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Development of micro-spectroscopic tools for analysis of environmental interfaces
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Interfacial chemistry is important in many key molecular processes that are critical to water
quality and treatment and can also drive the fate and transport of chemical contaminants in the
environment. There are three key constituents of these environmentally-relevant water systems
that are well-known to interact with geochemical interfaces: organic matter, oxyanions, and
biological components. Mineral surfaces in particular are extremely diverse in composition and

structure; they can include iron oxides, clay minerals, and carbonates. Therefore, these different
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geochemical interfaces present a complex array of surface compositions and structures whereby
surface catalyzed reactions can occur and potential byproducts can lead to chemical contaminants
in the environment.

Traditional IR spectroscopy has offered valuable information in understanding how
environmental adsorbates interact with mineral surfaces. The reason for this is due to the inherent
molecular-level information that can be obtained due to changes in the vibrational mode
frequencies for adsorbed versus solution phase species. To date, there still remains a bit of
uncertainty with how individual components interact both as isolated components and when co-
adsorbed with other species and the degree to which there is heterogeneity within these systems.
In this dissertation, micro-spectroscopic probes such as Atomic Force Microscopy-Infrared (AFM-
IR) spectroscopy and Optical Photothermal Infrared (O-PTIR) spectroscopy are compared to more
traditional infrared methods in order to provide insights and a different perspective on these
interactions as they probe both morphology and spectral signals with submicron spatial resolution.
Overall, these novel studies have shown that micro-spectroscopic probes offer new insights into
the chemistry occurring on solid mineral surfaces in the environment and provide examples of how

these techniques can be used in future work.
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CHAPTER 1
INTRODUCTION

1.1 Geochemical Interfaces Are Complex and Are Composed of a Large

Diversity of Compounds

According to a 2019 WHO/UNICEF report, 2.2 billion people in this world lack access to
clean water, and recently, it was suggested that we are entering an “invisible” water pollution
crisis.’* At the core of human survival and socio-economic growth, water quality has grown to
become a universal topic of interest. Over the past few decades, this issue has significantly grown
all across the world, whether it means some having too much water due to flooding or too little
water from droughts.* While scientists and engineers have worked to combat this growing issue in
efforts to make clean water accessible, most of these efforts have been concentrated in large-scale
projects. For example, membrane technology has been developed to utilize membrane filters for
treating large volumes of water from various aquatic sources.>® However, to date, there still lacks
an understanding of much of the chemistry that occurs in these types of water systems, and, as
chemists, one approach that can be taken is looking into the surface chemistry.’

Surface chemistry plays an important and key role as molecular processes drive the fate
and transport of chemicals present in water systems and is related to the interaction with natural
and engineered surfaces.® Due to the complex nature of reactions at interfaces, this chemistry can
be difficult to understand and model. As such, understanding the many different types of
molecular-level interactions occurring on complex geochemical interfaces is daunting yet
important as these interactions control and influence many environmental processes. The chemical
interactions between adsorbed water and environmental interfaces have been widely explored;
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however, there still lacks an understanding regarding the adsorption of other environmentally-
relevant compounds onto these geochemical interfaces.® There are three key components that have
been known to interact with geochemical interfaces: organic matter, oxyanions, and biological

components. o

“ﬂh

Biological
Components

Oxyanions . k‘», & J

Vig

Figure 1.1 A cartoon diagram depicting the different types of environmentally relevant
adsorbates available to interact with geochemical interfaces.

To start, a “geochemical interface” can be defined broadly as a mineral surface present in
complex aqueous systems that can be found in various environments, such as groundwater or soil.
A broad, general term such as “geochemical interfaces” allows for the encompassing of a wide
range of minerals, chemical compounds and environmental conditions. Geochemical interfaces are
extremely diverse in not only composition but also structure. To name a few examples, they can
include mineral oxides such as iron, aluminum, titanium, and silicon oxides, as well as clay
minerals and carbonates. While it is important to understand the type of interactions occurring
along geochemical interfaces, it is important that we understand the properties and relevance of

such materials.



Mineral oxides are often found naturally, but also as a result of being leached from
anthropogenic sources such as landfills or consumer products.'>'® Hematite and goethite are
examples of iron oxides and oxyhydroxides, respectively, are the most commonly found naturally
occurring mineral oxide, namely due to its large abundance of Earth’s composition.**?° Iron’s
prevalence on Earth allows for it to play an important role in a wide range of atmospheric systems.
Mineral dust aerosols, which can be transported in the atmosphere thousands of miles from the
source region, can be dry or wet deposited onto different ecosystems, where they can provide
important nutrients and drive biogeochemical cycles.'”1821-23 Mineral dust aerosols are a complex
mixture of minerals and secondary species due to reactions in the atmosphere with trace
atmospheric gases including sulfur and nitrogen oxides. Some common mineral oxides found in
mineral dust aerosols are TiO2, SiO,, and Al03.24% TiO; is an active interface for environmental
reactions, as it contains surface hydroxyl groups that are readily available for surface interactions
and is a semiconductor photocatalyst. In addition, TiO2 has great industrial importance since it is
found in building structures but often in human personal care products such as sunscreen.317:26
Like titanium dioxide and some carbonates, the various polymorphs and forms of silicon dioxide
are present in industrial materials such as window glass or buildings but also naturally occurring
in minerals, in the form of quartz.}”'®2¢ The acidic and basic properties of mineral oxides allow
them to participate in a wider variety of chemical reactions, e.g. aluminum and magnesium
oxides.?>?” In some cases, as already noted for TiO2, mineral oxides have also been found to act
as photocatalysts, making them sensitive to environmental variables such as light.?® All of these
types of geochemical interfaces have been found to interact with various components present in

water systems including organic matter, oxyanions, and biological components.*?2° |n addition,



they react with chemical contaminants that can cause surface catalyzed reactions, forming
undesired byproducts.!

Natural organic matter (NOM) represents a large class of compounds that originate from
plants, animals, and microbial debris commonly found in both aquatic and terrestrial systems.
These complex molecules contain a variety of functional groups that are active in interfacial
chemistry.®> Suwannee River Fulvic Acid (SRFA) is a type of fulvic acid collected from the
Suwannee River in Georgia. It has a smaller molar mass and is more soluble than its equally
abundant counterpart, humic acid. This species is commonly used as a model fraction of natural
organic matter.**34 Like most natural organic matter compounds, SRFA contains a myriad of
aliphatic carbon chains, as well as carboxylic and phenolic functional groups and is thus, known
to be highly complex and heterogenous by nature.®® Previous studies have focused on the surface
adsorption of this species on both oxide and oxyhydroxide iron surfaces. For example, the
adsorption of fulvic acid, a type of natural organic matter (NOM), onto iron-containing mineral
surfaces has been reported to form metal-bonded surface complexes in acidic environments over
basic environments®*-3, While studies involving single-component systems have thus far provided
great insight into some of the chemical interactions occurring on the molecular level, the
environment is a complex, multi-component system and it is important to investigate the complex
mixtures as well as described in this thesis.

In addition to natural organic matter, minerals interact with various components such as
biological macromolecules and oxyanions in groundwater.”31%3° For biological components,
Bovine Serum Albumin (BSA) has been chosen as a model protein to represent this class of
adsorbates due to its stability in the environment as well as its natural state in a circumneutral

pH.*%-42 In addition, BSA is low in cost, accessible, and similar to human protein.*“ It is also



water-soluble and available at high purity, allowing for laboratory experiments to be conducted
easily and efficiently. While there have been a great number of studies involving BSA and its pH
dependency for adsorption on nanoparticle and geochemical interfaces, there is still remain
questions regarding this protein’s chemical interactions on the molecular level with these
geochemical surfaces.*%414345 Other classes of biological components known to interact with
minerals are biofilms, which have been found to grow on various metal-containing solid
surfaces.*®*" It should be noted that the class of biological components encompasses many
different forms, starting from amino acids and protein to macromolecular structures like biofilms.

For oxyanions, sulfates have been chosen as they are highly abundant in groundwater and
soil-containing environments.*® Common environmentally-relevant oxyanions include sulfates
such as sodium sulfate and ammonium sulfate, and nitrates, such as sodium nitrate.**! These
species can also affect radiative processes by making up cloud condensation nuclei, which can
scatter light, or reflect sunlight, resulting in a cooling effect.522 In addition, these species can also
act as common adsorbates and can compete for sites on mineral surfaces.>* Lastly, oxyanion
derivatives such as sulfates and nitrates are also present in mineral dust aerosols. These particles
can undergo heterogenous reactions in the atmosphere that can result in the formation of sulfate or
nitrate coatings that drive different atmospheric processes.?"4%°

To date, there still remains a bit uncertainty with how individual components behave in
more complex media and the degree to which there is heterogeneity within these complex systems,
especially on the nano and microscale level and this thesis probes these different length scales as

described in the next section.



1.2 The Development and Need for Microspectroscopic Probes

Vibrational spectroscopy is a tool that has been used for decades to study and understand
the complex chemical reactions present in environmental systems. This technique can probe
unique chemical signatures that can accurately and easily characterize a wide variety of chemical
species. A more comprehensive mechanistic understanding of the processes the chemical species
undergo is achieved by monitoring peak shape, position, and relative intensity of chemical spectra.
This is extremely important, as these molecular mechanisms are at the forefront of chemical
reactions occurring along geochemical interfaces. Over the past few decades, a great deal of the
current literature has made valuable observations with traditional macroscopic spectroscopic
studies.?>3%% However, limiting some of the current understanding we have on the chemistry
occurring in these environmental systems is more specialized tools needed to probe complex
interfaces. Most recently, the emerging technology and development of microspectroscopic probes
have been found to be able to shed light and provide a different but equally useful perspective on
these reactions.5"-5!

Traditional IR spectroscopy has offered valuable information in understanding how these
environmental adsorbates interact with mineral species. The reason for this is due to the molecular
nature of the chemistry occurring on these environmental surfaces. One particular method that is
commonly used in this field of work is Attenuated Total Reflection - Fourier Transform Infrared
(ATR-FTIR) spectroscopy. In short, ATR-FTIR spectroscopy is a vibrational spectroscopic
technique based on the total internal reflection of an IR beam at the boundary between two media.
This total internal reflection allows for high-resolution chemical spectra to be achieved for
chemical characterization of both known and unknown samples.?®3%% Specifically, ATR-FTIR

spectroscopy has been a useful tool for probing mineral surfaces and their interactions with



different compounds found in groundwater providing insights on surface speciation, surface
conformation and surface chemistry,29:56.62.63

ATR-FTIR spectroscopy provides spectral characterization of thin films and surface
adsorption onto these films. This information can be used to deduce specific molecular
mechanisms of different processes.?®%? However, further insights into the nano and microscale
measurements can provide information about phase segregation, degree of interactions, and the
overall nano and microscale heterogeneities observed in these systems. In efforts to achieve this
type of information, there have been complementary studies utilizing both IR or Raman
spectroscopy and microscopy to gather both physical and chemical information on the single
particle level.54% Microspectroscopic tools have proven to be crucial in understanding and
defining the distribution of components within complex environmental samples. They provide
both chemical and spatial information that could give some insights into the chemistry that occurs
at the molecular level on these interfaces, in a single instrument. In this dissertation, a total of two
different microspectroscopic probes, AFM-IR and O-PTIR spectroscopy, are utilized and
compared with a traditional IR spectroscopic technique, ATR-FTIR spectroscopy. A summary of
the three spectroscopic techniques as well as their respective instruments is shown in Figure 1.2.

Atomic Force Microscopy —Infrared (AFM-IR) spectroscopy is a hybrid technique that
combines the nanoscale spatial resolution of AFM with the chemical analysis capability of IR
spectroscopy by using the cantilever tip as the detector for IR absorbance. Current work utilizing
this technique has been mainly applied to systems in polymers, materials as well as life
sciences.®®%” However, to date, AFM-IR spectroscopy has yet to be applied to geochemical
substrates despite their diversity in size, composition, and structure. The majority of environmental

applications of AFM-IR spectroscopy has been focused in microplastics research.>®7-6° While



microplastics are a growing concern in aquatic systems, much of the chemistry occurring in the
environments in which they are found such as geochemical interfaces, are crucial to understand
since they contribute to the fate of such contaminants over time. With proper development for
analysis of environmental systems, this technique can provide valuable information on phase
segregation, degree of interactions and the overall nanoscale heterogeneities present in complex
systems.%8¢7.70 Data collected from the nanolR2 system can include high-resolution nanoscale
images, nanoscale point spectra, functional group maps, as well as hyperspectral maps.

Optical Photothermal Infrared (O-PTIR) spectroscopy is one of the newest microspectroscopic
tools based upon the phenomenon of photothermal expansion of a sample upon illumination of light,
that has been developed to probe these complex samples and is. Unlike AFM-IR spectroscopy, which
converts the deflection of the cantilever from this expansion to IR absorbance signal, O-PTIR
spectroscopy translates this expansion as a change in the refractive index of the sample.” By using a
visible light source that is collinear to the IR laser beam as the probe, an O-PTIR signal is generated
when this modulated probe beam is reflected back to the detector. In addition, Raman spectra can also
be collected simultaneously, which significantly broadens the number of samples that can be analyzed

with this single instrument.”> "



ATR-FTIR O-PTIR AFM-PTIR
Spectroscopy Spectroscopy Spectroscopy

Figure 1.2 Three different techniques — ATR-FTIR, O-PTIR, and AFM-IR spectroscopy -
provide valuable chemical and physical information on three different length scales —
macroscale, microscale, and nanoscale.

Another big advantage of the mIRage-Raman is its ability to operate as a non-contact
technique, meaning that sample preparation is minimal. This allows for thick, rough, and poorly
adhered samples to be analyzed, which are some of the limitations encountered using AFM-IR
spectroscopy on these complex samples. It is important to note that while the resolution of the
mIRage-Raman is sub-micron, if nanoscale spatial resolution is necessary, the AFM-IR
spectrometer can be used complementarily. Furthermore, chemical spectral characterization can
be confirmed with the ATR-FTIR spectrometer. Due to these capabilities, the potential for these
instruments is limitless. Researchers can analyze highly complex field samples on various
substrates that cover a wide range of substrate thickness and roughness such as silica wafers, glass,
and gypsum. By using microspectroscopic probes the physicochemical properties of these films,
on both the nano and microscale, and how these properties change in the presence of different

environmental factors can be successfully probed.



