as is consistent with
coordination of DMF to Lewis acidic metal sites in the absence of n-back-bonding. To better
understand the relative orientation of these vibrational modes, ppp and sps polarization
combinations were employed. In ppp, the lower-frequency peak at 1689 cm appears in higher
intensity as compared to ssp, while the higher-frequency peak broadens and becomes less defined.
On the other hand, in the sps polarization combination, the lower frequency peak disappears, while
the higher frequency feature remains well-defined. Since we only observe the 1689 cm™ feature
under ssp polarization conditions, the C=0 IR transition moment must be perpendicular to the
nanoMOF surface (Figure V.1A). We therefore assign the 1689 cm™ feature to an ordered
solvation shell of DMF molecules not directly bound to surface Zn?* sites (Figure V.1B-C). A
perpendicular arrangement of the DMF dipole to the particle surface would prevent the oxygen
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lone pairs on DMF to bind to surface Zn?* sites. The increase in intensity of the 1689 cm™ feature

from ssp to ppp polarization can be attributed to an increase in specific tensor elements of X(2

(from 1 to 4) probed in the experiment.®®* As observed in other interfacial systems, most commonly

with any hydrophobic/water interface, the presence of charge at an interface induces restructuring
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Figure V. 1 A) VSFSS measurements of nanoZIF-8 particles suspended in DMF taken in the
C=0 stretching region in various polarization combinations. Lettering corresponds to the
polarizations of the sum frequency, visible, and IR pulses, respectively. B) Illustration of open
metal sites on nanoZIF-8 and the orientation of carbonyl transition dipoles of DMF relative to
the nanoMOF surface. C) Illustration of different solvent ordering environments (solvation
shell and metal binding) at the nanoZIF-8 interface. In all VVSFS spectra, open dots are raw
data while lines represent fits.
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of solvent molecules into a net orientation.6%27°3% |ndeed, the positive zeta potential of ~28 mV
measured for these particles further supports the presence of a large surface charge and the
presence of open metal sites.3 We propose that this surface charge creates an electric field that
aligns the dipoles of the DMF molecules in a perpendicular orientation. Previous studies have
shown that colloidal mesoporous SiO2 nanoparticles possess similar zeta potentials to ZIF-8
nanoparticles, but display significantly reduced populations of ordered interfacial solvent as
compared to their solid-interface counterparts.'®”?%4 The highly ordered solvation shells around
nanoMOFs, on the other hand, may arise from the presence of open metal sites at uncapped MOF
surfaces.3%2% |n spite of low surface densities, the zeta potentials of MOF particles with high
concentrations of missing linker defects, such as ZrsO4(OH)a(terephthalate)s (UiO-66), approach
values expected for nonporous metal particles.*®3° The 1689 cm™ solvation shell feature
disappears in the sps polarization combination, as the interfacial electric field does not align the
dipoles of DMF in a parallel fashion. A slight blue shift of the solvation shell DMF, as compared
to the bulk DMF C=0 mode typically occurring at 1677 cm™ is due to enhancement of the solvent
dielectric at a surface as compared to the bulk and is commonly observed in sum frequency
experiments.311312 A weak feature at 1745 cm™ is present in both ssp and ppp polarization schemes
and can be attributed to DMF vibrational modes ordered within the cavity of ZIF-8, however
ongoing experiments are in progress to assign the nature of this peak.

The polarization selectivity of VSFSS allows assignment of the feature at 1774 cm™. As
this vibration appears in all polarization schemes, it corresponds to C=0O modes that exist in a
variety of orientations relative to the interface. Additionally, the significant blue-shift of this mode,
relative to the bulk DMF C=0 mode suggests a dative ligand-metal interaction. Therefore, we
attribute this feature to C=0 modes of DMF bound to open Zn sites (Figure V.1C). DMF
molecules pack around the Zn sites in directions, such as diagonal to the interface, that contain
parallel and perpendicular contributions from each orientation (Figure V.1B). As opposed to an
ordered solvation shell, an ensemble of DMF molecules binding to Zn sites creates a feature
present in all three polarization combinations. Previous reports from the MOF literature attest blue-
shifting of C=0O vibrational modes to when carbonyl or carboxylate groups donate lone-pair
electron density to Lewis-acidic centers, such as Zn?*.313-315 While the blueshifts seen here far
exceed shifts observed in bulk IR spectroscopy of C=0 modes in MOFs, the interfacial

environments of nanoZIF-8 vary significantly from the bulk. Interfaces, in general, present
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311 solvent

complex chemical environments where pKa values can shift 1-3 units more alkaline,
dielectric constants alter by an order of magnitude,®!® sterically hindered cavities dictate reaction
selectivity,®” and molecules spontaneously undergo conformational changes.®'® Given that
carbonyl modes provide sensitive probes to chemical environments for measuring changes in lipid
conformation, protein structure, and ion-induced effects, it serves again here to report on the
distinct chemical environments at the nanoMOF-solvent interface.31%3%

To probe mixed solvation shells by VSFSS, we targeted perpendicular C=O modes (ssp
polarization) of nanoZIF-8 suspended in 100% DMF, 50% DMF:50% H.O, and 100% H.O
(Figure V.2A). The 100% DMF trace shown in Figure V.2 is the same as shown in Figure V.1A,
with both DMF features present. When suspending nanoZIF-8 in a 50:50 mixture of DMF and
water, however, the signal intensity of the lower-frequency feature (DMF solvation shell) reduces,
and the higher-frequency (Zn binding) feature disappears completely. Size and zeta potential
measurements were collected of these 316 nm ZIF-8 particle suspensions with mixed DMF/H.0O
solvents to concurrently monitor stability (Figure V.2B). With nanoZIF-8 suspended in 100%
water or DMF, zeta potentials remain large and sizes at their smallest, indicating particle
stabilization. For any mixture of DMF and water (25:75, 50:50, and 75:25), however, the

hydrodynamic diameters increase and zeta potentials decrease. These results suggest that
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Figure V. 2 A) VSFSS measurements (ssp polarization) of nanoZIF-8 particles dispersed in
100% DMF, 100% water, and 50:50 mixture. Open dots are raw data while lines represent
fits. B) Hydrodynamic diameter (purple, closed dots) and surface zeta potential (green, open
dots) measurements of nanoZIF-8 colloids suspended in varying ratios of water and DMF.
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competitive solvation between water and DMF increases the particle hydrodynamic radius and
screens the interfacial charge. Competitive solvation has also been observed in bulk mixtures of
DMF and water.31232! The reduction in the DMF solvation peak observed by VSFSS at 1692 cm™
implies competitive solvation with H2O reduces the population of DMF at the interface. The
disappearance of the DMF-Zn binding feature at 1774 cm™ also suggests H2O out-competes DMF
for binding with Zn. Finally, the spectrum corresponding to 100% H>O lacks C=0 modes, as
expected. Instead, the spectrum contains a small feature at 1680 cm™ attributable to a water
bending mode and indicative of a water solvation shell around the MOF framework,322323

V.C.2. Spontaneous Ordering within the ZIF-8 Nanoparticles
To investigate whether colloidal stability arises from excess linker binding to nanoZIF-8 open
metal sites, VSFSS experiments were conducted in the C-H stretching region to detect 2-
methylimidazolate ordered at the solvent-nanoparticle interface. In these experiments, deuterated
DMF was used to shift the solvent C-H modes away from the frequency region of interest (2800 —
3000 cm™1) and to isolate vibrational modes arising from the linker. Figure V.3A plots the resulting
spectrum with a signal-to-noise typically expected for crystalline materials. Fitting parameters are
provided in Table C3. From the spectrum in Figure V.3A, we attribute the peak at 2924 cm™ to
the CH3 asymmetric stretch (plus symbol), and the feature at 2847 cm corresponds a CHz Fermi
resonance (open square symbol) (Figure V.3B). The high intensity peak above 3000 cm™ results
from a combination of both the aromatic C-H asymmetric and symmetric stretches (asterisk
symbol) (Figure V.3B). While we were unable to resolve a CH3 symmetric stretch, these peak
assignments are consistent with bulk IR experiments (Figure C3) and recent literature®**3? In
fact, FT-IR studies into the gas sorption behavior of ZIF-8 are similarly unable to resolve the CHs
symmetric stretch of 2-methylimidazole.3?*%2” A non-resonant peak is included in the fit at 2808
cm*, which becomes most prominent in measurements of nanoZIF-8 in H20, a higher dielectric
solvent (Figure C9). Non-resonant backgrounds are often observed in the spectra of substrates
with complex or metallic compositions. As with these data, they often appear in the C-H stretching
region and arise from inker-based electronic transitions that can be reduced by de-timing the visible
pulse in the experiment.328-33! This approach, however, resulted in poor resolution of the resonant

CH modes, prompting us to report spectra from the coherent VSFSS measurement.
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Figure V. 3 A) VSFSS measurements (ssp polarization) of nanoZIF-8 particles suspended in
d-DMF taken in the C-H stretching region. Lines represent fits of the data. B) Illustrations of
linker vibrational modes corresponding to symbols on peaks in A. C) Cartoon schematic
demonstrating the rotational axis of 2-methylimidazole at the nanoZIF-8 interface at a top-
down (left) and side view (right).

Due to the non-centrosymmetric space group of ZIF-8 (143m), we considered whether the
VSFSS response in the C-H region arises from the bulk response of the linker. However, previous
reports have demonstrated that introduction of solvent or other guest molecules causes the
framework to adopt a centrosymmetric structure due to linker rotation.?%%332 In addition, earlier

investigations have also shown that ZIF-8 in a non-centrosymmetric conformation would be
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VSFESS inactive because its only unique bulk nonlinear susceptibility tensor element, x@ isnull.

xyz'
Because the ssp polarization scheme used here probes the Xg,)z tensor element and reveals resonant
vibrational modes, this intense C-H signal must arise from MOF linker spontaneously ordered at
the ZIF-8 particle surface. Although we anticipated this spectrum to arise from excess ZIF-8 linker
bound to the particle surface, *H NMR solution-state spectra of acid-digested particles and
thermogravimetric analysis (TGA) were unable to detect excess 2-MIm (Figure C6, C7).
Furthermore, if excess linker was present in quantities below the detection limit of these techniques
(umol concentrations for *H NMR and 0.1 ug masses for TGA), such quantities are unlikely to
produce the observed signal. Therefore, this SFG signal must result from linker within the
outermost layer of ZIF-8 nanoparticles, rather than excess linker as a capping ligand. To test
whether 2-MIm binds to particle surfaces, we measured zeta potentials of ZIF-8 mixtures
containing increasing quantities of additional 2-MIm, with the expectation that zeta potentials
would decrease due to the presence of deprotonated imidazolate groups binding to Zn?* sites.
Instead, with just 25 equivalents per particle, zeta potentials increased from +10 mV to +40 mV
(Figure C8) This result suggests that 2-MIm disrupts the DMF solvation shell that otherwise
screens the positive Zn?* charges from the Stern layer probed by zeta potential measurements.
Instead of acting as surface capping ligands, excess 2-MIm disrupts the DMF solvation shell.
The ability to detect VSFSS signal for the 2-MIm C-H vibrational modes indicate a net
ordering of the linker dipoles near the solvent-nanoparticle interface, possible only if 2-MIm can
rotate into a thermodynamically stable configuration (Figure V.3C). Computational studies and
gas adsorption experiments have reported linker rotation for ZIF-8 about its M-N bond axis. 33333
A significant consequence of this rotational freedom is that gas molecules larger than the pore size
of ZIF-8 can fit inside the framework. This phenomenon implies linker molecules could rotate and
therefore “open the gate” to these larger guests species.®*® Similarly, in our work, the ability of the
2-MIm linker to rotate permits the alignment of 2-MIm vibrational dipoles at the framework
interface as shown by the VSFSS signal. VSFSS experiments probing the C-H modes on the
surface of ZIF-8 were also performed in H2O and show well-defined C-H vibrational modes
attributed to the linker at similar frequencies to those seen for 2MIm in DMF (Figure C9). While
ZIF-8 is hydrophobic, likely a few water molecules enter the pores and nucleate around the metal

sites, as shown by theory and experiments for other MOFs with hydrophobic cores.®*¢* In both
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solvents studied, the rotational ability of 2-MIm promotes the filling of solvent within the porous

framework.