The focus of this dissertation research is on developing microspectroscopic tools for the
analysis of environmental interfaces on both nanometer and micrometer length scales. These
interfaces include mineral surfaces and their interactions with different chemical and biological
species found in groundwater including dissolved organic matter, biological macromolecules, and

oxyanions.

1.3 Thesis Objective

The research presented in this dissertation provides insight into the potential of
microspectroscopic techniques for analysis of complex environmental systems. Two different
microspectroscopic techniques are discussed extensively in this work: Atomic Force Microscopy-
Infrared (AFM-IR) spectroscopy and Optical-Photothermal Infrared (O-PTIR) spectroscopy.

Chapter 2 describes, in detail, the various instrumentation and experimental methods used
for studies presented in this dissertation. In addition, there are theoretical descriptions of
Attenuated Total Reflection-Fourier Transform Infrared (ATR-FTIR), O-PTIR, AFM-IR, and
Raman spectroscopy of the instrumentation and experimental methods used in this study. A
materials table is also provided listing the sources and descriptions of materials used for
experimental studies.

Chapter 3 compares the interaction of Suwannee River Fulvic Acid (SRFA), a
representative class of organic matter, and geochemical interfaces, such as goethite, probed by
ATR-FTIR and AFM-IR spectroscopy. SRFA interactions with goethite has been an interaction
studied for decades using traditional IR spectroscopic techniques. By directly comparing

information we can obtain from utilizing ATR-FTIR spectroscopy with that from AFM-IR
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spectroscopy, we see that this widely known interaction is much more heterogenous than thought
to be. With AFM-IR spectroscopy, we have elucidated these interactions on a single particle scale
and show how at the nanoscale level, SRFA does not coat goethite nanoparticles evenly, as it also
is seen to interact with itself.

Chapter 4 explores the use of AFM-IR spectroscopy in multi-component environment. In
all environmental systems, there exists a myriad number of compounds and components that
contribute to the chemistry that occurs along the geochemical interface. These compounds can
include biological components, oxyanions, and organic matter. Chapter 3 discusses the interaction
of organic matter with goethite, so in this chapter, the interactions of a model protein, BSA, with
sodium sulfate, a representative oxyanion, with goethite, is investigated. From analysis with AFM-
IR spectroscopy, phase segregation as well as both physical and chemical microscale and
nanoscale heterogeneities have been detected.

Chapter 5 extends the potential of microspectroscopic probes via introduction of a new
technique called O-PTIR spectroscopy. Here, a comprehensive analysis of ATR-FTIR, O-PTIR,
AFM-IR, and Raman spectroscopy is completed for different compounds and representative of
minerals including oxides, carbonates, sulfates and nitrates, aluminosilicates, and complex,
heterogenous samples. Overall, these analyses depict the clear benefits and downsides of analyzing
compounds on the macro, micro, and nanoscale level.

Chapter 6 summarizes a collaborative study using these novel techniques. This includes
investigating the impact of injecting hydrogen gas into shale rock samples. While the heterogeneity
of shale is widely known, the chemical and physical properties have not been studied extensively
with microspectroscopic probes. Utilizing a combination of these methodologies can result in

potential implications of subsurface hydrogen storage for shale samples that can help in uncovering
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some of its complexities. Upon reaction with hydrogen gas, Eagle Ford, a type of shale, has been
observed to reduce the naturally abundant carbonates present in the sample as well as form pyrite,
a mineral containing iron sulfides.

Chapter 7 compiles three other studies that utilized these different microspectroscopic
probes as a complementary technique. This includes the application of AFM-IR spectroscopy is
seen to be extremely useful for three major field campaigns. Two campaigns focused on outdoor
chemistry and the chemistry of substrate deposited sea spray aerosols, and one campaign focused
on indoor chemistry from wildfire smoke. The three campaigns are named Sea Spray Chemistry
and Particle Evolution (SeaSCAPE), Characterizing Atmospheric-Oceanic parameters of SOARS
(CHAOQS), and Chemical Assessment of Surfaces and Air (CASA). The ability to look at single
particles onto various substrates can provide a more complete understanding of the composition

and complex chemistry occurring within these systems.
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CHAPTER 2
EXPERIMENTAL METHODS

In this chapter, information about sources of chemicals and materials, sample preparation, and
instrumentation is introduced and described in detail. In particular, the theory, method of operation,
and components of Attenuated Total Reflectance-Fourier Transform Infrared (ATR-FTIR),
Atomic Force Microscopy- Infrared (AFM-IR), Optical Photothermal Infrared (O-PTIR), and
Raman spectroscopy are discussed. These have been the primary techniques used for the

experiments presented in this dissertation.

2.1 Sources of Chemicals and Materials

Many of the experiments described in this thesis involve the formation of thin films of
different minerals and varying environmentally relevant adsorbates. These substances range from
humic substances to biological components as well as oxyanions. A comprehensive list of these
materials and their respective sources, as well as the substrates they were deposited on, are

summarized in Table 2.1 below.
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Table 2.1 Summary of sources and information on chemicals and materials used for experiments
presented in this dissertation.

Category Minerals CAS # Source
AMTIR Crystal N/A Pike Technologies
Substrates CaF; N/A Crystran Limited
Silica Wafer N/A Ted Pella
a-FeOOH 20344-49-4 Alfa Aesar
a-Al2Os 1344-28-1 Alfa Aesar
Oxides Tio, Anatase 13463-67-7 Nanostructuret_j % Amorphous
Materials Inc.
Amorphous SiO» 7631-86-9 Aldrich Chemistry
NaNOs 7631-99-4 Sigma-Aldrich
Carbonates, Sulfates, Calcite 471-34-1 Alfa Aesar
and Nitrates Na2SO4 7757-82-6 Fisher Chemical
(NH4)2SOq4 7783-20-2 Fisher Scientific
Clays and Kaolir_lite _ 1318-74-7 Sigma.-AIdrich _
Aluminosilicates Montmor_lllonlte SWy-2 * The Clay M_lnerals Society
Zeolite 1318-02-1 Sigma
Complex Multi- Arizona Test Dust | 1SO 12103-1* Powder Technology Inc.
component Samples
Suwannee River Standard Il - International Humic
Organic Matter Fulvic Aci_d 3S101F* Substaqces Society
Suwannee River Standard 111 - International Humic
Humic Acid 3S101H* Substances Society
Biological Bovine Serum . .
Compognents ik 9048-46-8 Sigma-Aldrich

*CAS # is not provided, so specific type of sample is provided as an alternative

2.2 Sample Preparation

As discussed previously, many of these thin films that were prepared for the experiments
presented in this dissertation have been deposited on a variety of different substrates. It should be
noted that these substrates were chosen for each respective technique due to the absence of spectral
interference.

For ATR-FTIR measurements, the ATR crystal, an Amorphous Material Transmitting

Infrared Radiation (AMTIR) was used. Before deposition of a thin film, these crystals were
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thoroughly cleaned with a Q-Tip and Kimwipe with both an agueous and an organic solvent. Often,
Milli-Q water was used for the aqueous solvent and either ethanol or methanol were used as the
organic solvent. For O-PTIR-Raman and AFM-IR spectroscopic studies, calcium fluoride (CaFz)
and silica wafer substrates, respectively, were used. CaF substrates were purchased from Crystran
Limited and silica wafers were purchased from Ted Pella. Before depositing a thin film, these
substrates were cleaned by soaking and sonicating in Milli-Q water for 30 minutes, then soaking
in ethanol/methanol for 30 minutes and then finally rinsed with Milli-Q water. Finally, these
substrates were allowed to air-dry before being in contact with the sample material.

Once the substrates have been cleaned, thin films were prepared using the steps depicted
in Figure 2.1. First, a solution containing the dissolved or suspended sample of interest is prepared
in a glass vial. Contents and concentration of these solutions differ depending on the study.
Specific details about the solution preparation can be found in the Materials and Methods sections
for each of the chapters. Dried, thin films of each compound were prepared by drop-casting a fixed
volume of each solution onto a designated substrate. For example, a 1 mL aliquot of tock solution
was deposited onto the ATR crystal, whereas for CaF and silica wafer substrates, a 5 pL aliquot
was casted. Due to the differences in the volume of sample material, a thin film on an ATR crystal

was dried for at least 5 hours and the CaF, and silica wafer substrates were dried for 3 hours.

_‘y — .’ s nanolR2 or
—‘ / 5 pL pipetted onto Dry for >3 hrs miRage-Raman

silica wafer
e =
1 mL pipetted onto Dry for >5 hrs
ATR crystal

Figure 2.1 Schematic of substrate sample preparation.
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2.3 Attenuated Total Reflection — Fourier Transform Infrared (ATR-FTIR)

Spectroscopy

ATR-FTIR spectroscopy is a macroscopic bulk measurement technique that provides
infrared peaks in the mid-infrared spectral range. ATR-FTIR spectroscopy is based upon the
principles of vibrational IR spectroscopy; when IR radiation is illuminated onto a sample, the
energy of the electromagnetic waves is absorbed by the molecule and results in a change in the
dipole moment. More specifically, this technique operates when an incoming infrared light source
is reflected internally at the interface between an optically dense medium, the ATR crystal, and an
optically rare medium, the sample, where the angle of incidence exceeds the critical angle. When
the evanescent wave created by this reflection is absorbed by the molecules in the sample, it results
in a change in the dipole moment, which generates an IR spectrum.'3 This process is depicted in

Figure 2.2.

Incoming

MCT/A AMTIR Crystal IR Beam

Detector

Figure 2.2 Schematic of total internal reflection occurring along the interface between an optically
dense ATR crystal (AMTIR crystal) and an optically rare sample.

Theoretically, the principles of IR absorption, A, can be converted from the ratio of the

transmitted and incident intensity, T, as a function of the wavelength, represented by Beer’s Law

below*:
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A = ebc

(Eq.2.1)

Here, ¢ represents the molar absorptivity of the sample, b is the path length, and c is the
concentration of the sample.* Thus, the selection rule for AFM-IR spectroscopy is similar to
transmission IR spectroscopy. For infrared active modes, the transition from a ground to excited
vibrational state can only occur when the change is in the dipole moment is nonzero, according to

Equation 2.2°.

du
(5) #0

Teq

(Eq. 2.2)

The %term indicates the change in induced dipole, u, with distance r, where ,, represents the

equilibrium bond length. For ATR-FTIR spectroscopy, the penetration depth, d,,, of the IR beam

into the sample. This is expressed by Equation 2.3,

(Eq. 2.3)

Here, 1, refers to the wavelength of light divided by the refractive index of the ATR crystal and 8
represents the angle of incidence of the IR beam. n,, is representative of the ratio of the refractive
indices of an optically dense medium (ATR crystal) to the optically rare medium (sample).>® The
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concentration, ¢, of these absorbed species measured by ATR-FTIR spectroscopy, A, can be

rewritten as the modified Beer’s Law as shown in Equation 2.4.°

A = end,c

(Eq. 2.4)

In this equation, ¢ refers to the molar absorption coefficient, which is a function of wavenumber,
and n refers to the number of internal reflections at the interface of the ATR crystal and sample.
For AMTIR crystals, n is 10. Lastly, d, refers to the effective penetration, which is used for
inhomogeneous samples.t’

For ATR-FTIR spectroscopic measurements, the instrument, a Nicolet iS10 FTIR
spectrometer, equipped with an MCT-A detector, with a spectral range of 725 to 4000 cm™ was
used. A 500 pL Teflon-coated horizontal flow cell that housed an AMTIR crystal (Pike
Technologies) held the sample. While the capped flow cell can hold 500 pL in liquid volume,
when open, the trough of the cell can hold up to 1 mL in liquid volume. Once the thin films were
prepared and dried, infrared (IR) spectra at a resolution of 4 cm™ were averaged over 100 scans.
For this dissertation, all spectra obtained from the instrument were processed using the OMNIC

software and plotted via Origin.

2.4 Atomic Force Microscopy —Infrared (AFM-IR) Spectroscopy

AFM-IR spectroscopy is a hybrid technique that combines the nanoscale spatial resolution

of AFM with the chemical analysis capability of IR spectroscopy by using the cantilever tip as the
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detector for IR absorbance. This technique was developed to overcome the limitations of AFM
and IR spectroscopy. While AFM has no intrinsic ability to chemically discriminate materials, IR
spectroscopy is greatly limited by its spatial resolution, which ranges from 2.5-20 um. By taking
advantage of both techniques, a high spatial resolution on the scale of 10-30 nm can be achieved.®

As shown in Figure 2.3, the AFM-IR spectrometer operates using two different types of
lasers. The instrument consists of a deflection laser which is in direct contact and motion with the
cantilever and can be used to generate a 3-dimensional topographical height image based on the
position that is bounced onto the photodiode.®° In addition, it consists of a tunable IR laser, which
is in contact with the sample and used for chemical characterization of the material based on
localized thermal expansion from IR absorption.!! The current nanolR2 microscopy system
(Bruker, Anasys — Santa Barbara, CA) is equipped with a QCL laser, with a spectral range from
800 to 1800 cm™ as well as an optical parametric oscillator (OPO) laser that has a spectral range
of 850 to 2000 cm™ and 2235 to 3600 cm™. The majority of the data collected and presented in
this dissertation has utilized the QCL laser over the OPO laser. While the OPO laser offers a range
that can provide chemical information regarding the C-H, N-H, and O-H stretching regions, the
spectra are only compatible for contact mode imaging, which makes it extremely difficult to
sample softer or poorly-adhered samples. In addition, the QCL laser is about 10 times faster in
operation time than the OPO laser, and also provides higher quality spectra, making it even more
favorable. However, the OPO laser is still a crucial component to the capabilities of this system
that can be utilized when necessary for future studies and collaborations.

There are two main methods of height imaging that is most commonly used: contact mode
and tapping mode.>'° In contact mode, the cantilever is in direct contact with the sample as it

moves laterally across the surface. With a longer, more flexible cantilever, this mode of imaging
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is suited for harder sample surfaces, as the motion may be abrasive due to the larger force induced
between the tip and the sample. Conversely, in tapping mode, the cantilever is in oscillating contact
with the sample, with minimal frictional force. For this mode, a shorter and stiffer cantilever can
be used to image softer sample surfaces. In both modes of AFM imaging, a feedback loop is
employed, as the height of the cantilever changes in response to the changes in height of the
sample. For contact mode, the feedback parameter is the cantilever deflection while for tapping
mode, it is the cantilever oscillation amplitude.®° Lastly, a key feature of AFM-IR spectroscopy
that allows it to be a powerful tool, is its ability to image a particular sample area and map that
same region with a particular wavelength of light at a spatial resolution that cannot be attained
with conventional infrared spectroscopy. The mapped image will thus be able to give information
about the spatial distribution of functional groups in addition to information about the

heterogeneity of the sample.!