V.D. CONCLUSIONS

This study reports interface-specific vibrational spectra of colloidal nanoparticles and the
chemical insights they enable into the nature of solvation shells. Spectra reveal the presence of
solvation shells around MOF (Zn(2-methylimidazolate),) nanoparticles in aqueous, non-aqueous
(DMF), and mixtures of solvent. Controlling the polarization of incident light probes the spatial
arrangement of solvent molecules, while spectral shifts indicate the strength and orbital character
of solvent-nanoparticle interactions. Differences between the spectra of these materials therefore
uncover the microscopic details of material-specific solvation shells. Unexpectedly, VSFSS also
revealed the vibrational signatures of the nanoparticle, in addition to solvent, providing direct
evidence of spontaneous order-ng of molecular dipoles on either side of the nanoparticle-solvent
interface. These results lay the groundwork for applying VSFSS as one of the only surface-specific
techniques for understanding the interfacial chemistry of colloidal nanoparticles. Many avenues
are available for further use of this tool to measure the surface of MOF nanoparticles. The
following chapters contain unpublished work in progress that seeks to connect our fundamental
microscopic understanding MOF interfaces with macroscopic properties of materials, such as

membrane strength (Chapter VI) or critical aggregation concentration (Chapter VII).
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CHAPTER VI: CHARACTERIZING THE MOF-POLYMER INTERFACE FOR IMPROVED
MEMBRANE FORMULATION

This work is currently in preparation for submission. Ashley N. Mapile is credited with
conceptualization, formal analysis, investigation, writing — original draft, writing — review and
editing, and visualization. Michael A. Leroy synthesized the ZIF-8 nanoparticles and collected
tensile strength measurements. Audrey M. Davenport collected SEM images. Collaborators from
Boston University in the laboratory of Keith A. Brown collected force-probe AFM measurements.
Lawrence F. Scatena assisted in writing — review and editing, supervision, and funding acquisition.
Carl K. Brozek assisted in conceptualization, writing — review and editing, supervision and funding

acquisition. Supplementary information for this chapter is provided in Appendix D.

VI.A. AN INTRODUCTION TO MIXED MATRIX MEMBRANES

Mixed-matrix membranes (MMMs), polymeric films with an inorganic filler, are
promising alternatives for chemical separation traditionally achieved by distillation towers which
are energy and space intensive or polymer membranes alone which lack chemical specificity. In
particular, the incorporation of metal-organic framework (MOFs) into a polymer membrane allows
for targeted gas separation, efficient recyclability, and tunability due to the multitude of inorganic
and organic building blocks available.333%*° However, the solution processibility necessary for
incorporation into a polymeric membrane requires the formulation of colloidally stable
nanoparticles of MOFs. We recently demonstrated that nanoparticles of Fe(TA) (TA = 1,2,3-
triazole) can be synthesized as small as 6 nm3¥ and other common MOF nanoparticles, such as
ZIF-8, exhibit unique colloidal stability despite having no capping ligands or surfactants at the
surface.’®%34! Using the surface specificity of vibrational sum frequency scattering spectroscopy
(VSFSS), we found that ordered solvation shells and solvent-metal binding at the nanoparticle
surface contribute to this unique colloidal stability. With our recent efforts to create nanosized
MOFs with impressive colloidal stability, we turn to understanding the interface between MOF
nanoparticles and polymer membranes to better formulate robust MMMs.

A significant problem in formulation MMM s is that an interfacial void space is created
between the inorganic filler and the polymer matrix. This open space reduces chemical separation
efficiency and can eliminate the selectivity introduced by MOF nanoparticles. Previous work has

filled the MOF-polymer void with surface functionalization that attempts to bridge the nanoMOF
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surface to the polymer matrix with covalent chemical bonds. In practice, this can be achieved by

342343 ysing an intrinsically porous polymer

post-synthetic functionalization of the MOF surface,
for the matrix,3* or using an ionic liquid.>*® Usually, at least two or even three of these methods
have to be used to efficiently fill the void space and in reality, scaling up these post synthetic
procedures for industry relevance is challenging and time consuming. In addition, most studies
analyze the final performance characteristics of the MMM rather than characterizing the interfacial
dynamics that give rise to improved separations.

Beyond the practical necessity to fill the MOF-polymer void space, characterizing the
surface interactions is of interest to create better MMM designs. Characterizing the surface
interactions is very difficult experimentally due to the buried nature of the interface and the non-
specific character of the surface interactions. Most of the previous work in this area is
computational and observes weak, non-specific van der Waals interactions or hydrogen bonding
between the polymer and the MOF nanoparticle.3*® In addition to characteristic void spaces at the
interfaces, in some cases intercalation of the polymer into the MOF pore has also been observed
which can lead to inefficient separation and clogging of the filtration channels. %%’

In this work, we propose interfacing ZIF-8 nanoparticles with a carbonyl-based polymeric
binding agent at very low concentrations to achieve a continuous membrane without void spaces

that exhibits improved mechanical strength and homogeneity as compared to traditional MMMs.

We use ZIF-8 nanoparticles due to their open metal sites at the surface (Figure VI.1), impressive
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Figure VI. 1 Representation of the ZIF-8 nanocrystal surface and chemical structure of the
polymers used for mixed-matrix membrane formation.
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colloidal stability, and previously observed binding motifs exhibited between the C=0O mode of
DMF and Zn** surface sites suggesting other avenues for covalent binding at the surface. Carbonyl
polymer binding agents of poly(acrylic acid) (PAA), poly(acrylamide) (PAM), and poly(N-vinyl
acetamide) (PNVA) were chosen as these polymers closely resemble the binding agents used in
paints.3483%9 In fact, the most common binding agents used in the formulation of white pigmented
paint, for example, are acrylic polymer resins.>*° The chemical structure of these binding agents
are shown in Figure VIL.1.

With VSFSS we characterize the surface interactions between the ZIF-8 nanoparticle and
the polymeric binding agent providing a fundamental understanding of the MOF-polymer interface
in MMM. We find that the carbonyl mode on the binding polymer agent forms strong covalent
bonds with open metal sites on the surface of ZIF-8 at a concentration as low as 250 ppm resulting
in a well-ordered polymer layer at the nanoMOF surface. Complementary dynamic light scattering
and zeta potential measurements help support the mechanism of binding at low concentrations by
monitoring the polymer layering and reduction in surface charge. After deducing the mechanism
of polymer binding at the nanoMOF interface, we employ this approach in formulating MMM
films consisting of ZIF-8 nanoparticles, the carbonyl binding agent, and a commonly used polymer
for membranes, polyvinylidene fluoride (PVDF, Figure VI.1). To demonstrate the robustness and
mechanical stability of these films, we measure the homogeneity via SEM, the strength via tensile
testing, and the interfacial interactions through force-probe AFM.

Ultimately, these results provide insight into forming strong MMMs with a low
concentration of a binding agent that mimics technologies currently used for making paints. This
formulation of ZIF-8 nanoparticles, carbonyl polymeric binder, and the polymer matrix uniformly
disperses and holds the MOF nanoparticles in the polymer matrix. Unlike post-synthetic
modification, this formulation can be easily scaled up and can likely be applied to other MOF
nanoparticles with open metal sites at the surface. Future work involves tuning the molecular
weight of these polymeric binders and introducing other dative binding mechanisms to determine

the optimum packing of the binding agent at the interface for improved MMMs.
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VI.B. MATERIALS AND METHODS
VI1.B.1. Materials

All chemicals were used as purchased unless otherwise stated. Zinc nitrate hexahydrate (99%,
metal basis, crystalline) was purchased from Thermo Fisher Scientific. 2-methylimidazole (99%)
was obtained from Acros Organics. Methanol (certified ACS grade) and N, N-dimethylformamide
(certified ACS grade) were supplied by Fisher Chemical. Poly(acrylic acid) (My~450,000) and
poly(acrylamide) (Mn~40,000) were purchased from Sigma Aldrich. Poly(N-vinyl acetamide) was
purchased from Polysciences. Polyvinylidene fluoride (Kynar HSV900) was purchased from
PolyK Technologies. Deuterium oxide (99.9% D) was obtained from Cambridge Isotope Labs. pH
was measured using MilliporeSigma MColorpHast pH strips.

All glassware used in VSFSS experiments was copiously cleaned in a concentrated sulfuric acid
bath (98%, Sigma Aldrich) containing AINOCHROMIX oxidizer (Godax Laboratories Inc.) for at
least 24 hours before being rinsed with 18.2 MQ-cm water for at least 2 minutes and then dried in

an oven.

VI.B.2. Synthesis of nanoZIF-8

ZIF-8 nanoparticles (nanoZIF-8) were synthesized following a literature procedure. To synthesize
the ~96 nm crystallite sized ZIF-8 particles used in this study, zinc nitrate hexahydrate (6.72 mmol)
was dissolved in 137 mL of methanol and mixed with a solution of 2-methylimidazole (13.55
mmol) in 136 mL of methanol. The resulting solution was stirred at 500 rpm for 1 hour. After 1
hour, the resulting nanoparticles were centrifuged and washed with methanol three times before
being dried at 100 “C under vacuum for 24 hours. Sample purity was verified by powder X-Ray
diffraction (PXRD) with a Bruker D2 Phaser benchtop diffractometer.

V1.B.3. Formation of MMMs
Mixed matrix membranes were formed by dissolving 0.02 g of PVDF in 0.75 mL of DMF and
mixing by sonication and vortexing. Meanwhile, 5 mg of ZIF-8 was dispersed in 0.25 mL of a
stock solution (1000 ppm) of the carbonyl binding agent (PAA, PAM, or PNVA) and sonicated for
20 mins. Then, 1 mL of DMF was added to the MOF/binding agent mixture to give a final polymer
concentration of 250 ppm. Once both solutions were completely dispersed, the MOF/binding agent

mixture was added to the PVDF solution and sonicated. The mixture was then either drop casted
89



into a petri dish, heated at 60 °C for 1 hour, and released by acetone (for SEM measurements) or

extruded into a Teflon mold and annealed by a hot plate for 20 minutes (for tensile strength testing).

VI.B.4. Dynamic Light Scattering and Zeta Potential
Hydrodynamic diameter (Z-average), polydispersity index (PDI), and zeta potential was measured
with a Malvern Zetasizer Nano ZS. The size and PDI are reported from an average of at least three
measurements while zeta potential values are an average of at least five measurements. Room
temperature DLS and zeta potential measurements were collected by pipetting 1 mL of a 5 mg/mL

ZIF-8 suspension into a quartz cuvette with dip cell for zeta potential.

VI.B.5. FT-IR Spectroscopy
FT-IR spectra were collected on a Thermo Fisher Nicolet 6700 FT-IR spectrometer using the Smart
TR diamond ATR accessory.

VI1.B.6. Scanning Electron Microscopy
Imaging was performed using a Thermo Fisher Apreo 2 SEM instrument with 10.00 kV energy
and 0.8 nA current. SEM samples were prepared by cutting a 1 mm square membrane and

depositing it on a silicon substrate.

VI.C. RESULTS AND DISCUSSION
VI.C.1. Water Stability of ZIF-8 with Binding Agent
While previous work from this group suspended ZIF-8 nanoparticles in DMF, the VSFSS
measurements in this study are conducted in D20 to reduce solvent contributions from the region
of interest, namely the C=0 modes on the polymeric binding agents. However, due to the inherent
hydrophobicity of ZIF-8 there are significant concerns about its long-term stability in water. Initial
pH and visual analysis of the ZIF-8 colloids with either PAA, PAM, or PNVA in water were studied
as a function of binding agent concentration (Figure D1-2). Additionally, even though VSFSS
measurements were conducted on fresh samples, the crystalline structure of the colloids were

measured after being dispersed in D20 for 7 days (Figure V1.2).
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Figure V1. 2 PXRD patterns of A) ZIF-8 and ZIF-8 with 250 ppm B) poly(acrylic acid), C)
poly(acrylamide), and D) poly(N-vinyl acetamide) suspended in D20 for seven days.

At a concentration of 5 mg/mL, ZIF-8 is known to degrade in water after 7 days as
evidenced by the formation of a new crystallite phase in PXRD powder patterns.**%1% Similar to
literature, we observe the growth of a new phase as indicated by a small feature around 12°, in
both the sample of ZIF-8 alone in D;O (Figure VI.2A) and ZIF-8 with 250 ppm PAA (Figure
VI1.2B). However, with the addition of 250 ppm PAM and PNVA, the stability of ZIF-8 in D,O
improves, as no additional crystalline peaks are observed (Figure VI.2C-D).

The difference in colloid stability as a result of binding agent identity is explained by the
ionic nature of the carbonyl polymers. PAA is ionic and has a pKa of 4.5, indicating that at the
natural pH of ZIF-8 in water (~9, Figure D1), some of the polymer is deprotonated. Previous work
has found that ZIF-8 crystal edges are etched by acidic species.®®® In particular, sulfuric acid is
known to degrade the ZIF-8 framework into Zn(OH), clusters and free 2-methylimidazole.**? We
find that with increasing concentration of PAA up to 10,000 ppm we see a dramatic decrease in the

pH of the colloid, from pH 9 to 5 (Figure D1), and a complete dissolution of the ZIF-8 framework
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resulting in a clear solution (Figure D2). On the other hand, when adding the non-ionic polymers
PAM and PNVA to the ZIF-8 solutions, a slight decrease in pH is observed but the colloids remain
visually stable in solution (Figure D2). These results suggest that at low concentrations, especially
for the non-ionic polymers, the binding agents act as a protective coating for the ZIF-8 frameworks
in water. With acidic polymers, high concentrations cause the degradation of the framework.

As our VSFSS measurements in D>O were collected on the same day of formation of the
colloids we do not believe that any degradation has occurred. In fact, we will emphasize multiple
times in this work that a lower concentration of binding agent is ideal for filling the void space
between the ZIF-8 nanoparticles and the polymeric matrix, as initially evident by the ability of

PAM and PNVA to form protective layers around ZIF-8 in water.

VI1.C.2. Characterization of Colloids
The size and surface charge of ZIF-8 suspended in D>O with varying amounts of binding agent
was measured by dynamic light scattering (DLS) and zeta potential, respectively (Figure VL.3).
Without polymeric binding agents, ZIF-8 colloids are approximately 200-300 nm in water. With
the addition of only 250 ppm binding agent, the hydrodynamic diameter increased, regardless of
polymer identity (Figure VI.3A). This increase in solvation shell diameter indicates that the

polymer has layered on the ZIF-8 surface. As 500 ppm of polymer is added, the hydrodynamic
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Figure VI. 3 A) Hydrodynamic diameter and B) Zeta potential of ZIF-8 colloids suspend in

D20 with varying concentrations of PAA, PAM, and PNVA.
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diameter increases further suggesting additional polymer layering. After 1000 ppm, the size trend
deviates depending on the identity of the binding agent.

With 10,000 ppm PAA, the hydrodynamic diameter decreases to nearly 400 nm. While this
size reduction could indicate the formation of a stable colloid, the pH and crystallite stability
measured above indicate that instead, clusters of degraded framework give rise to the small particle
size. For PAM, increasing concentration beyond 500 ppm causes little change to the hydrodynamic
diameter suggesting that the surface becomes saturated with polymer and cannot accommodate
additional layers. Interestingly, for PN'VA, the hydrodynamic diameter increases dramatically with
concentration, resulting in colloids outside of the regime that can be studied by VSFSS. Here, this
ever-increasing size is attributed to favorable hydrogen bonding motifs achieved by PNVA that
results in extended polymer layers beyond the surface. Spectroscopically, as described below, these
additional layers are well-ordered due to the polymer geometry favoring hydrogen bonding
between neighboring acetamide groups.'®

Undercoordinated Zn*" sites on the surface of ZIF-8 gives rise to a nearly 40 mV zeta
potential when suspended in water. With only 250 ppm of binding agent, the zeta potential of the
ZIF-8 surface is reduced as the polymer binds to the open metal sites (Figure 3B). For the acidic
PAA, the zeta potential becomes negative confirming the presence of deprotonated acid at the
surface. As higher amounts of PAA are added, we see a reduction in the magnitude of the zeta
potential as charge screening is caused by additional polymer layers. At 10,000 ppm a zeta
potential close to zero indicates poor colloidal stability and dissolution of the ZIF-8 framework.
For PAM, with increasing concentration the zeta potential quickly approaches zero which initially
indicates that PAM has completely charged screened the surface. However, with 10,000 ppm PAM
the zeta potential becomes negative which is surprising given the non-ionic nature of the polymer.
This negative surface charge could be due to extremely surface-active contaminants;*8 however,
another explanation is that the resonance form of PAM is favored as the polymer layer extends into
the bulk. In the resonance form, the negatively charged oxygen could be solvated in the water
phase and give rise to the negative surface charge. VSFSS spectra below also support the presence
of the PAM resonance form at the surface. For PNVA, commensurate with the ever-increasing
hydrodynamic diameter, additional polymer layer causes charge screening at the surface and a

reduction in the zeta potential magnitude. Ultimately, these measurements of the colloid size and
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zeta potential indicate initial polymer at low concentrations and subsequent polymer layering,

results that will be further analyzed by VSFSS and utilized in making robust MMMs.

VI.C.3. Ordered Polymer Layers Measured by VSFSS
Poly(acrylic acid)
To understand the molecular ordering of polymeric binding agents at the ZIF-8 surface,
suspensions of ZIF-8 in D,0O with varying concentrations of binder were measured by VSFSS in
the C=0 stretching region (~1540 — 1720 cm™!, Figure VI.4). Spectra were collected in ssp
polarization, in which the presence of signal indicates both a population and net ordering of C=0
transition dipole moments aligned perpendicularly to the nanoZIF-8 surface. ZIF-8 colloids were
freshly prepared and sonicated on the same day as VSFSS measurements to ensure homogenous
samples that maintained the crystalline structure. Fitting parameters are provided in Tables D1-3.

For ZIF-8 coated with poly(acrylic acid), a sharp feature is observed at ~ 1668 cm™ (Figure
VI.4A). Despite the C=O vibrational mode for PAA arising at ~1705 cm™ in bulk FT-IR
spectroscopy, no additional signals were measured in this spectral range even with the addition of
PAA. As the ZIF-8 particles were synthesized in and washed with methanol before being
suspended in water, no solvent contribution is expected in this region. Therefore, we assign the 37
cm’! red-shifted feature at 1668 cm™ to the C=0 asymmetric stretch on PAA.

Carboxylic acids are known to have distinct asymmetric and symmetric carbonyl stretches
in solution in which the vibrations occurs at higher and lower frequencies, respectively. The
difference between the two modes is defined as the Ajon, which ranges anywhere from 150-200 cm”
! depending on the system. While we are unable to probe the symmetric stretch by VSFSS due to
the low intensity of IR power in that region, the red-shifting of the asymmetric stretch provides
insight into the binding mechanism exhibited by PAA at the Zn-rich nanoparticles surface. A
decrease in the Ajon, as compared to a non-bound carboxylic acid, indicates a bidentate binding
motif. %3 In our case, the red-shift of the asymmetric stretch is commensurate with a decrease in
Aion, suggesting that one Zn>" atom on the surface is bound to two oxygen atoms on the carboxylic
acid. This type of bidentate binding is enthalpically strong and resembles strong dative-type
interactions present in other framework materials that utilize carboxylic acid linker units.
Especially at 250 ppm, where the intensity of the feature is greatest, this red-shifted feature

indicates strong covalent bonds formed between the ZIF-8 surface and PAA.
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Surprisingly, with increasing concentration of PAA, the signal intensity and gaussian
linewidth decrease (Figure D3). The amplitude from our fitting routine describes the population
of vibrational modes in a net orientation while the linewidth indicates the distribution of chemical
environments. In previous experiments analyzing the structure of PAA at the surface of
nanoemulsions, the opposite trend was observed, in which nearly no signal was observed with 500
ppm PAA and a significant feature only became present at 1000 ppm PAA.%3 In this work, the
decrease in amplitude and linewidth with increasing concentrations of PAA suggests that enthalpic
polymer-surface interactions dominate at lower concentrations while enthalpically favored
polymer-polymer interactions are preferred at higher concentrations. In other words, the C=0O
mode is well ordered at the surface in low concentrations due to the electric field and binding sites
at the surface. With additional polymer layers, the driving force for C=0 ordering is reduced and
therefore, a lower population of the overall polymer concentration is bound and aligned at the
surface. Instead, polymer-polymer van der Waals and hydrogen bonding interactions are favored
as additional PAA is adsorbed to the surface. In a similar fashion to the observations made by
dynamic light scattering, zeta potential, and PXRD, a low concentration of PAA is ideal to form

strong dative bonds between the polymer while high concentrations degrades the framework.

Poly(acrylamide)
For ZIF-8 coated with PAM, a broad feature is observed around 1585 cm™ (Figure VI.4C). This
peak is fit to two vibrational modes, an N-H bend that occurs at 1580 cm™ and the C=O stretch at
1584 cm’!. In this system, the C=0 stretch is 80 cm™ red shifted from where it is to be expected in
bulk FT-IR spectroscopy.®* Unlike acrylic acid, bidentate binding is rarely exhibited by
acrylamide units, therefore an alternative must explain this significant redshift. Red shifting of
C=0 modes indicative of weakening the C=0O double bond character, however, as we and others
have shown, Zn*" is unlikely to m-backbond to carbonyl moieties due to its full d-orbital.34*3%® For
Zn?", it is instead likely for the carbonyl group to donate lone-pair electron density to the Lewis-
acid, resulting in a blue shift of the carbonyl.®'® Here, we suggest that the resonance form of
poly(acrylamide) is favored in which the negatively charged oxygen is binding to the open Zn**
sites at the surface resulting in an enthalpically favorable covalent bond. While the magnitude of
this red shift is large, a red shift of over 20 cm™! is observed for weak hydrogen bonds between

acrylamide monomer units and water.®*® Coupling the strong dative interactions exhibited by O-
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Figure VI. 4 VSFSS measurements (ssp polarization) of nanoZIF-8 particles suspended in
D20 and coated with A) poly(acrylic acid), B) poly(N-vinyl acetamide), and C-D)
poly(acrylamide). Lines represent fits of the data.

with a heavier Zn ion as compared to a hydrogen atom, with the known observation that electric
fields at interfaces result in significantly shifted vibrational modes as opposed to the bulk, this red
shift is justified.

When analyzing the amplitude and linewidth of PAM at the ZIF-8 interface, we notice that
the linewidth is slightly broader than that of the PAA C=0O mode (Figure D3), likely due to the

resonance forms of PAM. At 250 ppm PAM, we see a very pronounced feature suggesting a large
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population of ordered, bound C=0 modes at the interface similar to what was observed with PAA.
However, with the addition of PAM, despite initial decrease in signal from 250-1000 ppm PAM,
an increase in intensity is observed with 10,000 ppm. Additionally, when expanding the spectral
region of interest, a second, small feature is observed near 1670 cm™ with only 10,000 ppm PAM
(Figure VI.4D). This second peak is in a similar location to where the bulk C=0 vibrational mode
of PAM is expected to appear. Therefore, we conclude that at low concentrations (250 ppm),
polymer layers close to the ZIF-8 surface are well aligned and bound to Zn>' sites. At
concentrations of 500 and 1000 ppm, the polymer layers favor interchain interactions that lead to
a net disorder and a lower population of ordered C=0O modes bound to the surface. At the highest
concentration (10,000 ppm) the outer layer of polymer is now oriented and unbound to the surface,
resulting in the presence of a feature assigned to bulk PAM. While the details of the binding
mechanisms at higher concentrations of PAM are nuanced and interesting, we will focus in the
following sections on leveraging low concentrations of PAM as a binding agent, as it is established

that PAM alone does not form strong polymeric films.

Poly(N-vinyl acetamide)

ZIF-8 nanoparticles coated with PNVA exhibit a broad feature around ~1575 cm™! (Figure V1.4B)
which fit to an N-H bend at 1573 cm™! and a C=0 stretch at 1576 cm™'. Here, the C=0O stretch is
74 cm™ red shifted to what is expected for bulk PNVA. Just like acrylamide, acetamide units are
unlikely to participate in bidentate binding.®*” Therefore, we also attribute the significant red shift
of the C=0 mode to the resonance form of PNVA forming bonds between the O™ on the polymer
and Zn** on the surface. In other metal frameworks made from bis(acetamide) ligands, a red shift
is also observed between the free acetamide C=O stretch and the acetamide bound to the metal
nodes.®*® Again, this significant red shift suggests very strong dative metal bonds at the interface
of the ZIF-8 nanoparticle and PNVA, in a similar nature to ZIF-8 and PAM.