Deflection
Laser

Photodiode

Cantilever +
Piezo Element

QCL Laser
800-1800 cm™!

OPO Laser

(T & 2235-3600 cm™ )
Switch

Sample

Figure 2.3 Simplified schematic of AFM-IR systems deploying three lasers- one for mapping out
topographical features and the other two for infrared excitation, for two different wavenumber
regions.
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Following excitation of the ground vibrational state from the absorption of IR laser
irradiation, heat is released into the sample matrix as it goes back down into its ground state. The
maximum temperature is dependent on basic properties of the sample, such as sample volume (V),
density (p), and heat capacity (C) as well as properties of the laser pulse such as the power, Paps,

and duration, tp. This is represented in Equation 2.58:

T _ Pabstp
max — VpC

(Eq. 2.5)

The increase in temperature of the sample matrix is physically translated into a local
thermal expansion resulting from an increase in internal stress. As the sample expands, there is a
change in the radius of the sample; therefore, this expansion is denoted by the change in radius

over time. This can be seen in Equation 2.68.

dr(t)

(Eq. 2.6)

B is a constant representative of the sample geometry, o is the thermal expansion coefficient, and
T(t) is the temperature decay as the sample cools in the absence of the laser pulses. This
temperature decay is dependent on the duration of the laser pulse, and sample relaxation time,
which indicates a time dependent change in the temperature. These contribute to the illumination
conditions of the measurement, which is also dependent on the type of laser that is used. Together,

these components are combined to describe the thermal contribution, H;,, of the overall signal.
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By taking advantage of this localized thermal expansion, the photothermal induced
resonance (PTIR) in which this sample expansion is detected mechanically through a device that
is sensitive to changes in force and displacement, such as an AFM cantilever tip can be used to
measure infrared resonances on the nanoscale. Utilizing this phenomenon allows AFM-IR
spectroscopy to be used for chemical characterization of samples as it directly relates the thermal
expansion with the cantilever deflection.

Assuming that the tip of the cantilever is rigid, the force received by the tip is given by

Equation 2.78,

F(t) = k,dr(t) = k,rBa;,T(t)

(Eq. 2.7)

where k; is the spring constant of contact, which is partially dependent on the stiffness of both the
tip and the sample. This describes the mechanical contribution, which can be denoted, H,,,. The
bending of the cantilever from this applied force is measured by using optical lever detection
instead of cantilever deflection because of the feedback system that is utilized by the instrument.
This contribution is denoted as the cantilever contribution, H,gy,.

By accounting for the optical contribution, H,,,, the signal transduction of PTIR, Sy, is

represented by Equation 2.8, below?:

Sp(wy, 0) = HmHAFMHopthhUK(U)

(Eq. 2.8)
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This equation represents the PTIR response as a function of frequency, w,,, and wavelength, o and
is simplified as an expression composed with its mechanical, cantilever, optical, and thermal
contributions. The n'" subscript represents various modes of frequency after a Fourier Transform
(FT) is applied to the temporal signal. Generally, it is most traditional to record the signal obtained
from the fundamental frequency, as it possesses the most energy, denoted by So. Although
Equation 6 appears to be complex, the four contributions remain constant within the same sample,
probe, and laser, used for measurement. These changes in the detected signal are largely dependent
on the wavelength of light illuminated onto the sample. Thus, the PTIR signal is proportional to
the changes in cantilever motion induced by the thermal expansion, ultimately, from the sample
absorbance of the IR irradiation.

For AFM-IR analysis, a wide variety of substrates and types of cantilevers can be used to
extract different types of information from a sample. While cantilevers can vary in size, shape, and
material, substrates can vary in material and flatness.'>4 For the course of the studies presented
in this text, two main types of cantilevers are used: one for tapping mode and contact mode. All
probes are purchased directly from Bruker. Both cantilevers are gold-coated silicon nitride probes,
with tip radii of ~30 nm. The cantilever used for tapping mode has a resonant frequency of 75 +
15 kHz and a spring constant of 1 to 7 N/m, while that for contact mode has a resonant frequency
of 13 kHz and a spring constant of 0.06 to 0.4 N/m. The importance of gold-coated cantilevers
should be highlighted because they specifically have been chosen for signal enhancement.® With
the additional coating of gold on the cantilever tip, some spatial resolution is lost; however, gold-
coated cantilevers allow for an enhancement effect as the electric field is localized at the AFM tip.
Furthermore, the gold coating can help protect the AFM from being damaged and directly

interacting with light.>16
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So far, the capabilities of the nanolR2 have proven to be extremely useful in providing
high spatial resolution for both image and point spectra. In addition, our current nanolR2 system
is also equipped with an environmental cell (Bruker) which allows for the facilitation of in situ
studies of physical particle transformation under variable humidity conditions.*”*® A liquid flow
line attached to the environmental cell sources the increase in humidity of the cell, that is manually
sealed onto the AFM head with tape. If the cell is sealed properly, the humidity remains stable,
and this stability is monitored by a relative humidity sensor (SHT3x, Sensirion) that is attached to
the system. The humidity levels are controlled by adjusting the mixing ratio of dry air to humid air
until the desired percentage is achieved. In order for the environmental cell to operate optimally,

all of these variables must be checked before inserting a sample inside the system.

Figure 2.4 Images of current nanolR2 system when equipped with the environmental cell
accessory.

Sodium chloride (NaCl) particles are used for this environmental cell calibration since their

deliquescence point is at 75% relative humidity. This is a well-known and well-studied system,
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making it a great preliminary experiment to check the viability of the environmental chamber.

Figure 2.5 shows the difference in height and shape of an NaCl particle as it undergoes

deliquescence at 75%.
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Figure 2.5 (a) AFM 2D-height images of a NaCl particle at (a) 70% and (b) 75%. (a) AFM 2D
height image of NaCl particle at 70% (left) and 75% (right) relative humidity. (b) AFM 3D height
image of NaCl particles at 70% and 75% relative humidity. (c) Height profiles of NaCl at 70% and
75% on the left and right, respectively. The location of the height profile is shown in the horizontal
blue line shown on the upper right corner. Root mean square, RMS, roughness values are also

indicated in green.
Figure 2.5a depicts an AFM 2D-height image of an irregular-shaped NaCl particle, at 70% relative
humidity. The particle is 600 nm tall. On the other hand, Figure 2.5b shows a deliquesced NaCl

particle at 75% relative humidity. The particle is larger as it uptakes water, and has grown in height
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to 700 nm and in width from about 700 nm to 950 nm. The volume-equivalent diameter of the dry
and wet NaCl particle were calculated to be 0.87 and 1.6 um, respectively, which results in a
growth factor of 1.8. Figure 2.5¢ shows the height profiles of the particles.

Calibration for the nanolR2 system is broken down into 2 types: an image calibration using
a test grating and a spectral calibration using a test sample. An image calibration tests the
movement of the AFM stage. This calibration is done periodically to ensure proper mechanical
operation of the instrument, but especially after major changes such as installation of a new AFM
head or an environmental cell. The test grating used for this calibration are rectangular gratings
(TGQ1, NT-MDT), which have small, squares that are 1.3 um in width and length on each side
and about 40 nm in height. Proper imaging of this sample with accurate measurements that have

been listed above indicates optimal imaging operation of the instrument. An example calibration

of this test grating is shown below, in Figure 2.6:
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Figure 2.6 AFM 2D-height images of test grating for image calibration are shown. (a) shows a
20x20 pm image of the test grating. (b) shows a single square with a width and length of 1.3 um
and a height of 40 nm, confirming proper calibration of the nanolR2 imaging system.

The spectral calibration utilizes a 10x10 mm ZnSe substrate that consists of microtomed
films of polystyrene (PS) and polymethyl methacrylate (PMMA) beads embedded into thick films

of epoxy. The QCL laser consists of a total of 4 chips that cover short wavenumber ranges that
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overlap to make up the full, 800 to 1800 cm™ region. Both the PMMA and epoxy have distinct
spectral features that cover this range for calibration. The PMMA beads have a distinct 1728 cm™
peak, representing C=0 and a 1260 cm™ peak, representing C-O bands. The ratio of these two
bands should be roughly 2 to 1. In addition, epoxy has distinct peaks at 1508 cm™ and 1608 cm™™,
representing C-C and C=C stretching modes, respectively.’*?® An example of the spectral

calibration run with the test sample can be seen in Figure 2.7.
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Figure 2.7 Spectral calibration of nanolR2 system with ZnSe test sample. (a) shows the AFM-2D
height image of the test sample. Circular features are PMMA beads embedded on a thick film of
epoxy. (b) shows two point spectra taken on the surface — one on the epoxy surface (blue) and the
other on a PMMA bead (red).
In addition to spectral calibration, the laser systems are also calibrated with a background spectrum
at the start of every experiment. This spectrum is taken in order to account for any variability in
the laser power across the four chips and accounted for automatically in the PTIR spectra.

Data collection with the nanolR2 systems includes AFM images, AFM-IR spectra, as well
as AFM-IR chemical maps. Some of the factors for this data collection that should be considered
are image and spectral resolution, scan rate, and IR power. Details for each of these factors,

including information about the substrate, are specific to every experiment and project, and can be

found in the Materials and Methods section of each thesis chapter. After data collection, AFM
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images and PTIR maps are processed using the Gwyddion software. All AFM-IR spectra presented

in this manuscript are plotted via Origin.

2.5 Optical — Photothermal Infrared (O-PTIR) Spectroscopy

Microspectroscopic tools have proven to be crucial in understanding and defining the
distribution of components within complex environmental samples.?*?* O-PTIR spectroscopy is
another microspectroscopic tool that will be used to probe samples and is based upon the
phenomenon of photothermal expansion of a sample upon illumination of light. Unlike AFM-IR
spectroscopy, which converts the deflection of the cantilever from this expansion to IR absorbance
signal, O-PTIR spectroscopy translates this expansion as a change in the refractive index of the
sample.? By using a visible light source that is collinear to the IR laser beam as the probe, an O-
PTIR signal is generated when this modulated probe beam is reflected back to the detector. In
addition, by attaching a monochromator and 532 nm CCD detector, Raman spectra can also be
collected simultaneously, which significantly broadens the number of samples that can be analyzed
with this single instrument.?>-?” A collinear pulsed IR laser and continuous visible light laser are
incident on the sample of interest through a Cassegrain objective lens. The IR light when absorbed
by the sample causes a local warming in that region. This warming leads to a thermal lensing effect
with a change in the local refractive index that impacts the propagation of the probe, visible light
beam. Most importantly for this instrument is that the spatial resolution is determined by the visible
light on the order of 0.6 pum for the O-PTIR signal. A schematic of this instrument is shown in

Figure 2.8.
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Figure 2.8 Schematic of the mIRage-Raman system that operates on the basis of optical
photothermal infrared (O-PTIR) spectroscopy.

In addition to the O-PTIR signal, the green laser also can be used for Raman spectroscopy
by the analysis of the visible laser beam scattered off of the sample — using a monochromator and
CCD detector. Thus, the instrument is capable of collecting infrared and Raman spectra
simultaneously. This now provides unique capabilities for the interrogation of complex
environmental samples as well as other complex materials of interest to these studies.

The spectroscopic component of the mIRage-Raman is not only based upon the principles
of IR spectroscopy but also Raman spectroscopy. Therefore, like the AFM-IR, the absorption of
IR radiation in the mIRage-Raman is represented by Beer’s Law and follows the same selection
rule, as previously shown in Equation 2.1 and 2.2, respectively. However, the addition of the
Raman spectrometer introduces the principle of Raman spectroscopy, which measures the amount
of scattered light from a sample. While IR spectra can be obtained when the changes in the
molecular vibrations result in a change in the molecule’s dipole moment, Raman spectra can be

obtained when these vibrations result in a change in the molecule’s polarizability.

35



As the IR pulse illuminates the sample, there results in a local temperature increase in the

sample as well as a thermal expansion. This localized heating is represented by Equation 2.72%;

ar = L
Cpm

(Eq. 2.5)

Here, Q represents the amount of heat generated, C, is the specific heat of the sample, and m is the
mass.

Simultaneously, a visible light source is positioned and made collinear to this IR laser beam.
The visible light acts as the probe that detects the IR absorption, as this local temperature results

in a local change in the refractive index shown in Equation 2.8%.

An = aAT

(Eq. 2.6)

Here, a is the thermo-optic coefficient, which is a function of wavenumber. This change in the
refractive index consequently affects the propagation of the probe beam by creating a refractive
index gradient that acts as a lens. This effect is called the thermal lensing effect, which is based
upon the phenomenon of optical photothermal induced resonance (O-PTIR).2%% Here, a pulsed
tunable IR laser illuminates a sample, converting this energy into heat and thus a local temperature
increase. This is then translated to an expansion, resulting in a change in the refractive index of
the sample.? At the same time, an unmodulated visible light source is used as a probe and made
collinear to this IR laser beam. As IR absorbance occurs, there exists a change in the probe intensity,
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which is reflected back to the detector.?®?” This modulated probe beam, which is expressed

as AP, is what generates the O-PTIR signal, which is linearly proportional to the IR absorbance

of the sample, as shown in Equation 2.72°;

oNa
pr X FPpTPIR

(Eq. 2.7)

The first few terms describe the physical property of the sample, where ¢ is the absorption cross-
section, N is the number density, « is the heat conductivity, C, is the heat capacity and a is the
thermo-optic coefficient. The probe and infrared laser powers are represented by B, and Py,
respectively.?>?%3! In addition, the Raman scattering signal is generated simultaneously, as the
scattered photons are optically separated from this modulated signal and sent to the Raman
spectrometer.?®

Like the data obtained from the nanolR2 system, the mIRage-Raman provides both
physical and chemical characterization data. First, the optical images of the sample in interest are
collected with two objectives: a 10X, low magnification, visible objective lens and a 40X, high
magnification reflective Cassegrain objective lens. While both optical images depict the physical
features to these samples, the 40X reflective Cassegrain objective is specifically used for O-PTIR
spectral data collection. The 10X visible objective can provide a lower resolution optical image of
the sample to find which regions to target. The mIRage infrared + Raman microscope system
(Photothermal Spectroscopy Corp., Santa Barbara, CA) consists of a continuous wave, 532 nm
laser. It is also equipped with two mid-IR tunable lasers: a quantum cascade laser (QCL) and an

optical parametric oscillator (OPO) laser, that are used for O-PTIR spectroscopic measurements.
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The spectral range for the QCL laser is 755 to 1850 cm™ and the spectral range for the OPO laser
is 2600 to 3600 cm™. In addition to the IR lasers, a Raman laser with a CCD detector and a spectral
range of 400 to 4000 cm™ is also coupled to the system.