VSFSS measurements were not conducted on nanoZIF-8 particles coated with 10,000 ppm
PNVA due to the size of the colloid being outside of the range of the measurement. However, we
observe the presence and growth of a secondary peak at lower concentrations than those seen for
PAM. This second feature occurs close to where the bulk C=0 mode is expected at 1670 cm™!, is
present in all concentrations studied, and grows in intensity with increasing polymer concentration.

This feature is assigned to C=0 modes on PN'VA that are not bound to the nanoparticle surface but
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are instead in well-ordered layers that extend beyond the surface. Due to the geometry of PNVA,
it is able to form well-ordered stacks at as additional polymer layers are added with H-bonding
interactions occurring between neighboring acetamide groups.'® These interchain interactions also
contribute to the general invariance in peak amplitude and linewidth as a function of polymer
concentration as nearly every polymer layer looks similar in terms of chemical environments
(Figure D3). Ultimately, this molecular level perspective of the ZIF-8/polymer interface indicates
that ultra-strong dative interactions between C=0 modes on the polymer and open Zn?" sites on
the surface are optimum at low concentrations (250 ppm). In the following sections, we connect

these microscopic properties to macroscopic characteristics of MMMs.

VI1.C.4. Characterization of MMMs

(in progress)
MMMs consisting of 25 wt% ZIF-8 were formed with PVDF and the polymeric binding agent

drop casted from DMF (Figure VL.5A). A film consisting of just PVDF was also formed for
comparison. Transmittance FT-IR measurements (Figure D4) display the characteristic vibrational
modes of PVDF, however, C=0 stretching features from the binding agents were unable to be
resolved to due the presence of residual DMF.

SEM images of the MMMs were collected to view the morphology and dispersion of the
ZIF-8 particles in solution. Figure VI.5B displays a well-dispersed film using PAA as the binding
agent where ZIF-8 nanoparticles of approximately 140 nm, with some pockets of aggregation.
Current work in progress includes additional SEM images of all MMM formulations to determine
the degree of homogenous dispersion as compared to films made without the polymeric binding

A B PVDF/ZIF-8/PAA

PVDF PVDF  PVDF PVDF PVDF

ZIF-8 ZIF-8  ZIF-8 ZIF-8

PNVA  PAM PAA S ot
Figure VI. 5 A) Image of MMMs after drop casting. B) SEM image of membrane made with
PVDF, ZIF-8, and PAA.
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agent. Additionally, cross sectional SEM will provide insight into the morphology of the MMMs

to evaluate their eventual performance as filter material, as suggested by previous literature.338:344

VI.C.5. Tensile Strength Testing

(in progress)
The mechanical strength of the MMMs is currently being measured at the Knight Campus at the

University of Oregon. Rectangular pieces of membranes approximately 5 mm in width and 30 mm
in length are stretched at a rate of 5 mm/min until fracture, in a similar procedure as found in
literature.>*® These measurements will report on the Young’s Modulus, tensile strength, and
elongation at break. We hypothesize that MMMs made with polymeric binding agents will impart
improved mechanical strength as compared to a membrane made of only ZIF-8 and PVDF, due to
the strong dative binding interactions at the surface that ensure a homogenous distribution of ZIF-
8 nanoparticles and fill the void space commonly left between the MOF surface and the supporting

matrix.

VI.C.6. Force-Probe AFM

(in progress)
In a collaboration with the Brown Lab at Boston University, state-of-the-art force-probe atomic

force microscopy (AFM) measurements are currently being conducted at the surface of polymer
films and ZIF-§ crystals to determine the strength and type of interactions occurring at the interface
in the solid state. Recently, the Brown group used this technique to measure the adhesion force
between ZIF-8 and commonly used polymers for membranes, such as PVDF, poly(ethylene oxide)
(PEO), polystyrene-block-polybutadiene-block-polystyrene (SBS), and polyisobutylene (PIB).
For PVDF, PEO, and SBS, the adhesion force between the MOF and the polymer was similar to
that exhibited at the interface of a silica bead and the polymer. Using a silica bead as a non-porous
comparison, suggested that PVDF, PEO, and SBS exhibit only solid-solid contact at the surface of
the MOF crystallite. On the other hand, PIB exhibited adhesion forces with the MOF that deviated
from that measured for the silica bead suggesting that additional forces besides solid-solid contact
gives rise to the strong adhesion. The authors assigned this additional force to the ability of PIB to
infiltrate into the pores of ZIF-8, due to it’s small size and mobility in the form of a rubbery state

at room temperature.
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Due to the bulky, solid nature of the polymeric binding units at room temperature, we do
not expect to see intercalation of the polymer into the ZIF-8 pores. Instead, we hypothesize that
covalent bonds at the surface between the polymer film and the MOF surface will impart a
significantly higher adhesion force as compared to PVDF at the ZIF-8 surface, which has only
solid-solid contact adhesion. These results will provide another glimpse into the microscopic

chemical interactions that give rise to strong MMMs.

VI.D. CONCLUSIONS
Using a wide range of surface-specific and bulk measurement techniques, we determined that a
small concentration (250 ppm) of carbonyl polymer binding agent is sufficient, and ideal, to form
robust MMM s. The incorporation of a polymeric binding agent to fill the void space between the
inorganic filler and the polymer matrix, as opposed to post-synthetic modification or the use of
ionic liquids, allows for industrially-relevant scale-up and future tunability depending on the MOF
surface structure. For example, UiO-66 nanoparticles are known to have a negative zeta potential

361362 suggesting deprotonation of the benzene-1,4-dicarboxylic acid linker. Therefore, to

in water,
fill the void space in a MMM made of UiO-66, cationic polymers such as poly(ethylamine) or
imidazolium-based polymers can be used as low-concentration binding agents. This work also
inspires core-shell or self-assembly design in which the chemistry of the MOF surface must be

carefully characterized and utilized to grow additional units beyond the interface.
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CHAPTER VII: ORDERED SOLVATION SHELLS AND THE STABILITY OF POROUS AND
NON-POROUS COLLOIDS

(in progress)

While ZIF-8 nanoparticles provide a useful platform for studying solvation shells around
nanoparticles with complex compositions and structural flexibility, we sought evidence for
solvation shells around conventional semiconductor nanocrystals with both porous and nonporous
structures. Due to their small sizes (sub-20 nm diameters), the large van der Waals energies of
quantum dots necessitate surface capping ligands, but semiconductor nanocrystals larger than 50-
100 nm remain colloidally stable without them.

We examined 21-nm TiOz, 45-nm mesoporous SiOz, and 200-nm Fe>O3 nanoparticles that
swelled in solution to hydrodynamic diameters satisfying the size constraints of VSFSS. Like ZIF-
8 nanoparticles, all materials remained colloidally stable for at least a week, as evidenced by DLS
data summarized in Figure E1. Interestingly, zeta potential measurements indicated a nearly net-
zero surface charge of TiO; and Fe;Os particles, in contrast to the large positive charges of ZIF-8
(+32.7 mV) and the large negative charges of SiO2 (-31.5 mV) that suggest the presence of open
Zn*" sites and deprotonated surface hydroxides, respectively.

To probe the origin of the differences in colloidal stability between ZIF-8, TiO,, Si02, and
Fe>O3 nanoparticles, colloidal suspensions of 5 mg/mL in DMF were studied by VSFSS in the
carbonyl stretching region (1600 — 1900 cm™). Spectra were collected in the ssp polarization
combination to focus on DMF vibrational modes perpendicular to the nanoparticle surface. Figure
VII.1 shows that unlike the two blue-shifted C=O stretches observed for ZIF-8, nanoparticles of
TiO2 and Fe,Os produced a single feature at 1659 cm and 1655 cm™!, respectively, while
hydrophilic SiO> displayed a peak at 1674 cm™ —both red-shifted from bulk DMF. In the latter,
the signal intensity exceeds that of TiO2, but is lower than ZIF-8. A 20-fold scaling factor was
necessary for visual comparison of Fe;Os to the other nanoparticle systems.

The distinct spectral signatures of solvation shells around ZIF-8, TiO,, SiO2, and Fe>O3
particles supports prior studies into their surface composition, while providing microscopic insight
into the interfacial orbital interactions. The redshifted C=0 vibrational mode for Fe,O3, TiO2, and

SiOs (22 ecm™!, —18 cm™!, and -3 ecm!, respectively, relative to the bulk DMF C=0 frequency
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Figure VII. 1 VSFSS measurements (ssp polarization) of nanoparticles of ZIF-8, TiO2,
mesoporous SiO2, and Fe203 (scaled by 20x) in DMF taken in the C=0 stretching region.
Lines represent fits of the data.

occurring at 1677 cm™), complements previous reports of hydrogen bonding between OH surface
groups and DMF.'®! Due to the more negative surface charge of SiO», fewer protonated hydroxide
groups would be expected to engage in H-bonding. This observation also accounts for the smaller
redshift of the DMF C=0 mode in the case of SiO,. Unlike the purely electrostatic origin of the
redshift in these two oxide systems, the blueshift of +12 cm™! observed with ZIF-8 reflects a more
coordinate covalent interaction between Zn>" and the carbonyl oxygen of DMF. Specifically, the
transfer of lone pairs from DMF removes formally non-bonding and anti-bonding electron density
from the C-O vector, thereby strengthening the bond and increasing the C=0O frequency.
Additionally, the reduction in signal intensity for TiO; and Fe>Os3 indicates a less ordered solvation
shell resulting in weaker long-term colloidal stability as exhibited in Figure E1. This comparative
analysis of correlating colloidal stability to surface-specific spectra features serves as a proof-of-
concept for potential of VSFSS to probe wide-ranging phenomena occurring at colloidal

nanoparticle interfaces.
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Figure VI1. 2 Dynamic light scattering distribution curves of three different sizes of ZIF-8
suspended in DMF as a function of concentration.

Adam Mather is currently collecting data that will correlate the strength of the DMF
solvation shell to a physical metric of colloidal stability, the critical aggregation concentration
(CAC). Similar to critical micelle concentration (CMC), at which surfactants form micelles, the
CAC for nanoparticles occurs when particles are no longer monodisperse in solution and form
larger sized aggregates. The inspiration for this project arose from a reviewer concerned that our
concentration of 5 mg/mL ZIF-8 in DMF was too large and likely contained aggregates. To address
this comment, I measured size distribution curves of three different sizes of ZIF-8 suspended in
DMF as a function of concentration (Figure VIL.2). From 1-5 mg/mL no aggregation of the
particles was observed. In fact, some size narrowing occurred with increasing concentration for
the largest sized ZIF-8 nanoparticles.

We hypothesize that nanoparticles exhibiting stronger solvation shell, as evidenced by the
large amplitude VSFSS signal, will display a higher CAC as the ordered solvation shell imparts
colloidal stability. In particular, porous nanoparticles like ZIF-8 have less van der Waals attractive
forces and stronger solvation shells as compared to nonporous nanoparticles (like TiO2) and can
therefore accommodate a greater concentration of nanoparticles before aggregation. This project
addresses the vague associations between VSFSS signal and colloidal stability which is typically
assumed but never tested. These results will provide insight into the relationship between ordered

solvation shells and the colloidal stability of porous materials.
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CHAPTER VIII: THE FUTURE OF VSFSS FOR PROBING UNIQUE MECHANISMS OF
COLLOIDAL STABILITY

This dissertation described a variety of unique chemical systems that remain colloidally
stable despite using mechanisms that cannot be explained by traditional DLVO theory alone.
Functionalizing emulsions and MOF nanoparticles with polymeric layers, for example, provides a
steric layer that can stabilize colloids with nearly zero surface charge. The discovery of ordered
solvation shells for porous materials allows for further investigation into unconventional chemical
ordering, such as solvent inside pores or ordered linker on the surface, that can give rise to colloidal
stability. However, these physical insights would not have been possible without the surface
specificity of VSFSS. The future of this scattering setup at the University of Oregon promises
further investigation of the physical phenomena at buried interfaces that contributes to bulk
properties of colloidal stability. The following paragraphs highlight some of the avenues for

advancement of the laser setup and exciting new experiments.