Different settings for data collection are tailored to each sample for optimal results. The IR
laser and probe power are two important factors that contribute to the O-PTIR spectra. For Raman
spectral measurements, the most optimal probe power and integration time are also determined by
the settings that give the highest signal-to-noise ratio. These power settings vary heavily for each
sample and more details regarding these settings can be found in the Materials and Methods section
of each chapter. After data collection, all O-PTIR Raman spectra are baseline corrected using the
Photothermal PTIR Studio software. All O-PTIR Raman spectra presented in this manuscript were

plotted via Origin.

2.6 Raman Spectroscopy

Raman spectroscopy is the measure of light that is scattered by a molecule. It is often
complemented with IR spectroscopic studies in order to provide a more comprehensive perspective
of the vibrational modes of a molecule. While IR spectroscopy is dependent on a compound’s
change in dipole moment upon infrared absorption, Raman spectroscopy refers to a compound’s
change in polarizability, a, as it scatters the incoming photon coming from the initial light source.
Specifically, the polarizability of a molecule refers to the tendency of a molecule to generate
induced electric dipole moments when they are in the presence of an electric field. This relationship

is depicted by Equation 2.8%.
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Uing = AE

(Eg. 2.8)

When an electric field, ¢, is applied to a Raman-active molecule, the change in the molecule’s
polarizability results in an induced dipole moment, u;,4. This scattered light is what is detected by
the Raman spectrometer.

Upon subjected to an electric field, polarization of the molecular electron cloud is induced,
which results in a molecule being temporarily left in a higher energy state, called a virtual state.
This virtual state is not only short-lived but also not stable, as the photon is quickly re-emitted in
the form of scattered light. Figure 2.9 depicts the three different types of scattering that occur in
Raman spectroscopy: Rayleigh scattering, Anti-Stokes Raman scattering, and Stokes Raman

scattering.>3?

Excited State

Virtual State

Ground State
Raman Scattering Rayleigh Raman Scattering
(Anti-Stokes) Scattering (Stokes)

Figure 2.9 There are three different types of scattering patterns that are observed in Raman
spectroscopy. From left to right, Anti-Stokes Raman scattering, Rayleigh scattering, and Stokes
Raman scattering is depicted.

39



Rayleigh scattering occurs when the energy of the scattered photon is equal to that of the
incoming light, resulting in an elastic scattering process. This type of scattering is the most
common. As seen by Figure 2.9, the molecule is excited to a virtual state and then relaxes back
down to where it started. Most molecules undergo Rayleigh scattering, making it the most common
and intense process compared to the other types. Raman scattering, on the other hand, describes
the process of inelastic scattering, where the energy of the initial photon is different from that of
the scattered, re-emitted photon. There are two different types of Raman scattering: Anti-Stokes
and Stokes. Stokes scattering refers to the process in which molecule gains energy from the
incident photon, exciting it to a higher virtual state. Re-emission of this photon will bring the
system to a higher vibrational state than it started off with. Anti-Stokes scattering can occur when
molecules contain thermal energy which allows for them to start off in an excited state as opposed
to ground state, reaching a higher virtual state. As it is remitted down to the ground state, there is
a transfer of energy from the initial molecule to the scattered photon. Of the two types of scattering,

Stokes scattering is more common than Anti-Stokes scattering.>32

2.7 Spectroscopic Probes of Environmental Thin Films and Interfaces

This chapter describes the theoretical as well as the operational framework for three
different vibrational spectroscopic probes used in this thesis. These probes have been applied to
different environmental samples and geochemical interfaces as discussed in detail Chapters 3, 4,

5 and 6. Additionally, these techniques have been used in combination so as to probe multiple
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length scales from macro to micro to nano. These different scales provide insights into the

complexity and heterogeneities within environmental thin films and their interfaces.
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CHAPTER 3

ATTENTUATED TOTAL REFLECTION-FOURIER TRANSFORM
INFRARED AND ATOMIC FORCE MICROSCOPY-INFRARED
SPECTROSCOPIC INVESTIGATION OF SUWANNEE RIVER
FULVIC ACID AND ITS INTERACTIONS WITH o—FeOOH

3.1 Abstract

Suwannee River Fulvic Acid (SRFA) and its interaction with o—FeOOH have been
investigated using two different spectroscopic techniques — ATR-FTIR spectroscopy and AFM-IR
spectroscopy. ATR-FTIR spectroscopy of SRFA thin films yields information on functional
groups present within these films prepared from solutions of three different pH values (3, 6 and 8).
This technique can also be used to probe the interaction of SRFA with o—FeOOH particle surfaces
and the impact that pH has on these surface interactions. AFM-IR spectroscopy offers a different
perspective as it probes both film morphology and spectral signals with nanoscale spatial
resolution. Herein, we apply AFM-IR spectroscopy to investigate SRFA thin films and the
interactions with a—FeOOH. Results from this study show that pH impacts the speciation of SRFA
and its interaction with o-FEOOH. Furthermore, there are nanoscale and microscale
heterogeneities in these thin films as shown in height images, point spectra and spectral maps.
Overall, these measurements using two different vibrational spectroscopic techniques provide

insights into the heterogeneity of natural organic matter and its interactions with mineral surfaces.

3.2 Introduction
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Natural organic matter (NOM) represents a large class of compounds that originate from
plants, animals, and microbial debris commonly found in both aquatic and terrestrial systems.
These complex molecules contain a variety of functional groups that are active in interfacial
chemistry.! Both humic and fulvic acids are commonly used as model fractions of NOM.
Compared to its equally abundant counterpart humic acid, fulvic acid is known to have a smaller
molar mass and is relatively more soluble with a higher molar ratio of phenolic and carboxylic
functional groups.?® These different functional groups can interact with mineral surfaces through
hydrogen bonding as well as electrostatic interactions.*®

The adsorption of NOM onto mineral surfaces has the ability to alter the properties of
mineral particle surfaces and the chemistry that occurs on these surfaces. This includes not only
the rate or extent of mineral dissolution but also the mechanism and transport of other naturally
occurring species, both organic and inorganic, present in the environment. Moreover, NOM can
impact the transport of contaminants.” Among various mineral surfaces, oxyhydroxides are
abundant, naturally occurring minerals. Goethite, a-FeOOH, has been chosen for this study due
to its importance in iron cycling and its prevalence as a coating to other soil minerals found in the
natural environment.2® While a small percentage in soil composition, goethite surfaces can
actually account for up to 50-80% of the total surface area of soil, allowing them to be readily
available for interaction with NOM.'>!! Fulvic and humic acids are capable of coordinating with
iron to form stable complexes.® Additionally, these interactions are dependent on important
environmental variables such as pH. A previous computational study by Filius et al. reported that
in more acidic environments, carboxylic and phenolic functional groups are more susceptible to
undergo inner sphere coordination with a-FeOOH surfaces, while in higher pH environments, they

are likely to undergo outer sphere coordination.'> Moreover, the detailed nature of NOM
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adsorption is complex because of the intrinsic heterogeneity of these samples which contain many
different compounds.*3

The goal of this study is to gain further insights into the heterogenous nature and behavior
of SRFA and its interactions with a-FeOOH in thin films as well as the interaction of SRFA with
individual particles and small particle aggregates by combining two spectroscopic techniques —
attenuated total reflection-Fourier transform infrared (ATR-FTIR) and atomic force microscopy-
infrared (AFM-IR) spectroscopy. ATR-FTIR spectroscopy can provide an in situ probe of the
functional groups present in complex samples and can give high quality spectra that can be used
to better understand binding mechanisms of organic and inorganic species with various
geochemical interfaces.'* AFM-IR spectroscopy is a hybrid microspectroscopic technique that
provides nanoscale spatial resolution. With this spatial resolution, spectral mapping reveals
heterogeneities on the nanoscale within a sample.*® Herein, we are able to gain direct insight into
SRFA thin films and SRFA interactions with a-FeOOH using AFM-IR spectroscopy in order to
better understand intrinsic heterogeneities that may have an impact on the fate and transport of

pollutants in the environment.

3.3 Experimental Methods

Sample preparation and source of materials. In these studies, samples were prepared using several
different protocols. For studies of thin films of SRFA (purchased from International Humic
Substances Society), 5 mg was dissolved in 5 mL of Milli-Q water and the pH was adjusted to pH
3, 6, or 8 with either 1 M HCI or NaOH. Approximately 5 pL of these solutions was drop-cast onto

a silica wafer that had been cleaned with isopropanol and DI water. The solutions were then used
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to dry for a few hours as described in more details below. Thin films of SRFA and a-FeOOH
particles (Alfa Aesar, Lot #H05M26), with an average length and width of 320 = 140 nm and 21
+ 9 nm, respectively (Figure 3.1) and a BET surface area of 24 m?/g, were prepared by making a

1 mg/mL solution of a-FeOOH particles in 3 mL of a 100 ppm solution of pH adjusted SRFA.

Absorbance
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Wavenumber (cm-1)

Figure 3.1 ATR-FTIR spectra of a dried, a-FeOOH thin film. The most intense peaks are seen for
the in/out-of-plane O-H bending modes are indicated by 800 and 905 cm™ and the 3125 cm™is
indicative of the O-H stretching modes.

In order to facilitate mixing of the a-FeOOH particles in solution, the suspension was probe-
sonicated for 30 seconds, inverted, and repeated once more. After sonication, the initial translucent
solution with suspended a-FeOOH particles transformed into a homogenous, opaque, yellow
suspension. For AFM-IR analysis, 5 pL of this solution was deposited onto a cleaned silica wafer
and allowed to dry for >3 hours. For ATR-FTIR analysis, 1 mL of this suspension was deposited
onto an AMTIR crystal for 5 hours. These different drying times allowed for water to evaporate
from the film were dependent on the amount of solution deposited as can be seen in the collected

preliminary spectra due to the absence of the bending and stretching modes of water at ca. 1640

and 3400 cm?, respectively.
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Attenuated Total Reflectance Fourier Transform Infrared (ATR-FTIR) spectroscopy. ATR-FTIR
spectroscopy is based upon the principle of total internal reflection. The ATR accessory consists
of a 500 pL horizontal, Teflon-coated flow cell that houses an ATR internal reflecting element, an
AMTIR crystal (Pike Technologies). When fully capped, the flow cell can hold a solution volume
of 500 pL, but when open, the trough can hold a solution volume of approximately 1 mL. The
AMTIR crystal was chosen specifically for its high effective path length and its wide operational
pH range from 1 to 9. Upon total internal reflection between the optically dense ATR crystal and
the optically rare sample, an evanescent wave is created and is used to probe both solutions and
thin films of SRFA and a-FeOOH.® For measurements of thin films, a 1 mL solution of just SRFA
or of a-FeOOH was deposited onto the ATR crystal. After drying of the film, infrared spectra were
collected. All collected spectra were averaged over 100 scans at a resolution of 4 cm™ over a
spectral range from 725 to 4000 cm™. This was done for pH values of 3, 6 and 8. For solution
phase spectra, a water background at each pH was collected and subtracted from each of the

spectra, this results in a difference spectrum, which shows only new absorptions due to SRFA.

In-situ ATR-FTIR spectroscopy of surface adsorption of 100 ppm SRFA in solution onto an o-
FeOOH thin film. For surface adsorption studies from solution, a thin film of a-FeOOH
nanoparticles was prepared by drop-casting a 5 mg/mL solution of a-FeOOH in Milli-Q water onto
a cleaned AMTIR crystal and the solution was allowed to dry on the AMTIR crystal. Before SRFA
adsorption was initiated, the thin film was flushed with MilliQ water containing 30 mM KCI for
ionic strength, adjusted to the pH of interest with 1 M HCI/NaOH, for 30 min at a flow rate of ~1

mL/min. This step dislodged any loosely adhered particles. Following the flow of MilliQ water, a
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background spectrum was collected of the thin film at the pH and ionic strength adjusted aqueous
solution. A solution of 100 ppm of SRFA was prepared at the appropriately adjusted pH and the
SRFA solution was flowed over the a-FeOOH film at ~1 mL/min over the course of 90 minutes.
The 90-minute time period was determined in preliminary experiments as the length of time
needed for the absorption bands due to adsorbed SRFA to reach maximum intensity. During this
time, spectra were collected every 5 minutes and desorption spectra were collected with the same
optima water solution the film was initially treated with. This procedure was repeated for pH 6 and
pH 8 SRFA solutions with the respective optima water. In addition, solution-phase spectra of 1

mL SRFA solution prepared at pH values of 3, 6 and 8 were also collected as a basis of comparison.

Atomic Force Microscopy-Infrared (AFM-IR) spectroscopy. AFM-IR spectroscopy is a hybrid
technique that combines the nanoscale spatial resolution of AFM with the chemical analysis
capability of IR spectroscopy by using the cantilever tip as the detector. This technique implements
the phenomenon of Photothermal Induced Resonance (PTIR), which describes the photothermal
expansion induced by the infrared absorption of the sample from the illuminated light at a given
frequency. The expansion of the sample is detected by the deflection of the flexible cantilever,
resulting in a change of the position of the deflection laser on the photodiode. This change is
transduced into the IR signal, and a resulting PTIR spectrum.1’:18

Samples were analyzed with a nanolR2 microscopy system (Bruker, Anasys — Santa
Barbara, CA) equipped with a mid-IR tunable quantum cascade laser (QCL). AFM images were
collected at a scan rate of 0.2 Hz. Both images and PTIR spectra were collected using gold-coated
silicon nitride probes, with tip radii of ~30 nm. Both contact and tapping mode probes were used,

with the former having a spring constant of 0.06 to 0.4 N/m and a resonant frequency of 13 kHz
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and the latter having a spring constant of 1 to 7 N/m, and a resonant frequency of 75 kHz. PTIR
spectra were collected with a resolution of 5 cm™ at various locations across the surface. Chemical
maps were obtained by tuning the laser at a fixed wavelength over the selected region, with a scan
rate of 0.2 Hz. Hyperspectral maps shown were obtained by collecting spectra over an array of
selected regions over the full range of 800-1800 cm™. Collected spectra at various points within
the image were then used to generate a heat map at different wavenumbers. For these experiments,
5 uL of the SRFA and a-FeOOH solution at the three different pH values were deposited onto a
cleaned silica wafer and dried for at least 3 hours. Once dried, the films were ready for AFM-IR

analysis. Analysis of single particles were also obtained from the nanolR2 system.

3.4 Results and Discussion

ATR-FTIR spectroscopy of SRFA thin films. Figure 3.2 shows ATR-FTIR spectra of SRFA at three
pH values: both in solution and as a condensed thin film, respectively, are shown. As SRFA
undergoes a transition from the solution phase to a condensed thin film, the relative intensity of
the functional groups increases as they become more dried from the evaporation of water. This is
consistent with the observed physical change from a light-yellow colored solution to a dark brown
film. Using the geometrical dimensions of the horizontal ATR cell and assuming a density of 1.5
g/mL, the film thickness is determined to be ca. 1 um, on the order of the penetration depth of the
evanescent wave.*®1° In order to clearly identify functional groups present in the solution phase

measurements, a higher SRFA concentration of 1000 ppm is shown in Figure 3.2.
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Figure 3.2. ATR-FTIR spectra of SRFA at three different pH values 3, 6 and 8. The left panel
shows spectra of 1000 ppm SRFA in solution phase. The right panel shows spectra for a dried ca.
1 um condensed thin film of 100ppm SRFA prepared from solutions at the three different pH
values.

For the solution and condensed phases, infrared absorption bands at 1713 cm™ and 1718 cm™
respectively can be assigned to the C=0 stretching vibrational mode of the protonated carboxylic
acid groups. These peaks are primarily present in highly acidic environments, whereas at a higher
pH, the deprotonated carboxylate group shows the presence of the symmetric and asymmetric
carboxylate stretching modes. These two vibrational modes are seen over a range of wavenumbers,
from 1560 to 1615 cm™ and 1395 to 1415 cm?, respectively. The broadness of each of the bands
suggests the presence of additional contributions from vibrational modes of other functional

groups. Assignments for these different vibrational modes are provided in Table 3.1. The

absorption band at 1275 to 1280 cm™ is attributed to the C-O-H stretching mode present in
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phenolic-type molecular structures. In addition, the solution phase measurement for pH 8 shows a
less intense 1725 cm™ band, which is assigned to the vibrational mode of esters and ketones present
within these organic macromolecules, rather than that of carboxylic acid at the higher pH value.
Although not all spectra show distinct peaks at both 1275 cm™ and 1725 cm™ regions, it is again
important to note that the ATR-FTIR spectra are very broad and, in these regions, there is some
intensity, indicating the presence of these functional groups although their peak positions may be

poorly resolved in this complex multi-component sample.

Table 3.1 Vibrational assignments for different functional groups within SRFA and a-FeOOH.%
5,20-23

Wavenumber Range (cm™?) Vibrational Assignment

C=0 stretching of aldehydes, esters, ketones, saturated

1725
ethers
1710-1720 C=0 stretching of carboxylic acid
1640 C=0 stretching of quinones, conjugated ketones
1580-1620 Aromatic C=C
1600 Asymmetric COO- stretching of carboxylate with partial
protonation from neighboring carboxyl groups
1560-1615 Symmetric stretching of COO-
1590-1680 Asymmetric ring breathing modes of aromatic groups
C=0 stretching of quinones and amide I, C=N of imines,
1500-1680 C=C of alkenes, C=C of aromatics
1350-1500 Symmgtric ring breathing of aro_matics, C-H and O-H
bending modes, C-H deformation of CH3z and CH>
1445-1450 Symmetric COO-stretching of carboxylate with partial
protonation from neighboring carboxyl groups
1385-1415 Asymmetric stretching of COO-
1408 Aromaticity from aromatic rings and deformation of
aliphatic C-H and O-H in phenols and alcohols
1400-1450 Iron-fulvate complex
1955-1975 C-O-H phenolic, C-(_) stretching of phenol, C-O stretching
of alcohols, bending of phenol OH and alcohol OH,
895-905 In and out of plane bending of the bulk O-H groups for

iron oxyhydroxide
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AFM-IR spectroscopy of SRFA thin films. To provide additional information, AFM-IR
spectroscopy was employed. AFM images and PTIR spectra were collected at specific points
within these images. In Figure 3.3, 5x5 um AFM deflection images of condensed thin films
prepared at pH 3, 6, and 8 are shown. The images provide insights into the surface morphology of
these SRFA thin films. They show that these films consist of smooth areas of aggregated particles
that are randomly dispersed throughout the film, consistent with what has been reported in previous
AFM studies of NOM thin films.?*%> Point spectra are collected at the colored dots marked on
these images. Aggregates possessing fractal geometries within the film are highly visible, and these
are the regions in which point spectra were taken, as these are the regions with high organic
content.?

The presence of protonated carboxylic acid functional groups is indicated by peaks near
1715 cm™™. There is also variation in the range of peak frequencies observed for the symmetric and
asymmetric carboxylate vibrational modes as shown by the bands present between 1550 to 1655
cm* and 1385 to 1395 cm™. Peaks present at 1445 to 1450 cm™ are considered to be contributions
from partially protonated symmetric carboxylate stretching via neighboring carboxyl groups,
specifically as they are present primarily in acidic environments.?® The C-O stretching and C-O-H
vibrational frequencies from phenol groups that are present within SRFA are observed at
frequencies between 1255 and 1280 cm™ and C=0 carbonyl groups from ketones and esters are
seen at the 1725 cm™ peak. The heterogeneity in the spectra recorded at pH 3 is important to note,
as the major absorption peaks vary from region to region. For example, while the first region is
rich in carboxylic acid, the second region is highly abundant in esters and ketones, as indicated by
the 1715 cm™ and 1725 cm™ peak, respectively. The third region, on the other hand, appears to

contain high levels of carboxylate functional groups. This spectral variability is a clear indication

53



of heterogeneity within the same pH 3 film, confirming the presence of different functional groups,
as supported by other micro-spectroscopic probes such as X-ray spectromicroscopy.'® Overall, the

spectra show similar features as seen in the ATR-FTIR spectra presented in Figure 3.2.
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Figure 3.3 AFM-IR images and spectra of dried thin films prepared from solutions of pH 3,6, and
8 on different regions of the same sample. The variation in intensity and peak shape in these spectra
indicate heterogeneity of the SRFA thin film in terms of the amount of SRFA present and
potentially different compounds within different regions. Images on the right are deflection images
of the 5x5 um thin films of SRFA, in which point spectra were taken. Film thickness of the films
shown varies from region to region but are on the order of ca. 400 nm.

It is important to note that a collection of PTIR spectra were chosen to represent the spectra
from AFM-IR spectroscopy, rather than an average spectrum over a macroscopic large ensemble
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across the film, as is the case for ATR-FTIR spectroscopy. This was specifically chosen to
highlight the variation in spectra at these various locations, which is more representative of the
heterogenous nature of SRFA. With AFM-IR spectroscopy, specific nanoscale regions of the film
can be achieved on the order of 30 nanometers, which is the diameter of the AFM tip. This
nanoscale interrogation allows for highly selective analyses via specific point spectra and thus

provides information on the heterogeneity on this length scale.

Thin films of SRFA and o-FeOOH. The adsorption of NOM, specifically fulvic and humic acid,
has been examined by a number of studies over the past few decades, where both inner and outer-
sphere complexation has been proposed to be important in the interaction of SRFA with different
minerals.*12202227 \\e can examine the spectra in Figure 3.4 obtained from in-situ ATR-FTIR
spectra of a-FeOOH thin films upon adsorption of SRFA from solutions, measured as a function

of time, to gain more insight into the interactions present in these samples.
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Figure 3.4 ATR-FTIR spectra of 100 ppm SRFA in solution adsorbed onto a thin film of a-
FeOOH, over a time period of 90 min, at three different pH values. The black dotted spectrum is
that of the 100 ppm SRFA solution at the corresponding pH.

It can be seen that the intensities of the major bands are observed at 1394 cm™, 1576 cm™,
and 1714 cm for pH 3, increase over a time period of 90 minutes, at which the surface is fully
saturated with SRFA. Upon adsorption from the solution, there is a clear difference between the
intensities of these bands before and after interaction with the iron oxyhydroxide. As seen in Figure
3.4, the intensities of the major peaks present in the SRFA spectrum when a-FeOOH is present is
approximately four times greater than those seen in only the SRFA spectrum. This increase in
intensity suggests the presence of various states of SRFA, which can include hydrogen bonding to

surface hydroxyl groups; this is a similar phenomenon observed by Persson and Axe in their study

regarding oxalate adsorption onto a-FeOOH.? In addition, in the pH 3 spectra, a slight shoulder
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at 1450 cm™ can potentially be resolved as absorption time increases. However, as stated
previously, it is important to note that the broad nature of these bands can make this resolution
difficult.

In pH 6 and 8 environments, there is little difference in frequencies of the peaks in the
ATR-FTIR spectra. For example, when comparing the spectra with and without a-FeOOH, the
symmetric and asymmetric carboxylate stretching modes are present from 1572 cm™ and 1396 cm-
! without a-FeOOH and 1566 cm™ and 1394 cm™, with o-FeOOH at pH 6 are all within 6 cm™.
These peak positions are in close agreement with each other, which was also observed in the pH 8
environment, where the symmetric and asymmetric carboxylate stretching modes are present from
1566 cm™ and 1394 cm™ without a-FeEOOH, and 1566 cm™ and 1390 cm™, with a-FeOOH,
respectively. The significant increase in the intensities, specifically in the presence of a-FeOOH,
indicate that any interaction is a variation of hydrogen-bonding along the surface. This behavior
has been observed in similar, higher pH environments, as reported previously by Yoon et al., who
stated outer-sphere coordination as a potential dominating mechanism in the adsorption of SRFA
onto a boehmite/water interface.?® In these environmental conditions, such low-molecular weight
organic acids like SRFA, are preferred to form hydrogen-bonded surface complexes, rather than
inner-sphere coordination, or metal-bonded surface complexes.?82°

Figure 3.5 shows a clear comparison of ATR-FTIR spectra obtained from dried, thin
films of SRFA, both with and without a-FeOOH. It is important to highlight that in both of these
thin films, there is the same mass of SRFA present, indicating that any differences in the spectral
shifts and intensity are due to interactions with a-FeOOH nanoparticles. Two absorption bands,

located at 790 and 895 + 5 cm™, can be seen in Figure 3.5a. These represent the in/out-of-plane
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bending modes of O-H, as shown in the ATR-FTIR spectrum of a dried, a-FeOOH thin film in

Figure 3.1.
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Figure 3.5 ATR-FTIR spectra of SRFA- a-FeOOH thin films prepared from drying solutions at
pH 3, 6, and 8. The left panel (a) indicates the range from 725 to 2000 cm™. The right panel (b) is
a comparison between SRFA with and without a-FeOOH in the 1200 to 1800 cm spectral region.

Previous studies have identified the ca. 1400 cm™ peak as a result of complexation between
the carboxylate anion from SRFA and Fe3*, to form iron fulvate as discussed in Section 3.2.5621
The bands present in this region in the SRFA thin film have been assigned to the symmetric
stretching mode from carboxylate groups, but due to the broad nature of these peaks, it is difficult

to determine whether or not a specific vibrational mode is in fact representative of the iron-fulvate

complex. The most prominent difference between SRFA films with and without a-FeOOH present
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is a shift from a broad, 1396 cm™ peak to a broader, red-shifted 1388 cm™ peak with a more defined
shoulder at 1450 cm™. This broadening can be attributed to the presence of the higher frequency
shoulder which is representative of the iron-fulvate complex. This can be seen clearly in Figure
3.5C. Filius et al. have suggested that inner-sphere coordination is more likely at low pH, due to
the more positively charged mineral surface. Thus, this explains the broader nature of the 1388
cm™ peak in pH 3, compared to pH 6 and 8, due to the formation of cation-fulvic bonds.?

When compared with the pH 3 condensed thin film spectrum of SRFA presented in Figure
3.2, there is an observed broadening of this region of ~40 cm™ in the presence of a-FeOOH. This
comparison for the pH 3 spectra can be seen in Figure 3.5b. These effects, as suggested by Boily
et al. could be attributed to inhomogeneous peak broadening, which results from the lack of an
evenly distributed monolayer on the surface, suggesting outer-sphere binding modes.?*>*° While
the inner-sphere complexation is more likely to be found in highly acidic environments, outer-
sphere complexation could also exist simultaneously, and potentially be more dominant in less
acidic environments like pH 6 and 8, which is supported by several studies.**228:29

While complexation has been successfully detected in pH 3, it is important to note that the
a-FeOOH nanoparticles were not washed prior to deposition, resulting in ATR-FTIR spectra that
is reflective of potential contributions from SRFA not complexed to the surface. However, the
significant increase in spectral intensity remains consistent with what has been observed in the in
situ measurements, indicating surface interactions between the two components. Most notably,
across all pH values, there exist lower intensity shifts in the band positions at the symmetric and
asymmetric carboxylate functional groups, which is attributed to complexation to either the surface
Fe, surface hydroxyl groups, or aggregation of SRFA. Moreover, it should be highlighted that the

collected ATR-FTIR spectra are averages of multiple spectra taken across a large surface. It is
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highly likely that the resulting broad spectra obscure any shifts in prominent bands that could
provide direct evidence for new binding mechanisms or even phase segregation. Therefore, it is
important to probe this interaction using a more spatially resolved technique, such as AFM-IR

spectroscopy, to further understand these interactions and understand this complexity.

AFM-IR spectroscopy of SRFA and a-FeOOH thin films. The infrared absorption spectra shown in
Figure 3.6 differs from that of SRFA thin films alone. Compared to the AFM-IR spectra of SRFA
thin films (Figure 3.3), the spectra shown in Figure 3.6 show peaks in the 1400 to 1440 cm™ across
all pH values, suggesting the presence of SRFA complexation with the surface via inner-sphere

coordination.