Variable Temperature VSFSS
Understanding the temperature-dependent colloidal stability of nanoparticles is critical for their
application in drug delivery systems, biosensing, and membrane filtration where temperatures can
vary drastically.®*33% Recent utilization of MOFs for water adsorption takes place in heating and
cooling systems emphasizing the need for thermal stability.>*"*® Previous work from our lab has
shown that optical shifts, phase transitions, metal-ligand binding strength, and molecular gaseous
uptake in MOFs all vary with the influence of temperature.®°3" In nanoMOFs, where surface-
solvent or surface-substrate interaction dominate, these temperature-dependent behaviors are
enhanced. We propose adapting the current VSFSS setup to study thermal-induced transitions
occurring at nanoMOF surfaces. Expanding this system to perform temperature-dependent VSFS
experiments involves few physical adjustments to the setup, centering around the sample cell
holder. A custom-made sample cell from Quantum Northwest, already obtained by the Brozek
group, will facilitate temperature-controlled measurements with a metallic cuvette holder and a
single Peltier element.3™ Purging of the cell with N2 gas will be necessary to prevent condensation
of air on the cuvettes. As in previous VSFSS experiments, the front window of the cuvette will be
CaF; and the back window will be quartz. Details regarding the experimental setup of the heating

and cooling chambers are found from publications from the Roke lab.3">-3"" Currently, the Scatena-
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Brozek group is one of only five groups in the world that uses VSFSS.38-38 Only the Roke group
has provided evidence of temperature-dependent VSFS spectra, namely on frozen ice droplets in
oil or oil droplets in frozen water. With the modification of our current setup to probe colloids at
varying temperatures, we will provide fundamental insight to the impact of solvent
thermodynamics and Kinetics in the role of colloidal stability, variables previously unexplained by
DLVO theory.

Complementary temperature-dependent size measurements of ZIF-8 in DMF been
conducted in the cooling and heating directions to measure the ability of the colloid to return to its
room temperature equilibrium state (Figure VIIL.1). In the cooling direction, from 70 to 0 °C, very
little change is observed in the hydrodynamic diameter and upon crossing the room temperature
point (25 °C) the size closely resembles that of the colloid first upon formation (as indicated by
the dotted line). However, in the heating direction nanoZIF-8 exhibits an irreversible aggregation
feature. These preliminary results suggest unique solvent dependence to colloidal stability and that
complex mechanisms of particle kinetics give rise to irreversible temperature variations. At higher
temperatures, increased rates of collision would be expected to give rise to aggregated particles.
Yet, the aggregation at lower temperatures could be explained by the reduced kinetic energy
causing particles to adsorb to each other rather than face repulsion. Coupling these results with
VT-VSFS will provide a picture of the molecular forces at interfaces that give rise to temperature-

dependent colloidal behavior.
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Figure VII1. 1 Temperature dependent hydrodynamic diameter of 5 mg/mL nanoZIF-8 in
DMF.
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nanoMOF Electrolyte-Resistance
With the utility of MOFs for a variety of storage, delivery, or filtration applications, nanoMOF
particles prepared into membranes need to be colloidally stable against electrolytes. This is
especially relevant in drug delivery systems where the wide variety of ions present in biological
media can significantly impact nanoparticle colloidal stability.?®>*2 Beyond their practical
importance, significant interest lies in understanding the Hofmeister series for other materials
besides proteins. Preliminary data of electrolyte titrations into solutions of Cu(TA), suggest that
nanoMOFs follow the Hofmeister series exhibited for proteins (Figure VIII.2A) but are still
colloidally stable at the point of zero charge. In other words, Cu(TA), nanoparticles maintain a
small diameter in solutions of DMF despite having nearly 0 mV of electrostatic charge at the
surface. These results are corroborated with VSFS spectra of ZIF-8 nanoparticles suspended in
DMF with varying concentration of the bulky electrolyte, TBAPFs (Figure VIII.2B). From with
the addition of 5 mM TBAPFs, the same concentration used to reach the point of zero charge for
Cu(TA); nanoparticles, very little change in the zeta potential and VSFS spectra is observed,
suggesting that the bulky electrolyte has little impact on the ZIF-8 surface at these concentrations.
With even further addition of TBAPF, a charge inversion is passed between 7.5 mM and 10 mM.

Despite this charge inversion, the ZIF-8 nanoparticles remained colloidally stable and were able
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Figure VI1I1. 2 a) Zeta potential of Cu(TA)2 nanoparticles in DMF with varying amounts of
electrolyte. b) VSFSS spectra of ZIF-8 nanoparticles with TBAPF6. Inset shows the zeta
potential and integrated VVSFSS area as a function of concentration.
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to be measured by VSFSS, meaning they had a particle diameter that closely resembled that of
ZIF-8 with 0 mM TBAPFs.

Continuing to measure the influence of electrolyte addition on colloidal stability by both
zeta potential and VSFSS which will provide insight into the surface charge and solvation shell
ordering, respectively. In particular, we are interested in how small ions intercalate into the pores
and alter the colloidal stability. These results will prove useful for applications of nanoMOFs in a
variety of solutions that contain small ions. Probing specific ion interactions by using electrolytes
in the Hofmeister series will bridge the knowledge gap between the solvation of pseudo porous

materials like polymers and proteins with permanently porous materials, like nanoMOFs.
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APPENDIX A: SUPPLEMENTARY INFORMATION FOR CHAPTER III

Percent Protonation Curve

The percent protonation of poly(acrylic-acid) (PAA) was calculated using:

% Protonation = M (A1)
’ [H;0*] + K,

as a function of pH.1% The known pKa of PAA (~4.5) was used for the bulk % protonation curve.8’
To calculate the interfacial pKa of PAA, the zeta potential (ZP) of d-hexadecane emulsions
stabilized with 500 ppm PAA in D>O was measured as a function of pH. Plotting the -log(ZP) as
a function of pH results in two regimes, one with an appreciable slope and one relatively flat,
where the intersection of those lines is defined as the surface pKa (Figure A1).2% For this system,
a surface pKa of 5.3 was measured, consistent with previous work that predicts dissociation at the
surface to be more basic than in the bulk.

15 W, *

y=03842x- 050815 &
* & e y=-0032422x+16986
101 o

-log(Zeta Potential)

00

Figure A. 1 Zeta potential of 500 ppm PAA-stabilized d-hexadecane emulsions in water as a
function of pH. Linear analyses define the two regimes, while the intersection of the lines
provides the experimentally derived surface pKa.
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Figure A. 2 Visual representation of the time-dependent colloidal stability of PAA-coated
emulsions prepared with varying concentrations of PAA in pH 4 conditions. This photo was
taken 1 week after formation, demonstrating that emulsions prepared at and below ppm are

unstable.

Table A. 1 Emulsion zeta potential (measured upon formation) and long-term stability as a
function of PAA concentration. Stability was determined visually, as unstable colloids showed

phase separation while stable colloids remained turbid.

[PAA] in emulsion Zeta Potential (mV) Stable after 7
(ppm) days?
1 -32.9%1.7 No
5 -23.0%£0.9 No
100 -35.8+0.4 No
250 -22.9+0.6 No
500 -23.4+£0.4 Yes
750 -10+1 Yes
1000 -9.5+0.6 Yes
1500 -6.7+0.3 Yes
2000 -4.6+0.2 Yes
2500 -5.4+0.5 Yes
4000 -3.7+0.7 Yes
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Surface Activity of PAA and PAA/Salt Mixtures

Pendant drop surface tensiometery was used to measure the surface pressure of PAA with and
without added salt at the hexadecane/water interface. In the pendant drop method, the curvature of
an oil droplet suspended in aqueous solution is fit to the Young-Laplace equation to determine the
surface tension. Further details on the technique can be found elsewhere. 3

PAA is surface active in all pH conditions (Figure S2). The natural pH of the aqueous polymer
solution is pH 4, and DCI or NaOD is added to adjust the solution to acidic or basic conditions,
respectively. While pendant drop surface tensiometery provides insight into PAA surface activity,

it is not a direct measurement of polymer adsorption to the emulsion interface.
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Figure A. 3 Equilibrium surface pressure of 500 ppm PAA with no salt (circles), 1 mM CaCl2
(squares), 1 mM MgCI2 (upward triangles), 1 mM NaCl (downward triangles), or 1 mM NH4CI
(diamonds) measured by pendant drop surface tensiometery at the hexadecane and water
interface in varying pH conditions.

The polymer is most surface active at pH 2 and has very little surface population at pH 6. These
results are consistent with previous studies of the interfacial behavior of PAA, where at pH 6, the
polymer is significantly deprotonated and would prefer to be solvated in the aqueous phase.!®! In
general, the addition of salt does not significantly increase nor decrease the population of PAA at
the interface. An increase in surface pressure with the presence of salt could indicate that the
polymer is layering at the interface while a decrease in surface pressure could suggest that the

charged moieties of the polymer would rather interact with the cations in the bulk phase and is
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desorbing from the interface. In this system however, neither of these trends are observed, allowing
us to intuit that any changes in vibrational sum frequency scattering spectra can be attributed to
molecular reorientation with negligible changes in surface population.

Figure A. 4 Visual representation of the time-dependent colloidal stability of emulsions

stabilized with 500 ppm PAA prepared at pH 2, pH 4, and pH 6. After 1 week, pH 2 and pH 4
emulsions are still turbid while the pH 6 sample has phase separated.
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Figure A. 5 Hydrodynamic diameter distribution curves of colloids coated with 500 ppm PAA at
pH 2, pH 4, and pH 6 demonstrating the monomodal nature of pH 2 and pH 4 emulsions and
subsequently low polydispersity index.
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Figure A. 6 Dynamic light scattering and Zeta Potential measurements of hexadecane in water
emulsions ultrasonicated with 500 ppm poly(acrylic acid). Regular formation describes droplets
ultrasonicated with acid or base while the doping traces describe droplets initially prepared at the
natural pH (4) with acid or base added after ultrasonication.
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Table A. 2 Polydispersity index (PDI) values of all emulsion samples studied by VSFSS. All
samples prepared at pH 2 and pH 4 are moderately polydisperse while all pH 6 samples are
broadly polydisperse.

Sample Conditions PDI
pH 2 0.247

No salt pH 4 0.272
pH 6 0.628

pH 2 0.279

1 mM CaCl, pH 4 0.225
pH 6 0.375

pH 2 0.281

1 mM MgCl pH 4 0.275
pH 6 0.901

pH 2 0.276

3 mM NaCl pH 4 0.255
pH 6 0.915

pH 2 0.298

3 mM NH4Cl pH 4 0.282
pH 6 0.761
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Calculation of Hydrophilic-Lipophilic Balance

The Hydrophlilic-Lipophilic Balance (HLB) describes the degree of water or oil solubility of a
surfactant. A lower HLB value indicates better oil solubility (and can be better for forming water
in oil emulsions), while a higher HLB value indicates better water solubility (ideal for oil in water
emulsions).

Here we calculate HLB values for poly(acrylic acid) at pH 2, 4, 6 using the group numbers for

hydrophilic moieties and the equation formulated by Davies.??3

m
HLB =7+ Z H; —n x 0.475 (A2)
i-1

Where m is the number of hydrophilic groups in the molecule, /; is the value of the i hydrophilic

group (see table below), and # is the number of lipophilic groups in the molecule.

Group Group Number
-COO 19.1
-COOH 2.1
Lipophilic group -0.475
(i.e. CH, CH,)

To perform this calculation with pH in mind, we use the experimentally derived % protonation.

114



For example, the HLB for PAA at pH 4 (with 95.2% protonation) is calculated by:
HLB = 7 + %prot(COOH — (2 X 0.475)) + %deprot(COO~ — (2 X 0.475)) (43)
HLB =7 +0.952(2.1 — (2 x 0.475)) + 0.048(19.1 — (2 X 0.475)) (A4)

The HLB values for the polymer at each pH is summarized in the table below. While the addition
of salts cannot be directly included in the calculation of HLB, it is assumed that adding salts will

reduce the HLB by reducing the hydrophilic character of the deprotonated carboxylic acid.

pH HLB
2 8.17
4 8.97
6 22.3
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Figure A. 7 VSFSS measurements (ssp polarization) of d-hexadecane emulsions in D20
stabilized with 500 ppm and 1000 ppm PAA at pH 4 in the C=0 stretching region.

10x10-3 ssp pH 4
’;? — no salt
E 8 | CaCI2 —
)
C
[0
= 4
7
L 2
w
>
0 I I 1 1

1680 1720 1760 1800
wavenumber (cm™)

Figure A. 8 VSFSS measurements (ssp polarization) of d-hexadecane emulsions D20 stabilized
with 500 ppm PAA with 2 mM ionic strength salt at pH 4 in C=0 stretching region.
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Table A. 3 Fitting parameters for CH spectra of d-hexadecane emulsions in water coated with
500 ppm PAA and no salt, corresponding to Figure 111.3.