} T T T T 1
1800 1600 1400 1200 1000 800
Wavenumber cm-1,

Figure 3.6 AFM-IR height image and corresponding point spectra of SRFA/ a-FeOOH thin films
at (a) pH 3, (b) pH 6 and (c) pH 8. The presence of a-FeOOH is confirmed by the peak at 900 cm’
! as indicated by an asterisk (*) in these spectra. These films with both SRFA and a-FeOOH are
thicker (on the order of 1.5 um) compared to those of just SRFA.
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While the symmetric carboxylate stretching vibration is not as evident in these spectra, it is
important to note the non-zero absorption in this region may suggest a weaker, albeit poorly
resolved, spectral contribution is present. There is a prominent shift from 1655 cm™ to 1595 cm™
in the films prepared under acidic conditions at pH 3 as well as a shift from 1590 cm™ to 1600 cm’
Lin the pH 6 prepared films. These frequency shifts suggest complexation of COO" functional
groups of SRFA to either surface hydroxyls or iron, indicating inner-sphere SRFA adsorption onto
a-FeOOH. Based on the spectroscopic evidence from AFM-IR analysis, it can be concluded that
the adsorption of SRFA onto a-FeOOH is most likely a combination of both inner and outer-sphere
complexation, that is, pH dependent. In addition, it is important to note that these spectra are taken
via AFM-IR spectroscopy, that allows for highly selective spectral analysis of particular regions
of interest compared to an ensemble average that is probed by ATR-FTIR spectroscopy.

In Figure 3.7, a 25x25 point hyperspectral image was collected across a 15x15 pm region.
The hyperspectral imaging irradiates each point of the selected region across the full range of the
laser, from 800-1800 cm. By gathering the relative intensities of absorption of each wavenumber
at each point, a heat map can be generated, providing insight into the spatial distribution of select

functional groups that are present in different spatial regions.
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Figure 3.7 AFM-IR hyperspectral imaging of SRFA/a-FeOOH thin film at pH 3. The height image
of this 15x15 um image is shown in (a) where point spectra were collected as shown in (b) both
on and off the edge of the thin film; (c) is a 25x25 point hyperspectral map of this region and (d)
a line scan and associated height profile across the film is shown.

In Figure 3.7, the heat map in the 800 to 900 cm™ region suggests an abundance of -
FeOOH particles that are within the thin film. Additionally, the functional groups present in SRFA
can be found predominantly in the 1300-1400 cm™ and 1500-1700 cm! range, which is consistent
with the highest intensities in the heat maps. The heat map of the 1400-1500 cm™* region, which
consists of the range in which metal bonded surface complexation of SRFA is present, contains
fewer hot spots than the maps representative of SRFA functional groups. While the presence of
hot spots is sufficient evidence for Fe-SRFA complexation, it also shows the presence of a-FeOOH
and SRFA — co-located or not in the different regions. The maps indicate that while a-FEOOH is
present starting at the edge of the film, SRFA becomes more strongly present towards the inner

center of the film. This suggests that when these films are made, through drop-casting and drying,

some separation occurs between a-FeOOH and SRFA. The separation of a-FeOOH and SRFA
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suggests that even in a thin film, SRFA does not fully coat all of the a-FeOOH particles. Only a
small percentage of SRFA may be reacting with the surface, leaving the majority of the
macromolecules not interacting with o—FeOOH in the film. The presence of separated a-FeOOH
and SRFA aggregates suggests that while SRFA favorably binds to these a-FeOOH interfaces
present in these films, they are also prone to form multilayer films, resulting in nanoscale regions
of enrichment of SRFA in some regions and enrichment of a—FeOOH. Studies such as Kleber et
al. have discussed various mechanisms in which organic matter covers mineral surfaces, reporting
how NOM often self-organizes onto these surfaces in at least two or more layers, due to its
amphiphilic properties.3* The formation of these multilayer aggregates, therefore, would thus

result in decreasing the adsorption onto the mineral surface.?

AFM-IR imaging and spectroscopy of SRFA and a-FeOOH single particles and small aggregates.
AFM images of unreacted a-FeOOH, seen in Figure 3.8, show that a-FeOOH possesses a
distinctive long, rod-like shape, which has been resolved as single rods in lower concentrations.
These images also indicate that a-FeOOH nanoparticles are susceptible to aggregation as can be

seen from the formation of small aggregates in a slightly more concentrated region.
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Figure 3.8 AFM-IR images of a-FeOOH on the (a) individual particle level and (b) as clusters. As
the a-FeOOH nanoparticles aggregate into clusters, there is also an increase in the overall height.
A map at 900 cm™ an a-FeOOH cluster is shown in (c), which is representative of the in/out-of-
plane bending modes of O-H of the iron oxyhydroxide (see Figure 3.1). These collection of images
and maps are representative of a-FeOOH nanoparticles prior to SRFA exposure.

The spectral map taken at 900 cm™ confirms the presence of a-FeOOH and its
corresponding rod-like shape. By using AFM-IR spectroscopy, we are able to identify individual
nanoparticles and clusters, using both the physical and chemical information provided by highly
resolved images and mapping. The nanoscale spatial resolution offered by this technique can also
provide important insights into single particles and small aggregates of a-FeOOH interacting with
SRFA.

Figure 3.9 shows images of individual particles and small aggregates of a-FeOOH coated
with SRFA. In these single particle maps, there are regions of low-signal, indicating bare o—
FeOOH or low coverages of SRFA as well as regions that are indicative of high coverages of
SRFA-coated o—FeOOH particles, confirming the inherent heterogenous nature of the surface

adsorption process.®>* This is in agreement with a recent study by Possinger et al. which showed

evidence of the spatial separation of organic matter composition in OM-rich regions in the
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presence of mineral surfaces.®? The heterogenous distribution of SRFA along a-FeOOH
nanoparticles contributes to this development of a more complex model that more accurately

captures the complexities of mineral surfaces and their interaction with NOM
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Figure 3.9 AFM-IR height image and corresponding point spectra of single and small clusters of
SRFA-coated a-FeOOH particles prepared from solutions of pH (a) 3, (b) 6, (c) 8.

While the intensities of the maps, shown on the right side of Figure 3.9 are relative, they
provide insights into the distribution of SRFA. Specifically, each of the maps provides specific

functional groups of interest: the O-H bending modes of a-FeOOH, the asymmetric and

symmetric carboxylic acid groups, and the protonated carboxylic group for pH 3. As can be seen
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by each of the maps, the nanoparticles are partially and not fully coated by SRFA. In addition,
there are randomly dispersed “hot” spots shown in red along the image. These spots are not rod-
like, suggesting the presence of small aggregates of SRFA. The microspectroscopic capability
this technique allows for full confirmation of the presence or absence of a-FeOOH in these
images.?>%*35 While single particle maps indicate heterogeneity on the nanoscale level, there are
further efforts needed to understand the spatial distribution and phase segregation of SRFA as a
function of pH and other environmental conditions of salinity and temperature. Further
development of microspectroscopic techniques on the single particle level can provide scientific

insights on spatial heterogeneity that hitherto were unattainable.

3.5 Conclusions

In this study, we utilized two spectroscopic probes — ATR-FTIR spectroscopy and AFM-
IR spectroscopy — to better understand SRFA and its interaction with o—FeOOH. These
complementary techniques show the importance of pH in the adsorption process and identifies
functional groups within the complex sample. The spatially resolved information provided by
microspectroscopic analysis allows for the heterogeneity within these samples of thin films of
SRFA, thin films of SRFA with a—FeOOH and individual particles or small aggregates of a-
FeOOH interacting with SRFA. In each case, there were spatially resolved heterogeneities
observed including regions rich of different compounds present within SRFA, segregation of
mineral and organic phases, and different coverages of SRFA on the surface of a-FeOOH within

single particles. Overall, the findings in this study provide insights into these complex samples on
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nanoscale and microscale dimensions that can only be uncovered using micro-spectroscopic

probes such as AFM-IR spectroscopy.
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CHAPTER 4

ANALYSIS OF MICRO- AND NANOSCALE HETEROGENEITIES
WITH ENVIRONMENTALLY RELEVANT THIN FILMS
CONTAINING BIOLOGICAL COMPONENTS, OXYANIONS, AND
MINERALS USING AFM-IR SPECTROSCOPY

4.1 Abstract

Minerals in groundwater interact with various chemical and biological species including
organic matter, proteins, and prevalent oxyanions, resulting in surface coatings and thin films of
these different components. Surface interactions and the surface adsorption of these components
on both oxide and oxyhydroxide iron surfaces have been widely investigated using a variety of
spectroscopic methods. Despite these numerous studies, there still remains uncertainty with respect
to interactions between these individual components, as well as heterogeneities and phase
segregations within these thin films. In this study, we investigate mixtures containing Fe-
containing minerals, proteins, and oxyanions to better understand surface interactions and phase
segregation using Atomic Force Microscopy Infrared (AFM-IR) spectroscopy. The results of this
study show that AFM-IR spectroscopy can identify both nano- and microscale heterogeneities
present within these thin films that are difficult to discern with other more conventional techniques
such as ATR-FTIR spectroscopy due to phase segregation and mineral surface interactions.
Overall, AFM-IR spectroscopy provides insights into multi-component environmental films that
are difficult to uncover using other methodologies. This method has the potential to differentiate
between bound and unbound toxic species as well as biological components, including
environmental DNA, which can be used to assess the fate and transport of these species in the

environment.
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4.2 Introduction

Groundwater contains a myriad of different biological and chemical species — both natural
and anthropogenic — including organic matter, proteins, oxyanions, and chemical contaminants.
Over the past few decades, the interactions of each of these components have been examined in
laboratory studies with commonly found minerals in the environment.>* These studies provide
great insight into molecular level interactions at geochemical surfaces.>® Several factors that
impact these mineral interactions including the nature of the mineral, specific mineral surface
planes, adsorbed water and solution pH and ionic strength. All of these factors alter the dynamics
of the surface adsorption process for mineral surfaces.” However, few studies have probed multi-
component systems. as competitive interactions between different species can drive the surface
chemistry of mineral surfaces.®*3

In the environment, biological components represent an important fraction of these
different species and range from free amino acids to proteins, to environmental DNA (eDNA) and
to entire organisms such as bacteria.'® Bovine Serum Albumin (BSA) has been chosen in several
studies as a representative model protein due to its stability in the environment as well as its natural
state at circumneutral pH.* BSA has a molar mass of 66 kDa and an isoelectric point of 4.5 to 5.0,
which is within the range of many other proteins extracted from groundwater. >

Besides biological components, the interaction of oxyanions, including phosphate, sulfate
and carbonate, and mineral surfaces have been widely investigated.!”?° The protonation states of
these anions change as a function of solution pH and can impact the coordination to the surface,
whether outer versus inner sphere and mono- or bi-dentate. Sulfate speciation on oxide surfaces
has, in particular, been widely studied by vibrational spectroscopy due to its affinity to adsorb onto

mineral surfaces.?! Changes in the vibrational modes upon adsorption provide insights into the
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decrease in symmetry, change in protonation state and nature of the coordination mode. Past
studies have reported sulfate speciation to be highly sensitive to factors such as pH, dehydration,
and ionic strength, which has resulted in many proposed mechanisms of sulfate coordination onto
iron-containing surfaces, such as goethite.?>-2 Sulfate can also block sites for surface adsorption
of other species present, which can affect the availability of trace metals in the environment.®®
Additionally, interactions between biological species like BSA, and phosphate, another commonly
studied oxyanion, have been investigated, but BSA interactions with sulfate have yet been
explored.?® These different interactions can result in the formation of different complexes that have
vibrationally distinct spectral features.*

In this study, we investigate thin films of BSA protein, sodium sulfate, and goethite to
determine the degree of heterogeneity in these films. Dried, thin films on the order of several
hundred nanometers thick have been prepared by forming suspensions of different
environmentally-relevant components at a circumneutral pH. While more typical vibrational
techniques like ATR-FTIR spectroscopy can provide spectral characterization of the average
surface interactions occurring within these films, further insights into the micro- and nanoscale
heterogeneities are explored with AFM-IR spectroscopy. In particular, phase segregation and
different mineral interactions are probed through localized point spectra and larger area chemical
mapping. These results provide information on spatial scales that have not been previously
explored and suggest insights can be gained concerning phase segregation, mineral interactions,
bioavailability, and transport of different biological and chemical species in the environment.
Given that this method has the potential to differentiate between bound and unbound species, it
can potentially be used to assess not only the fate but also the transport of such species in the

environment.
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4.3 Experimental Methods

Sample preparation and source of materials. In these studies, samples for both AFM-IR
spectroscopy and complementary ATR-FTIR spectroscopy were prepared for analysis for both
techniques. Stock solutions were made for each component at a concentration of 1 mg/mL for BSA
(Sigma Aldrich) and sodium sulfate (Fisher Scientific) and 0.3 mg/mL for goethite (Alfa Aesar)
in milli-Q water. Single component thin films were prepared by drop-casting 1 mL aliquots of each
solution onto an AMTIR (Amorphous Material Transmitting Infrared Radiation) crystal for ATR-
FTIR analysis and 5 pL onto a cleaned silica wafer for AFM-IR analysis.