Alkane C-H Stretches, ssp polarization

PAA concentration = 500 ppm

No Salt
Peak Assignment Parameters pH 4
Amplitude 0.074 £ 0.002 | 0.133 +0.002
Phase 0 0
Methine Stretch | Lorentzian linewidth 2 2
Peak position 2876.0+0.9 | 2877.0+£0.6
Gaussian linewidth 58.7+0.9 531
Amplitude 0.175+0.003 | 0.260 + 0.004
Methylene f’hasle ] ° °
Symmetric Stretch Lorentzian linewidth 2 2
Peak position 2931.8+0.3 | 2928.7+0.3
Gaussian linewidth 153+0.3 16.4+0.3
Methyl Symmetric Amplitude 0.011+0.08 | 0.014+0.02
Stretch Fermi Phase 0 0
Resonance and Lorentzian linewidth 2 2
Methyl Bending Peak position 2930+ 2 2933 +2
Overtones Gaussian linewidth | 0.009 + 0.001 2+4
Non-resonant Amplitude 0.009 £0.002 | 0.012 £ 0.002
Contribution Phase 0 0
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Table A. 4 Fitting parameters for C=0 spectra of d-hexadecane emulsions in water coated with
500 ppm PAA and no salt, corresponding to Figure 111.3.

C=0 stretches, ssp polarization

PAA concentration = 500 ppm

No Salt
Peak Assignment Parameters pH 4
Amplitude 0.07+0.01 0.17+£0.02
Phase 3.14 3.14
Background Peak 1 | Lorentzian linewidth 10 10
Peak position 1628 £ 0 1628 £ 11
Gaussian linewidth 754 275
Amplitude 0.10+0.01
Phase 0
C=0 Stretch Lorentzian linewidth 5
Peak position 1735+ 3
Gaussian linewidth 19+2
Amplitude 0.038 £+0.003 | 0.07+0.01
Phase 3.14 3.14
Background Peak 2 | Lorentzian linewidth 10 10
Peak position 17930 17935
Gaussian linewidth 194 + 82 27+12
Non-resonant Amplitude 0 0
Contribution Phase 0 0

118




Table A. 5 Fitting parameters for spectra of d-hexadecane emulsions in water coated with 500
ppm PAA and 1 mM CaCl2, corresponding to Figure 111.5.

Alkane C-H Stretches, ssp polarization

PAA concentration = 500 ppm

Peak Assignment Parameters pH 4
Amplitude 0.111 £ 0.007 | 0.162 + 0.007
Phase 0 0
Methine Stretch | Lorentzian linewidth 2 2
Peak position 2877.2+0.4 | 2878.2+0.8
Gaussian linewidth 60.0+0.5 55.0+£05
Amplitude 0.186 + 0.003 | 0.280 + 0.004
Methylene f’hasle ] ° °
Symmetric Stretch Lorentzian linewidth 2 2
Peak position 2929 + 2 2924.7 £ 0.9
Gaussian linewidth 155+0.2 17.1+0.2
Methyl Symmetric Amplitude 0.013+0.061 | 0.075 +0.009
Stretch Fermi Phase 0 0
Resonance and Lorentzian linewidth 2 2
Methyl Bending Peak position 2931.4+0.1 | 29325%0.2
Overtones Gaussian linewidth 1+5 65.9+0.9
Non-resonant Amplitude 0.009 +£0.002 | 0.020 £ 0.002
Contribution Phase 0 0
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Table A. 6 Fitting parameters for spectra of d-hexadecane emulsions in water coated with 500
ppm PAA and 1 mM MgClI2, corresponding to Figure 111.5.

Alkane C-H Stretches, ssp polarization

PAA concentration = 500 ppm

MgCl2 =1 mM
Peak Assignment Parameters pH 4
Amplitude 0.05+0.01 | 0.061+0.008
Phase 0 0
Methine Stretch | Lorentzian linewidth 2 2
Peak position 2880 + 2 2875.0 £ 0.7
Gaussian linewidth 32+4 55+1
Amplitude 0.17 £0.02 0.11+£0.02
Methylene f’hasle ] ° °
Symmetric Stretch Lorentzian linewidth 2 2
Peak position 2935+ 2 29311
Gaussian linewidth 185+0.9 172
Methyl Symmetric Amplitude 0.04+0.02 | 0.026 +0.024
Stretch Fermi Phase 0 0
Resonance and Lorentzian linewidth 2 2
Methyl Bending Peak position 2932.2+0.7 | 2929.5+0.8
Overtones Gaussian linewidth 8+2 9+3
Non-resonant Amplitude 0.007 £0.003 | 0.003 £ 0.002
Contribution Phase 0 0

120




Table A. 7 Fitting parameters for spectra of d-hexadecane emulsions in water coated with 500
ppm PAA and 3 mM NacCl, corresponding to Figure I11.5.

Alkane C-H Stretches, ssp polarization

PAA concentration = 500 ppm

NaCl = 3 mM
Peak Assignment Parameters pH 4
Amplitude 0.09+0.1 0.080 + 0.005
Phase 0 0
Methine Stretch | Lorentzian linewidth 2 2
Peak position 2880+ 1 2874.8 +0.9
Gaussian linewidth 40 £3 50+1
Amplitude 0.228 £ 0.004 | 0.187 + 0.002
Methylene f’hasle ] ° °
Symmetric Stretch Lorentzian linewidth 2 2
Peak position 2931.7+0.6 | 2933.2+04
Gaussian linewidth 16.5+0.2 16.1+0.2
Methyl Symmetric Amplitude 0.001+0.002 | 0.05+0.01
Stretch Fermi Phase 0 0
Resonance and Lorentzian linewidth 2 2
Methyl Bending Peak position 2930+ 2 29329+0.2
Overtones Gaussian linewidth 138 + 10 66.7+0.9
Non-resonant Amplitude 0.002 £ 0.002 | 0.008 £ 0.002
Contribution Phase 0 0
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Table A. 8 Fitting parameters for spectra of d-hexadecane emulsions in water coated with 500
ppm PAA and 3 mM NHA4CI, corresponding to Figure I11.5.

Alkane C-H Stretches, ssp polarization

PAA concentration = 500 ppm

Peak Assignment Parameters pH 4
Amplitude 0.075+0.005 | 0.073+0.01
Phase 0 0
Methine Stretch | Lorentzian linewidth 2 2
Peak position 2878.1+05 | 2877.7+0.6
Gaussian linewidth 546+0.8 57409
Amplitude 0.130 £ 0.002 | 0.188 +0.002
Methylene F’hasTa ] ° °
Symmetric Stretch Lorentzian linewidth 2 2
Peak position 29329+04 | 29324+04
Gaussian linewidth 15.6 +0.2 15.6 +0.2
Methyl Symmetric Amplitude 0.047 +£0.007 | 0.008 £0.01
Stretch Fermi Phase 0 0
Resonance and Lorentzian linewidth 2 2
Methyl Bending Peak position 2936.1 £ 0.2 2939 £ 2
Overtones Gaussian linewidth 70.5+£0.6 64 +8
Non-resonant Amplitude 0.002 £ 0.002 | 0.0005 + 0.002
Contribution Phase 0 0
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APPENDIX B: SUPPLEMENTARY INFORMATION FOR CHAPTER IV
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Figure B. 1 VSFSS measurements (ssp polarization) of D-hexadecane emulsions in D20

stabilized with 500 ppm PAA of varying molecular weight at pH 4 (A) and pH 2 (B) in the
C=0 stretching region. Solid lines represent fits of the data.
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Figure B. 2 Fit parameter trends for VSFSS measurements of PAA of varying molecular weight
at pH 4 (A) and pH 2 (B) in the C=0 stretching region, corresponding to Figure B1.
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Figure B. 3 Equilibrium surface pressure of 500 ppm poly(acrylic acid) (circles) and 500 ppm
poly(methacrylic acid) (squares) measured by pendant drop surface tensiometery at the
hexadecane and water interface in varying pH conditions.

Table B. 1 Characteristics (diameter, polydispersity index, and zeta potential) of nanoemulsions
formed with 500 ppm and 2687 ppm poly(methacrylic acid) (PMAA) at varying pH conditions.

[ ]ZZI:;U pH Diameter (nm)  Polydispersity Index Zeta Potential (mV)
2 491.5 0.196 -4.21
500 4 505.9 0.265 -8.47
6 720.0 0.433 -23.4
2 383.0 0.200 -1.71
2687 4 280.6 0.232 -5.33
6 572.8 0.674 -44.0
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Figure B. 4 Polydispersity index (PDI) of nanoemulsions coated with 500 ppm PAA of varying
molecular weight as a function of temperature at (A) pH 4 and (B) pH 2.
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Table B. 2 Fitting parameters for C-H spectra of d-hexadecane emulsions in D20 coated with
500 ppm PAA with varying molecular weight, corresponding to Figure 1V.3 and Figure IV 4.

Alkane C-H Stretches, ssp polarization

PAA, pH 4
Peak Parameters 2 kDa 10 kDa 450 kDa 1000 kDa 4000 kDa
Assignment
0.0486 + 0.074 £0.002 | 0.073 +£0.001 0.0544 +
. +
Amplitude 0.045+0.001 0.0009 0.0009
Phase 0 0 0 0 0
Methine Lorentzian 5 5 2 2 2
Stretch linewidth
Peak position 28682 +0.6 | 2873.3+0.5 2871+1 2865.3+0.5 2870.7+0.5
C.iauss.lan 6242 578408 42+2 58.0+0.8 60.0+0.8
linewidth
0.105 + 0.190 £0.003 | 0.156+0.002 | 0.117 £ 0.001
+
Amplitude 0.101+0.001 0.001
0 0 0 0 0
Methylene Phase.
. Lorentzian 2 2 2
Symmetric . . 2 2
Stretch linewidth
Peak position 2931.1+04 29309+0.3 2931.5+04 2928.0+0.2 2930.6 £ 0.2
Gausslan 15.8 4023 16.7 + 0.2 17.1+0.3 15.8+£0.2 15.7+£0.2
linewidth
0.0031 + 0.010 £0.002 | 0.003 +0.001 0.0009 +
+
Non- . Amplitude 0.003 +0.001 0.0007 0.0008
resonan
Phase 0 0 0 0 0
pH 2
Peak
. Parameters 2 kDa 10 kDa 450 kDa 1000 kDa 4000 kDa
Assignment
Amplitude 0.049 +0.003 | 0.04+0.02 | 0.073£0.002 | 0.194 +0.004 | 0.139 + 0.003
Phase 0 0 0 0 0
Methine II'orent'zian 5 5 2 2 2
Stretch inewidth
C'iauss'lan 13443 7845 60+3 82+4 111 +£2
linewidth
Amplitude 0.171 £ 0.004 | 0.17+0.01 0.181 £0.004 | 0.460+0.006 | 0.285 =+ 0.005
Phase 0 0 0 0 0
Methylene Lorentzian ) ) 2 2 2
Symmetric linewidth
Stretch Peak position | 2932.7+0.5 2933 +3 2932.0+0.4 | 29293+0.3 | 2931.9+0.4
(.}auss.lan 143405 1D+ 154+0.3 14.6+0.2 149+04
linewidth
Non- Amplitude 0.003 +£0.003 | 0.02+0.01 0.012+£0.002 | 0.005+0.004 | 0.004 + 0.004
resonant Phase 0 0 0 0 0
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Table B. 3 Fitting parameters for C=0 spectra of d-hexadecane emulsions in D20 coated with
500 ppm PAA with varying molecular weight, corresponding to Figure B1.

C=0 Stretches, ssp polarization

PAA, pH 4
Peak Parameters 2 kDa 10 kDa 450 kDa 1000 kDa 4000 kDa
Assignment
Amplitude 0.08 £0.01 0.046 +0.002 | 0.170+0.007 | 0.17+0.07 0.18 +0.08
Phase 3.14 3.14 3.14 3.14 3.14
Background L.()rent.zian 10 10 10 10 10
Peak 1 linewidth
Peak position 1555+ 42 1593+ 7 1603 £ 6 1527 £ 16 1479 + 34
Gaussian 90 + 43 316 46+ 7 32£6 65£7
linewidth
0.076 + 0.101 £ 0.002
Amplitude 0.14+0.02 | 0.070+£0.002 | 0.118 = 0.006 0.005
Phase 0 0 0 0
- Lorentzian 5 5
C=0 Stretch linewidth 5 5 5
Peak position 1740 £ 5 1735+2 1742 £5 1737 +2 1735+£2
Gaussian 2045 2542 1843 141 3 =2
linewidth
0.091 + 0.0318 = 0.12+0.02 0.09 + 0.01
Amplitude 0.005 0.0009 | 0:065%0.008
Phase 3.14 3.14 3.14 3.14 3.14
Background Lorentzian 10 10 10 10
Peak 2 linewidth 10
Peak Position 1862 + 25 1956 £ 39 1830 + 40 2134 +95 1935+ 50
Gaussian 255 £ 64 179 £ 37
linewidth 11332 427 £67 88 £40
Non- Amplitude 0.03 +0.01 0.019 +0.002 | 0.007 +0.006 | 0.05=+0.01 0.03+0.02
resonant Phase 0 0 0 0 0
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Table B3. Continued from previous page

PAA, pH 2
!’eak Parameters 2 kDa 10 kDa 450 kDa 1000 kDa 4000 kDa
Assignment
0.028 + 0.03£0.01 0.19+0.01
Amplitude 0.003 0.13£0.01 0.029 = 0.007
Phase 3.14 3.14 3.14 3.14 3.14
Background Lorentzian 10 0
Peak 1 linewidth 10 10 10
Peak position 1694 £ 10 1583+ 14 1721+ 6 1705+ 10 1577 £ 11
Gaussian 50+ 11 63+ 17 4414 4rE17 25+8
linewidth
0.010 £ 0.012 + 0.163 £ 0.006
Amplitude 0.007 0.12+0.02 0.012 £ 0.006 0.005
Phase 0 0 0 0
_ Lorentzian 5 5
C=0 Stretch linewidth 5 5 5
Peak position 1735+ 6 1740 £ 7 1735+ 4 1740+ 3 1740 + 4
Gaussian 1646 20+ 6 25+ 10 13+9 30+2
linewidth
Amplitude 0.7+0.2 0.4+0.1 1.04 £0.07 1.1+£0.6 0.67 +0.05
Phase 3.14 3.14 3.14 3.14 3.14
Background L.orent.man 10 10 10 10
Peak 2 linewidth 10
Peak Position 2539 + 257 2205+ 189 2506 + 65 2539 + 550 2305+ 45
Gaussian 378 +£269 309 +£28
linewidth 3654117 | 270=1 36031
Non- Amplitude 0.23£0.06 0.12+0.05 0.34+0.02 04=+0.2 0.25+0.02
resonant Phase 0 0 0 0 0
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Table B. 4. Fitting parameters for C-H spectra of d-hexadecane emulsions in D20 coated with

500 ppm PMAA, corresponding to Figure IV.7A.

Alkane C-H Stretches, ssp polarization
PMAA, 500 ppm
Peak
Assignment Parameters pH 2 pH 4
Amplitude 0.054 £ 0.002 0.067 £ 0.004
Phase 0 0
Polymer Endcap o ) ) 5
Methyl Stretch Lorentzian linewidth
Peak position 2887.0£0.8 2890+ 5
Gaussian linewidth 121 +2 80+8
Amplitude 0.097 + 0.003 0.172 £0.005
Methyl Phase 0 0
Symmetric Lorentzian linewidth 2 2
Stretch Peak position 2939.8 0.7 2937.1+0.9
Gaussian linewidth 22.1+0.8 22.0+£0.6
Amplitude 0.002 £+ 0.002 0.003 +0.003
Non-resonant
Phase 0 0

Table B. 5 Fitting parameters for C=0 spectra of d-hexadecane emulsions in D20 coated with

500 ppm PMAA, corresponding to Figure 1V.7B.

C=0 stretches, ssp polarization

PMAA, 500 ppm
Peak Assignment Parameters pH 2 pH 4
Amplitude 0.16 £0.01 0.047 +£0.001
Phase 0 0
Background Peak | [ orentzian linewidth 5 5
Peak position 1536 + 13 1470+ 7
Gaussian linewidth 87+9 242 +8
Amplitude 0.051 £0.002 | 0.0205 £+ 0.0006
Phase 0 0
C=0 Stretch Lorentzian linewidth 5 5
Peak position 1735.6 £ 0.6 1736.4 +£ 0.6
Gaussian linewidth 22 +1 21+1
Non-resonant Amplitude 0.121 £0.004 | 0.0699 + 0.0006
Contribution Phase 0 0
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APPENDIX C: SUPPLEMENTARY INFORMATION FOR CHAPTER V

e 316.76 £ 3.302 nm
4244516 nm 60 88.69 £8.25 nm ‘

500 nm IS

Figure C. 1 SEM |mages of ZIF-8 nanopatrticles of a) 36 nm, b) 60 nm, and ¢) 96 nm cstalllte
size as determined by Scherrer analysis.
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Figure C. 2 PXRD patterns of powder nanoZIF-8 synthesized for three different sizes. Expected
reflections are shown as the bottom trace. Sizes are determined by Scherrer analysis.
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Figure C. 3 FT-IR spectra of neat DMF, powder 2-methylimidazole, and powder ZIF-8 (96 nm
crystallite size).

131



s L timi l 025 [ 5% sps . Neat DMF No De-timing
" Neat DVIF De-tmed " Neat DMF De-imed  °
0.8 = ZIF-8 in DMF 4 i ZIF8inDMF
I not normalized by particle size 0.2 not normalized by particle size _|
3 S 015 —
~— (] H
= g ;
s 2z
S @ 0.1 . ;—
E £ : ik
T 005 I 1
| RO et 11 g
L o VN I
0 jJ ﬂ\f‘ﬁw,.m s AR L
1600 1700 1800 1900 1600 1700 1800 1900
wavenumber (cm') wavenumber (cm™)
c d
10F = -
ppp L Neat DMF No De-timing 0.30 - ppp ZIF-8 in DMF . -
— Neat DMF De-timed = no DMF subtraction
08 === ZIF-8 in DMF _ === with DMF subfraction
: not normalized by particle size . 0.25 not normalized by particle size
—~ 3
=] ~ 0.20
s z
=y 2 0.15
a 2
[
ﬁ ~ 010
0.05
0.00 i 1 1 1
1600 1700 1800 1900 1650 1700 1750 1800 1850
wavenumber (cm™) wavenumber (cm™')

Figure C. 4 Impact of DMF absorption on VSFSS spectra. VSFSS measurements of neat DMF
and nanoparticles of ZIF-8 suspended in DMF in the C=0 stretching region for a) ssp b) sps and
c) ppp polarization combinations. Panel D shows the impact of subtracting the neat DMF trace
from the ZIF-8 in DMF response in ppp. These traces are not normalized by the particle size-
dependent scattering pattern.
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Figure C. 5 Size distribution curves of nanoZIF-8 particles in DMF as a function of
concentration with polydispersity values provided inset.
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Figure C. 6 Acid digestion 1H NMR of nanoZIF-8 in an 80/20 mixture of d-DMF and D2SO4
with mesitylene internal standard performed on a Bruker AV-600 NMR.
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Figure C. 7 TGA trace of nanoZIF-8 under nitrogen at a heating rate of 10° per minute.
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Figure C. 8 Surface zeta potential of nanoZIF-8 (1 mg/mL) with excess 2-methylimidazole.
Equivalents of excess linker are defined per nanoZIF-8 concentration with respect to ZIF-8
particle molecular weight.
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Figure C. 9 VSFSS measurements (ssp polarization) of nanoparticles of ZIF-8 suspended in

1.0

0.8

0.6

0.4

02

- ssp (L)

Fo

ZIF-8in

1

1

1
2800

| |
2900 3000
wavenumber (cm™)

H20 and d-DMF taken in the C-H stretching region.
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Table C. 1 Fitting parameters for spectra of ZIF-8 nanoparticles dispersed in DMF measured in

different polarization schemes, corresponding to Figure V.1A.

C=0 Stretches: Mixed Polarizations

96 nm crystalline diameter ZIF-8 in DMF

Peak
Assignment Parameters SSp PP Sps
Amplitude 0.387 £ 0.004 0.65 £ 0.07
Phase 0 0
Background Peak | Lorentzian linewidth 10 10
Peak position 16059+ 0.4 1568.3 £
Gaussian linewidth 16.7£0.8 657
Amplitude 0.183 + 0.003 0.27 £0.03
Phase 0 0
C=0 Stretch Lorentzian linewidth 5 5
Peak position 1689.3+0.1 1688.4 £ 0.1
Gaussian linewidth 115+0.3 10.0+0.7
Amplitude 0.133 £0.002 0.15+0.01
0 0
C=0 Stretch Lorentz?:naifnewidth 5 5
Shoulder 1
Peak position 1712.8 + 0.6 1708.6 £ 0.2
Gaussian linewidth 125+2 18+ 2
Amplitude 01+0.1 0.07 £0.03
C=0 Stretch I?has? . 0 0
Shoulder 2 Lorentzian linewidth 5 5
Peak position 1742.7+0.6 1740.1£0.5
Gaussian linewidth 22 3.9+19
Amplitude 0.174 £ 0.002 0.219 +0.003 0.205 + 0.003
Phase 0 0 0
C=0 Stretch Lorentzian linewidth 5 5 5
Peak position 17736 0.2 1776.4+0.3 1778.9+0.3
Gaussian linewidth 19.4+£04 77+£2 18.0+£0.5
Non-resonant Amplitude 0.042 +0.002 0.21£0.02 9e5 +0.002
Contribution Phase 0 0 0
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Table C. 2 Fitting parameters for spectra of ZIF-8 nanoparticles dispersed in varying solvents
taken in ssp polarization, corresponding to Figure V.2A.

C=0 Stretches: Mixed Solvents

96 nm crystalline diameter ZIF-8, ssp polarization

Peak 50% DMF/
Assignment Parameters 100% DMF 50% H,0 100 % H.0
Amplitude 0.387 £ 0.004
Phase 0
Background Peak |  Lorentzian linewidth 10
Peak position 1605.9 + 0.7
Gaussian linewidth 16.7£0.8
Amplitude 0.183 £ 0.003 0.110 + 0.003
Phase 0 0
C=0 Stretch Lorentzian linewidth 5 5
Peak position 1689.3 +2 1691.6 + 0.3
Gaussian linewidth 11.5+0.3 12.3+0.6
Amplitude 0.133 £ 0.002
C=0 Stretch I_Dhas? . 0
Shoulder 1 Lorentzian linewidth 5
Peak position 1712.8+0.9
Gaussian linewidth 125+ 2
Amplitude 01+01
C=0 Stretch I_Dhas_e . 0
Shoulder 2 Lorentzian linewidth 5
Peak position 1742.7+£0.7
Gaussian linewidth 2+2
Amplitude 0.174 £ 0.002
Phase 0
C=0 Stretch Lorentzian linewidth S)
Peak position 1773.6+0.3
Gaussian linewidth 194+04
Amplitude 0.09 +0.01
Phase 0
H,O Bend Lorentzian linewidth 5
Peak position 16771
Gaussian linewidth 9+2
Amplitude 0.056 £ 0.002
Phase 0
Backgrog nd Peak Lorentzian linewidth 5
Peak position 1731+£3
Gaussian linewidth 99+ 10
Non-resonant Amplitude 0.042 +0.002 0.004 = 0.002 0.03 £ 0.002
Contribution Phase 0 0 0
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Table C. 3 Fitting parameters for spectra of ZIF-8 nanoparticles dispersed in d-DMF taken in ssp
polarization, corresponding to Figure 3A.