For AFM-IR and ATR-FTIR analysis, solutions were allowed to dry for 5 hours and 3
hours, respectively; the differences in the drying times were dependent on the differences in the
volume of solution as well as the surface area coverage of each substrate. For the multi-component
thin films, mixtures containing a 1:1 volume ratios, or 1:1:1 volume ratios for two- and three-
component systems, respectively, were prepared with the components of interest from the initial
stock solutions. For goethite containing samples, the suspension was probe-sonicated for 15
seconds, inverted, and then repeated once more to facilitate the mixing of goethite particles with
the solution. Post sonication, the solution turned into an opaque, yellow color, indicating proper
mixing of the nanoparticles. Once the mixtures were prepared, the same procedure for drop-casting
and drying was applied for thin film formation, as adapted in previous studies, ensuring
comparable film deposition between both substrates. All of the data collected and presented here
have been selected as the most representative from a triplicate set of measurements that have been
taken from at least three different samples and regions. In addition, there are no high safety hazards

that were encountered during the course of this sample preparation.
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Atomic Force Microscopy-Infrared (AFM-IR) spectroscopy. AFM-IR spectroscopy is a
microspectroscopic technique that utilizes a sharp AFM probe tip which is typically on the order
of tens of nanometers in diameter, that is usually at the end of a cantilever. For infrared
measurements, this technique is based on the principle of photothermal induced resonance, where
the IR absorption signal is transduced from the cantilever oscillation upon photothermal expansion
of the sample in a nondestructive and nonperturbative manner.3*? Using a nanolR2 microscopy
system (Bruker, Anasys — Santa Barbara, CA) equipped with a mid-IR tunable quantum cascade
laser (QCL), samples were analyzed after drying onto a silica wafer. Images, PTIR spectra, and
spectral maps were collected in primarily contact mode using gold-coated silicon nitride probes,
with tip radii of ~30 nm, a resonant frequency of 75 kHz and a spring constant of 1 to 7 N/m. PTIR
spectra were collected at a resolution of 5 cm™. For point spectra, the data is plotted as absorbance,
which is proportional to the change in the photodiode as a result of the cantilever deflection, as a
function of wavenumber. Absorbances in these PTIR spectra are related to the deflection of the
cantilever upon sample absorption of IR light. For imaging and chemical mapping, the scan rate
was set to 0.2 Hz. AFM images and IR maps were prepared using the Gwyddion software and the
spectra presented were co-averaged from 5 spectra and were filtered using a 10-point, 3 order

polynomial, Savitzky-Golay algorithm.

Attenuated Total Reflectance Fourier Transform Infrared (ATR-FTIR) spectroscopy. ATR-FTIR
spectroscopy is based upon the principle of total internal reflection between an optically dense and
an optically rare medium.® For these experiments, an AMTIR crystal, an internal reflecting
element, that is housed in a horizontal, Teflon-coated flow cell (Pike Technologies) configured for

multiple reflections, is used. Specifically, an AMTIR crystal was chosen for its high effective path
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length, resulting in high spectral sensitivity. It should be noted that while the flow cell can hold
500 pL when capped, when open, it can hold up to a solution volume of 1 mL. Dried, thin films
were prepared as described previously and after drying was complete, infrared spectra were

averaging over 100 scans at a resolution of 4 cm™ over a spectral range from 725 to 4000 cm™™.

4.4 Results and Discussion

Comparison of AFM-IR spectra of single component BSA, sulfate, and goethite thin films. AFM-

IR of thin films of BSA, sulfate and goethite are shown in Figure 4.1.
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Figure 4.1. (a) AFM-IR spectra of dried, thin films of BSA, sodium sulfate, and goethite on a
silica wafer substrate, respectively. (b) AFM images are shown in both height (left) and deflection
(right) modes. The PTIR spectra on and off of each of these thin films are shown. (c) The black
line marked on each AFM height image indicates where the height profile was taken.
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The amide 1 and 11 vibrational modes, representative of proteins, are observed at ca. 1655 cm™ and
1540 cm?, respectively, in the AFM-IR spectra.®®3* It is seen in the sulfate spectrum that there is
a strong absorption band at 1132 cm™, which corresponds to the vs asymmetric sulfate stretching
vibration. Sulfate speciation and symmetry are influenced by environmental factors such as phase
and hydration state. In its aqueous form, sulfate oxyanions are tetrahedral in geometry, belonging
to the Tq symmetry. Within these oxyanions, there is a nondegenerate, symmetric vibration, v,
and a triply degenerate, asymmetric vibration, vs, in the spectral region from ca. 975 cm™ to 1100
cm™. Here, the v1 band is IR active at 994 cm™, whereas the vz band is IR active at 1132 cm’
1_23,27,35,36

The peak positions shown in Figure 4.1 are attributed to a dehydrated film. In particular,
Figure 4.1a shows a broad, asymmetric peak at 1132 cm™ with a shoulder at 1168 cm™ and a sharp
peak at 994 cm™®. These changes are related to the distortion of the tetrahedral geometry as well as
the shift to 994 cm™, for the nondegenerate vi band, as sodium sulfate becomes more
crystalline.*353%¢ For the goethite thin film, the ATR-FTIR spectrum shows two sharp peaks
present at 805 cm™ and 900 cm™.3” These bands are attributed to the in/out-of-plane bending modes
of the bulk surface hydroxyls within the iron oxyhydroxide. The AFM-IR spectrum shows peaks
at the same wavenumbers, but the full peak at 805 cm™ cannot be seen due to the limited range of
the laser being used, starting at 800 cm™. The vibrational peak assignments of these spectra are

summarized in Table 4.1.
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Table 4.1 Select vibrational peak assignments for AFM-IR and ATR-FTIR spectra of BSA,
sodium sulfate, and goethite,141523:26.36.37

Wavenumber (cm?) Vibrational peak assignment
BSA 1654 to 1656 Amide |
1534 to 1540 Amide Il
Sulfate 1132 to 1140 Asymmetric sulfate stretch (v3)
994 to 995 Symmetric sulfate stretch (v1)
Goethite 805 In-plane O-H bend
900 Out-of-plane O-H bend

Further chemical analysis using AFM-IR spectroscopy of these single component thin
films are shown in Figure 4.1B. There is overall agreement with these single component, nanoscale
point spectra and ATR-FTIR spectra collected but it should be noted that they are not identical, as

shown in Figure 4.2, below.
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Figure 4.2 Normalized ATR-FTIR spectra of thin films of BSA, sulfate, and goethite on an
AMTIR crystal.

For example, in the BSA spectra, differences in the 1655/1540 cm™ peak ratio, i.e., the
ratio in intensity of the Amide I/Amide Il band can be observed. Since AFM-IR point spectra
probes the “local” environment, it can give slightly different spectral measurements compared to
the bulk ATR-FTIR spectra. The two techniques also operate under different principles, one being

a photothermal technique and the other, an optical absorption technique. This can result in peaks
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that differ in intensity and frequency. However, it is important to recognize that they are in good
agreement with each other.

In addition to point spectra, AFM-IR spectroscopy offers physical insight into these films
as shown in Figure 4.1c, and 1d. As can be seen by the height images in Figure 4.1c, these films
range in thickness from several hundreds to thousands of nanometers. Images are shown in both
height and deflection mode, and two-point spectra were taken on each 5x5 um image- one
spectrum on the film and the other on the substrate. In addition, the morphologies of each of the
thin films are seen to be distinct from each other. While the BSA film is smooth and has a
monotonic increase in height, the sodium sulfate film is over a smaller region and is thicker on the
order of 1.4 mm at the highest point. The BSA film has a root mean square roughness of 240 nm
and can also be qualitatively examined by the smoothness of the line scan across the region. It
should also be made clear that the BSA height profile begins at 25 nm in the film. The height
profile increases steadily in thickness and the line is straight, contrasted to that of the sulfate film
where there are significantly tall features with a more jagged profile. This suggests that aggregates
in the sulfate image are a result of sodium sulfate crystallization as the film dried out from an
initial, aqueous solution. For the goethite thin film, individual rods can be resolved in the goethite
thin film, consistent with the known morphology of goethite particles.®”*° One consistent behavior
between all three films is the gradual increase in film thickness from the edge of the film towards
the center due to the drop-cast and drying methods was used to prepare these films.

Figure 4.3 shows an analysis of a BSA thin film as a function of thickness across the region
of interest. Although the BSA thin film appears smooth and homogenous, a larger image size was
specifically chosen to measure point spectra with increasing film thickness across the film. Figure

4.3b shows a compilation of 15 point spectra taken across the 30x30 um film, as a function of
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wavenumber, absorbance, and thickness. The limit of detection as well as detection saturation can
be determined to be ~50 nm and ~400 nm, respectively. This was determined by comparing the
signal-to-noise ratios (SNR) of groups of spectra. For example, the limit of detection for this
particular film was determined by a significant decrease in the SNR, whereas the detection
saturation was determined by a significant increase in SNR.*%4! Furthermore, these estimates can
be quantified by plots that show the relationship between increasing signal and BSA film thickness.
Figure 4.3c shows how these plots are nonlinear. Instead of the signal increasing linearly with
increasing thickness, the signal increases monotonically with film thickness initially and then
saturates.*? The dashed lines in these plots represent linear fits for film thicknesses below 400 nm,
prior to the plateau observed for film thicknesses above ca. 400 nm. The differences in the slopes

of each line directly correlates with the relative intensity of each of the vibrational modes analyzed.
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Figure 4.3 Analysis of a thin film of 1 mg/mL BSA. The 2D height and corresponding deflection
images are shown in (a). The AFM image is taken at the edge of the film in order to show the clear
contrast between on and off the film. (b) is a compilation of 15 AFM-IR spectra plotted as a
function of absorbance, wavenumber, and film thickness. The relationship between the absorbance
intensity of the different vibrational bands found in BSA is shown as a function of thickness in (c).
The darker, dotted lines represent a linear fit to the portion of the spectra below 400 nm as the
signal saturates at ca. 400 nm. The signal-to-noise ratio falls below 3 at a thickness of 50 nm.

ATR-FTIR spectroscopy of multi-component thin films. For multi-component thin films, mixtures
were prepared in solution and then dried to form thin films containing different components (see

Experimental Methods for more detail on sample preparation). The ATR-FTIR spectra of these
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different films are shown in Figure 4.4. Spectral signatures of each of the components are clearly

identified, as confirmed by the peak assignments presented in Table 4.1.
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Figure 4.4 Normalized ATR-FTIR spectra of two and three-component thin films of BSA, sodium
sulfate, and goethite.

First, it is important to establish any similarities and differences between the single
component spectra and these two and three component spectra. The BSA and sulfate spectrum
(blue) presented in Figure 4.4 contains the characteristic features of its two components. BSA, as
indicated by the 1655 cm™ and 1534 cm™ bands, and sulfate, as indicated by the 1122 cm™ band.
Compared to the reference single component BSA and sodium sulfate spectra presented in Figure
4.2, the major difference is in the shift and broadening of the sulfate band, which shifts from 1132

cm™? to 1122 cm™? and the relatively weak presence of the 995 cm™ band. Given the IR spectrum
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shown in Figure 4.4, it is difficult to support the presence of the same, sharp 995 cm™ band.
However, its inconsistent presence in sulfate-containing systems suggests that it is most likely
related to changes in the symmetry of the anion, protonation state and intermolecular interactions.
While the interaction of BSA and sodium sulfate has not been studied extensively, spectrally, the
speciation of sodium sulfate, such as its crystallization, appears to be affected by the presence of
the protein. Furthermore, the broadening suggests there may be some interaction between the
negatively charged sulfate anion with positively charged lysine and arginine residues on the outer
surface of the protein. Hydrogen bonding and other non-ionic interactions most likely comprise
these interactions.**4°

Comparing the BSA and goethite spectrum (light green) in Figure 4.4 to that of BSA and
goethite alone (Figure 4.2), there are no differences in the relative peak intensities and ratio of
Amide I/Amide 1 in the BSA region. The presence of goethite is indicated by the 900 cm™ peak
and the ca. 800 cm™ peak shifts below the region of the laser used for these measurements. Overall,
this assessment aligns with what has been proposed by Schmidt et al., where it was suggested that
a deconvolution of the Amide | and Amide Il peaks has indicated BSA adsorption onto goethite
as a result of conformational changes, that cannot be distinguished within the broad band.®
Furthermore, past studies have also shown BSA adsorption onto iron-containing mineral oxide
surfaces from conformational changes, mainly via electrostatic interactions.*6-48

For the sodium sulfate and goethite spectrum (pink), there are some notable changes in the
sulfate region compared to the BSA/sodium sulfate spectrum discussed above. For example, there
is clear evidence for a disruption in the sodium sulfate symmetry, as seen by the sharp feature at
995 cmL. Another change is the relative enhancement of the intensity of the sulfate peak at 1132

cm, along with broadening of the peak compared to the reference sulfate spectrum presented in

83



Figure 4.2. This broadening serves as evidence of coordinated sulfate to goethite nanoparticles, as
the band is more symmetric than asymmetric. Previous studies have associated sulfate adsorption
onto goethite with monodentate or bidentate bridging mechanisms, which is accompanied by the
splitting of the major vz symmetric stretch. While these bands are not clearly resolved, there is an
emergence of shoulders in the spectra at 1115 cm™ and 1180 cm™ along with a major 1132 cm™
band which suggests a combination of sulfate crystallization as well as inner-sphere bridging
occurring at the surface.?33

Observing an inner-sphere binding mechanism at a circumneutral pH may appear to be
inconsistent with past studies which have concluded that sodium sulfate adsorption in aqueous
conditions follows an inner-sphere binding mechanism in acidic environments, and an outer-
sphere binding mechanism as pH increases. However, the reported findings here are from dried,
thin films of sulfate and goethite at a circumneutral pH, which is a non-acidic environment. For
dried films such as those that are presented in this manuscript, the effect of dehydration on potential
interactions must be considered.?® Paul et al. has reported that hydrated mineral surfaces can
become more acidic as a function of drying, indicating that the dehydration can result in a potential
acidification of the goethite thin film. It was proposed that this is a result of the dissociation of
water adsorption on polarizable metal cation sites, which, in this case, would be Fe.?**° Therefore,
this subsequent proton accumulation is likely responsible for creating a slightly more acidic
environment, allowing for such binding to occur. The differences between coordinated and non-
coordinated sulfate can be clearly identified from differences in broadness and presence of
shoulders between the ATR-FTIR spectra of sodium sulfate and sodium sulfate/goethite in Figures

4.2 and 4.4 respectively. However, within the sodium sulfate/goethite thin film, there could also

exist free, “uncoordinated sulfate” (used as a general term here to distinguish from surface
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coordinated and crystalline sulfate) within different microenvironments present in the film. This
serves as evidence as to why utilizing microspectroscopic tools such as AFM-IR spectroscopy is
crucial to further exploring these heterogeneities.

The three component ATR-FTIR spectrum (purple) shown in Figure 4.4, clearly shows
each of the three components as evident by distinct absorption bands: BSA at 1656 cm™, sulfate
at 1132 cm?, and goethite at 900 cm™. The most prominent difference between this
multicomponent spectrum compared to both of its single and two component systems is again the
clear enhancement of the sulfate peak indicating interactions with goethite as noted above as well
as crystallization of sodium sulfate, as discussed for the two-component spectrum of sulfate and
goethite. The shape and intensity of the sulfate region centered at 1132 cm™ does not appear to
resemble exactly the two component systems but instead appears to be a close combination of the
different spectra, suggesting that specific interactions may be occurring in these films. The ATR-
FTIR technique can provide important chemical information on the macroscopic adsorbate-
mineral interactions, including the type of coordination occurring on the surface of goethite.
However, this technique is limited in detecting the heterogeneities present across the system, which
are features that can only be exploited via micro-spectroscopic probes such as AFM-IR

spectroscopy, increasing the level of chemical complexity that can be achieved.