C-H Stretches: 2-Methylimidazole

96 nm crystalline diameter ZIF-8 in d-DMF

Peak Assignment Parameters ssp
Amplitude 0.252 +0.008
Phase 0
Non-resonant . .
Background Peak Lorentzian linewidth 2
Peak position 2808.4+0.3
Gaussian linewidth 135+£0.6
Amplitude 0.065 + 0.008
0
CH Fermi Lorentzlii':rf1 7?newidth 2
Resonance
Peak position 2847 + 2
Gaussian linewidth 18+3
Amplitude 0.28 £0.01
. Phase 0
CHs étsrxgﬁe”'c Lorentzian linewidth 2
Peak position 29245+ 0.4
Gaussian linewidth 11507
Amplitude 1.1+0.6
Aromatic C-H I_:’has_e ) 314
Asymmetric Stretch Lorentzian I|_n-eW|dth 2
Peak position 3001.3+0.2
Gaussian linewidth 321
Amplitude 0.8+0.6
Aromatic C-H I_Dhas_e . 0
Symmetric Stretch Lorentzian I|_nfeW|dth 2
Peak position 3010.2+0.2
Gaussian linewidth 26+3
Non-resonant Amplitude 0.584 + 0.002
Contribution Phase 0
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APPENDIX D: SUPPLEMENTARY INFORMATION FOR CHAPTER VI
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Figure D. 1 pH measurements of ZIF-8 suspended in D20 with PAA, PAM, and PNVA at
varying concentrations.
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Figure D. 2 Pictures of ZIF-8 colloids suspended in D20 with varying concentrations of PAA
(left), PAM (middle), and PNVA (right).
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Figure D. 3 A) Amplitude, B) Gaussian linewidth, and C) peak position trends obtained from
fitting VSFSS spectra as a function of polymer binding agent identity and concentration.
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Figure D. 4 FT-IR spectra of polymeric membrane films.
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Table D. 1 Fitting parameters for spectra of ZIF-8 nanoparticles dispersed in D20 with varying
concentrations of poly(acrylic acid), corresponding to Figure VI.4A.

C=0 Stretches, ssp polarization

5 mg/mL ZIF-8 with poly(acrylic acid)

Peak Assignment Parameters 250 ppm 500 ppm 1000 ppm
Amplitude 1.7+ 0.3 1.10 £0.03 0.29+0.03
Phase 0 0 0
Background Peak | Lorentzian linewidth 10 10 10
Peak position 1530+ 6 15943 £ 0.8 1297 + 59
Gaussian linewidth 41+3 10.3 £ 0.6 250+£42
Amplitude 0.76 £ 0.03 0.58 £0.02 0.35+0.05
Phase 3.14 3.14 3.14
C=0 Stretch Lorentzian linewidth 5 5 5
Peak position 1668.8 + 0.4 1669.6 + 0.2 1668.3 £0.6
Gaussian linewidth 6.9+0.3 5.6+0.2 49+0.8
Amplitude 0.27+£0.02 0.076 £ 0.003 0.13+0.01
Non-resonant
Phase 0 0 0

Table D. 2 Fitting parameters for spectra of ZIF-8 nanoparticles dispersed in D20 with varying
concentrations of poly(acrylamide), corresponding to Figure VI1.4C-D.

C=0 Stretches, ssp polarization
5 mg/mL ZIF-8 with poly(acrylamide)
Assfglfllflen ¢ Parameters 250 ppm 500 ppm 1000 ppm | 10000 ppm
Amplitude 17+8 12+4 14+1 10+£2
Phase 0 0 0 0
Bacl;irﬂ(zund Lorentzian linewidth 10 10 10 10
Peak position 1515+ 6 1519+4 1510+ 16 1520+ 2
Gaussian linewidth 0.6+0.3 04+0.1 0.5+0.1 0.4+0.1
0.075 + 0.12+0.02
Amplitude 0.16 £0.07 0.08 £0.01 0.005
Phase 3.14 0 0 0
N-H Bend Lorentzian linewidth 5 5 5 5
Peak position 1580.6 £0.9 1580+ 3 1580+ 2 1579 +£0.5
Gaussian linewidth 8+3 33+£3 33+£2 4+£2
Amplitude 0.45+0.08 04+0.1 0.36+£0.07 | 0.32+0.02
Phase 3.14 3.14 3.14 3.14
C=0O Stretch | Lorentzian linewidth 5 5 5 5
Peak position 1584 +2 1583 +3 1585+3 1583.8+£0.6
Gaussian linewidth 19+£2 5+2 5+1 12.8+0.4
0.068 + 0.043 +
Non-resonant Amplitude 0.06 £0.02 0.062 £ 0.007 0.006 0.004
Phase 0 0 0 0
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Table D. 3 Fitting parameters for spectra of ZIF-8 nanoparticles dispersed in D20 with varying
concentrations of poly(N-vinyl acetamide), corresponding to Figure V.4B.

C=0 Stretches, ssp polarization
5 mg/mL ZIF-8 (large) with poly(N-vinyl acetamide)
Peak Assignment Parameters 250 ppm 500 ppm 1000 ppm
Amplitude 18+9 19+1 19+6
Phase 0 0 0
Background Peak | Lorentzian linewidth 10 10 10
Peak position 1512+4 1513+4 15103
Gaussian linewidth 0.4+0.2 04+0.2 04+0.1
Amplitude 0.25+0.04 0.22+0.07 0.26 £ 0.06
Phase 0 0 0
N-H Bend Lorentzian linewidth 5 5 5
Peak position 1573 +3 1576 £ 3 1572 +£2
Gaussian linewidth 42+ 4 33+4 32+£2
Amplitude 0.71 £0.03 0.62 £ 0.06 0.63 £0.05
Phase 3.14 3.14 3.14
C=0 Stretch Lorentzian linewidth 5 5 5
Peak position 1576 + 2 1581 +4 1577 +2
Gaussian linewidth 15+1 13+£2 14+£2
Amplitude 0.10+0.01 0.11 £0.01 0.101 £ 0.008
Non-resonant
Phase 0 0 0

142




18
16

14

-
\V]

Intensity (%)
=)

18
16

14

-
N

Intensity (%)
=)

APPENDIX E: SUPPLEMENTARY INFORMATION FOR CHAPTER VII
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Figure E. 1 Dynamic light scattering curves measured at different time intervals of a) ZIF-8, b)
mesoporous SiO2, ¢) TiO2, and d) Fe203 nanoparticles suspended in DMF at 5 mg/mL.
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APPENDIX F: CALCULATION OF NANOPARTICLE SURFACE DENSITY

Z1F-8 ZnO
Diameter (nm) 100 100
Molar ratio 71 11
(metal:linker/oxide) ' '
Density (g/cm?) 0.95 5.61
Molecular weight (g/mol) 229.58 81.38
Surface density (atoms/nm?) | 7 78

We first calculate the moles of metal ions in the entire particle, in the interior, and at the surface:

Entire particle:

particle MW

moles Zn**per particle = W X metal molar ratio (F1)

497 x 10716 —9__
particle

229.58 ===

moles of Zn**per particle = g
mol

x2=217 x10"%¥ mol  (F2)

where the particle molecular weight is dependent on the volume of the particle.
For a 100 nm particle:

particle MW = volume X density (F3)
particle MW = 5.23 x 107 cm3 x 0.95-2_ = 497 x 10‘16L_ (F4)
cm3 particle
Interior:
moles of Zn?* in particle
interior moles Zn?** = / : P : (F5)
1 + particle SA:V ratio
interi les Zn?*t = 204 x 10T mol _ 2.04 x 1078 mol (F6)
interior moles Zn?* = T 006 =2. mo

Surface:

surface moles Zn** = moles of Zn**per particle — moles of interior Zn?* (F7)

The same procedure is followed to calculate the moles of linker in the entire particle, in the
interior, and at the surface.
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particle MW

VW x linker molar ratio = 4.33 X 1078 mol (F9)

moles linker per particle =

] ] ] moles of linker in particle 1
interior moles linker = - —— = 4.08 x 1078 mol (F10)
1 + particle SA:V ratio

surface moles linker = moles of linker per particle — moles of interior linker =
2.45 x 107° mol (F11)
Next, we calculate the total moles of surface atoms (metal and linker):
Moles of surface atoms = surface metal moles + surface linker moles (F12)
Moles of surface atoms = 1.22 x 107 mol + 2.45 X 1079 mol = 3.68 X 1071 mol (F13)

We multiple by Avogadro’s number and divide by the surface area to determine the number
density of atoms at the surface:

moles of surface atoms

number density Surface Area N (F14)
) 3.68 x 1071 mol atoms
number density = 3141592 oz~ Ny = v
(F15)

The same calculation can be carried out for ZnO nanoparticles but with different values for the
density, molecular weight, and molar ratio. The “linker” values above will be attributed to
oxygen atoms for ZnO.

294 x10-15 9

ticl
moles of Zn?**per particle = 5ar % % 1= 3.61 x 107 mol (F16)
81.38@
3.61 x 10717 mol
interior moles Zn?** = T 000 =3.41 x 107" mol (F17)

surface moles Zn*t = 2.17 x 1078 mol — 2.04 x 107*®¥ mol = 2.04 x 10~ ¥ mol (F18)

particle MW

W x linker molar ratio = 3.61 x 10~ mol (F19)

moles 0%~ per particle =
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, , ,_ _ molesof 0% inparticle 1y
interior moles 0°~ = - — =3.41 X 107" mol (F20)
1 + particle SA:V ratio

surface moles linker = moles of linker per particle — moles of interior linker =
2.04 x 1078 mol (F21)

Moles of surface atoms = 1.22 X 107 mol + 2.45 x 107 mol = 4.09 x 10718 mol (F22)

4.09 x 10718 mol atom
31415.92 nm?

number density = (F23)
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APPENDIX G: VSFSS NORMALIZATION PROCEDURE

1. The non-resonant response from a KNbOs crystal is measured (Figure G1), providing the
daily profile of the IR pulse. The only data processing that occurs to produce Figure G1
is background subtraction.
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Figure G. 1 Non-resonant response from KNbO-3 crystal measured in the C=0 region.

2. The raw signal from colloidal nanoZIF-8 in DMF (example) is measured at the signal
timing for 20 minutes (Figure G2).
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Figure G. 2 Raw signal obtained from one scan of colloidal nanoZIF-8 (96 nm diameter) in
DMF.
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Then, an average signal trace is created by averaging 2 signal scans subtracted by 2
background scans (Figure G3).
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Figure G. 3 Average signal trace of colloidal nanoZIF-8 (97 nm diameter) in DMF.

Although our spectrometer measures features across this spectrum (1400-2200 cm't), we
only consider features to be relevant within the range of our IR pulse (approximately
determined from our KNbOs response, black trace, Figure G4). We’ve defined this range
to be 1600-1850 cm'™,
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Figure G. 4 Averaged signal trace from colloidal ZIF-8 in DMF (10x, red) overlayed with the
non-resonant response from KNbO3 (black).
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The resulting average signal in this range is Figure G5:
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Figure G. 5 Averaged signal trace from colloidal ZIF-8 in DMF within the appropriate IR
wavenumber range.

3. Next, we divide the averaged signal trace by the KNbO3 reference to account for our IR
pulse.
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Figure G. 6 Signal trace from colloidal ZIF-8 in DMF normalized by KNbO-3 response.
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4. Finally, we divide by the scattering pattern produced by the average size of the particle
measured. This factor accounts for the fraction of scattered signal that is collected from
our lens (placed at 60° relative to the experimental plane). The scattering pattern is
produced by the NLS software developed by Sylvie Roke.
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Figure G. 7 Completely normalized signal trace from colloidal ZIF-8 in DMF.

This process is repeated for at least 3 trials collected on different days and averaged to produce
the spectra suitable for publication. That averaged spectrum is then fit using the parameters
provided in the appendix tables.
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APPENDIX H: DETERMINATION OF PARTICLE CONCENTRATION FOR VSFSS
DETECTION LIMIT
In accordance with the comment published by Arianna Marchioro, Sylvie Roke, and others,* it
is necessary to confirm that our particle concentration is above the detection limit for vibration

sum frequency scattering.

For a suspension of ZIF-8 nanoparticles in DMF:

Total Concentration 0.005 g/mL
Density (p) 0.35 g/cm?®
Molecular Weight (MW) 227.58 g/mol

Particle Diameter (as determined by SEM) 316 nm
Particle Radius 158 nm

We calculate the # of particles in solution by:

4
Volume = §7TR3 =1.65219 E" 14 ¢m3

Particle MW = VpN, = 3481163376 g/mol

. ] Total Concentration 12
Particle Concentration = - =1.4363 E~*“ mol/mL
Particle MW

# of Particles = Particle Concentration X N, = 8.6465 E'1 particles/mL
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Therefore, for a 5 mg/mL solution of particles with a radius of 1.58 E-7 m, our concentration of
particles is 8.6465 E! particles/mL. This confirms our VSFS measurement is above the SNR =

1 detection limit. Our results are plotted onto Figure H1 from the reference material.
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Figure H. 1 Signal-to-noise ratio given by the solid black line as a function of particle radius and
concentration of particles for VSFSS experiments. Adapted from ref. 384
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