AFM-IR spectroscopy of a BSA and sodium sulfate thin film. In Figure 4.5, data collected for a thin
film of BSA and sodium sulfate with AFM-IR spectroscopy are shown. The height and deflection
image in Figure 4.5a show an interesting tee-shaped aggregate that has arranged itself onto a
smoother and thinner underlying film. This aggregate is the main contributor to the tallest feature

of this image, with a thickness of 525 nm. This appears to be crystalline with jagged edges, of
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varying sizes and shapes, that resemble those previously observed from the sodium sulfate thin

film. In this 5x5 um image, a total of 4 point spectra were taken — 3 on the film itself and one on

the substrate.
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Figure 4.5. AFM-IR images, point spectra and spectral maps of a BSA and sodium sulfate thin
film. (a) shows the height and deflection image of the 5x5 um region and (b) represents the height
profile across the region. (c) shows point spectra taken across the surface, where the colors of the
dots on the deflection image correspond to line colors of the corresponding PTIR spectra. In
particular, Film 1, Film 2 and Film 3 seem to suggest different films. Spectral heat maps are seen
in (d), at representative wavenumbers of sulfate at 1155 cm™ and BSA at 1650 cm™.

In Figure 4.5, each PTIR spectrum shows various combinations of BSA and sodium sulfate
spectral features. However, the point spectra shown in Figure 4.4c show much more variation in
not only the intensity of the peaks but also the shape and ratio between these two components. For

spectral mapping, 1155 cm™ was selected because it was the common band present in all of the
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sulfate-attributed spectra, that also included the 1130 cm™, which has been shown to be
representative of both crystalline and non-coordinated sulfate. Maps at representative
wavenumbers confirm that the T-shaped aggregate is indeed sulfate while the smoother areas of
the film are BSA.

Each of the point spectra taken on in the film provides unique information. The dark blue
point spectrum indicates a region that is only BSA, which is consistent as the red “hot” spot on the
1650 cm™ map as well as the position on the smooth film as visualized by the deflection image.
However, the remaining two spectra (light blue and teal) are taken on different parts of the sulfate
aggregate. While the light blue spectrum shows a singular, sharp peak at 1155 cm?, the teal
spectrum shows a very broad double peak. The differences in relative peak intensity, peak shift,
and peak shape in the sulfate band suggest changes in sulfate speciation and interaction in the
presence of and with BSA, respectively. AFM-IR spectroscopy allows for infrared mapping by
tuning and fixing the laser at a particular wavenumber of interest as it scans across a particular
region. While the regions color-coded in red indicate high relative absorbance, the regions color-
coded in blue indicate low to no absorbance at the particular wavenumber of interest. Using this
information, a heat map is generated.

From this information, we can deduce the presence of an interaction between these two
components, as discussed previously from similar observations made from sulfate peak broadening
and lack of variability in the reference sulfate spectra, as seen in ATR-FTIR spectra presented in
Figure 4.1. The physical, crystalline features on this film suggest the presence of sodium sulfate
crystallinity. However, the absence of a strong, sharp 995 cm™ peak, which has been used to
identify sodium sulfate crystallinity, is clear. While this result appears to be contradictory to

previous statements, the absence of this peak can be attributed to three potential reasons: 1) there
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are weaker interactions present, that do not alter the morphological features of the sodium sulfate
crystals or that preserves the phase; 2) AFM-IR spectroscopy is unable to detect detailed physical
differences between crystalline sulfate and uncoordinated sulfate and; 3) sulfate crystallinity is
much more complex than is currently known, and should not absolutely be defined only from a
chemical perspective, such as the presence of the 995 cm™ peak, but rather as shifts in the peak
location and shape, as a whole. Moreover, it is important to highlight this heterogeneity that is
detected via AFM-IR spectra, differing vastly from what could be discerned from the ATR-FTIR
spectrum in Figure 4.4. There is also spectral evidence of BSA in each of those points, which
suggests two possible modes of microphase segregation: 1) sodium sulfate crystals have arranged
themselves on top of the BSA film and 2) there are smaller aggregates of BSA embedded in the

larger, sodium sulfate crystals.

AFM-IR spectroscopy of a BSA and goethite thin film. The ability to take localized, point spectra
on nanometer length scales allows the investigation of heterogeneity of mineral-containing thin
films. BSA and goethite films are shown in Figure 4.6. The images and line scan in 5a and 5b
show the presence of goethite as well as an increase in the height image from 200 nm to 600 nm,
respectively. This increase in thickness can be attributed directly to the presence and aggregation
of rod-like goethite nanoparticles, which can be resolved in the corresponding deflection image
and offers more contrast of the region of interest. It can be seen that the goethite nanoparticles
cluster in different regions including on the edge of the thin film, giving insight into some of the

nanoscale phase segregation occurring in these thin films.
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represents the point spectra taken both on and off the film. The colors of the dots present on the
deflection image correspond to the location in which the point spectra were taken. Additional
spectra presented are reference PTIR spectra. AFM-IR maps are shown in (d), at representative
wavenumbers of goethite at 900 cm™ and BSA at and 1640 cm™. Examples of protein-rich and

mineral-rich regions are also shown in (d).
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Figure 4.6¢ shows point spectra both on and off the film; the presence of the bands from
1390 cm™ to 1655 cm™ and at 900 cm™ indicates BSA and goethite, respectively. Using the peak
positions identified in each spectrum, infrared maps of the same 5x5 um region were generated,
as shown in Figure 4.6d. Here, we are able to confirm that the taller features on the film are
attributed to goethite aggregation, as indicated by the red “hot” spots from the 900 cm™ map. The
1650 cm™ map represents BSA, and we see how BSA appears to concentrate specifically in regions
where goethite aggregation is present, but not homogenously across the entire surface. In
comparison with the BSA FTIR spectrum, the light green AFM-IR spectrum shows no qualitative
difference in the peak shape, peak shift, or Amide I/Amide Il ratio but allows for us to conclude

that this adsorption process is heterogenous, with specific areas present that are richer in BSA.

AFM-IR spectroscopy of a sodium sulfate and goethite thin film. It is evident from ATR-FTIR
spectroscopy that sulfate coordination and crystallization can occur in multicomponent
microenvironments. In order to further probe the heterogenous nature of this interaction, AFM-IR

spectroscopy was employed as shown in Figure 4.7.
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Figure 4.7 AFM-IR images, point spectra and spectral maps of a sodium sulfate and goethite thin
film. (a) shows the height and deflection image of the 5x5 um region and the height profile in (b).
Point spectra taken across the film are seen (c), where the colors of the dots on the deflection image
correspond to spectra. PTIR spectral maps are shown in (d), at representative wavenumbers of
goethite at 900 cm?, crystalline sulfate at 995 cm™, uncoordinated sulfate at 1130 cm™ and iron-

coordinated sulfate at 1250 cm™.
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The height and deflection image in Figure 4.7a show random aggregations, that appear to
resemble a combination of sodium sulfate crystals due to its jagged edges, as well as goethite
nanoparticles due to the rod-like shape. It should be noted that the height profile does not start at
0 nm because this image was collected in the center of a sulfate-goethite thin film, rather than the
edge, where the bare substrate is simultaneously exposed. For this thin film, point spectra were
taken at 2 different regions, as denoted by the light and dark pink dots on the deflection image.
Similar to what has been observed (vide supra), each point spectrum represents sulfate in different
environments. While the light pink spectrum represents uncoordinated sulfate, the dark pink
spectrum provides evidence for adsorbed sulfate with inner-sphere coordination to goethite
nanoparticles. This evidence is crucial in understanding the heterogenous existence of both forms
of sulfate within a thin film, confirming the presence of both micro- and nano-environments in
these films.

It is important to note how the distribution of surface-coordinated sulfate at 1250 cm™ and
uncoordinated sulfate at 1130 cm™ differ. The prevalence of the 1130 cm™ free sulfate map across
the entire region indicates the presence of free sulfate evenly distributed across the surface. The
distribution of coordinated sulfate as indicated by the 1250 cm™ spectral map aligns with the
distribution of goethite nanoparticles, confirming a physical interaction between the two species.
In addition, a chemical interaction between the two is evidenced by discussions reported by
previous studies, of strong electrostatic interactions between sulfate and iron oxide surfaces.”2%24
Therefore, it is important to examine the sodium sulfate and goethite ATR-FTIR spectra in Figure
4.4 and compare them to the AFM-IR spectra shown above.

The spectrum shown in light pink has a singular peak that is well in agreement with what

is known as non-coordinated sulfate. It should be noted that there is a slight upward shift in the
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wavenumber, compared to the AFM-IR spectrum for a reference sodium sulfate thin film as shown
in Figure 4.1a. This shift can suggest outer-sphere mechanisms or other, non-coordinating
interactions that are causing slights shifts to the molecular symmetry of the free sulfate molecules.
The ATR-FTIR spectrum shown in Figure 4.4 is an average of many spectra taken across the bulk,
thin film surface, which serves as an explanation for any differences between that and the localized
PTIR spectra seen in Figure 4.7. The differences in each of the localized PTIR spectra taken across
this region is shown to highlight the heterogeneity of the interactions of sulfate within the sample.

Previous studies have utilized the relationship between molecular vibrational modes and
molecular symmetry to specify the potential inner-sphere binding mechanisms that can occur in
these systems. Upon coordination to Fe, the number of bands the vz asymmetric band splits into
can help determine whether or not monodentate bridging or bidentate bridging can occur.?®
Looking closely at the spectrum shown in dark pink, there are well-resolved shoulders 1100 cm™?,
1180 cm™, and 1250 cm, which is representative of the 3 band splitting into three indicating
bidentate binuclear bridging, where the two Fe ions are each coordinated to an oxygen atom in the
sulfate molecule.?®2 In addition, the strong IR activity of the nondegenerate v1 band at 995 cm™
lines also suggest the presence of crystalline sulfate, which can be deduced as the large, jagged
features seen in the AFM image.®® However, the various peaks shown in dark pink is slightly more
complex, as it can correspond to a few different binding mechanisms. For example, there exists a
peak at 1180 cm, which has also been suggested by Peak et al. to be the result of a hydrogen bond
between a sulfate and a monodentate sulfate.?® In addition, the PTIR spectrum also shows a 1250
cm* peak, which has been hypothesized as a change in sulfate speciation, from mono or bidentate
bridging sulfate to mono or bidentate bridging bisulfate.?>?42750 While AFM-IR spectroscopy has

proven to be a unique and valuable technique in identifying the presence of multiple sulfate-
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goethite interactions, it is important to note that further investigation is needed to explicitly identify
every type of sulfate-goethite interaction. Although the overlapping peaks are difficult to delineate
from one another, changes in point spectra at differing locations in the film confirm the presence

of heterogenous sulfate behavior. A summary of these sulfate interactions is shown in Table 4.2.

Table 4.2. Summary of vibrational peak assignments for AFM-IR and ATR-FTIR of sodium
sulfate interactions, 415232637

Wavenumber (cm?) Type of Sulfate Figure Reference
AFM-IR ATR-FTIR
995,1130 994,1132 Crystalline Sulfate Figure 4.1,4.2,4.4,4.7,4.8

1130-1155 1122, 1130 Free, uncoordinated sulfate; Figure 4.1,4.2,4.4,4.7,4.8
outer-sphere sulfate;
1100-1180, 1115-1180, Inner-sphere sulfate Figure 4.1,4.2,4.4,4.7,4.8
1250 1250

AFM-IR spectroscopy of a BSA, sodium sulfate, and goethite thin film. Data collected for a multi-
component thin film in which all three components are present are shown in Figure 4.8. As can be
seen by the height profiles presented in Figure 4.8b, this multi-component film contains features

that are smooth with randomly dispersed rougher aggregates.
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Figure 4.8 AFM-IR images, point spectra and spectral maps of a BSA, sodium sulfate and goethite
thin film. (a) shows the height and deflection image of the 5x5 pm region and the height profile in
(b). Point spectra taken across the film are seen in (c), where the colors of the dots on the deflection
image correspond to the line color for each of the spectra. AFM-IR maps are shown in (d), at
representative wavenumbers of goethite at 900 cm™, crystalline sulfate at 995 cm™, non-
coordinated sulfate at 1130 cm™, coordinated sulfate at 1260 cm™, and BSA at 1655 cm™.

95



Similar to the two-component systems shown previously, heterogeneity in the AFM-IR
spectra can be seen by the differences in the shape and frequencies observed in the sulfate region,
as seen by the light and dark purple spectra. The purple ATR-FTIR spectrum of the multi-
component system presented in Figure 4.4 shows a very broad and intense sulfate spectrum,
compared to what is observed in Figure 4.8b. The variation between the intensity ratios of these
bands across this region not only indicates heterogeneity, but also emphasizes the importance of
spatially, well-resolved techniques such as AFM-IR spectroscopy in providing data to detect these
differences occurring on the micro- and nanoscale level.

In order to further probe the sulfate region, three different spectral regions were selected to
map this 5x5 pm region. Consistent with the previous maps, crystalline sulfate arising from sulfate
symmetry distortion was represented at 995 cm™, non-coordinated sulfate at 1130 cm?, and
coordinated sulfate at 1260 cm™. On the microscale level, all three maps appear to look very similar;
however, it is important to focus on the nanoscale features of these maps. There are significantly
more red-colored spots on the top region of this image for the 995 cm™ spectral map, indicating
localization of crystalline sulfate. This differs from the 1130 cm™ map, representative of
uncoordinated sulfate, which is more present in the bottom half of the region. We can also see the
similarities between the 900 cm™ and 1260 cm™ map, which is consistent with what is expected
since the latter map represents coordinated sulfate onto iron nanoparticles, as indicated by the
former. From the prominent 1260 cm™ peak in the AFM-IR spectra as well as these maps matching
up to goethite-rich areas, it can be concluded that sodium sulfate interacts with goethite via
bidentate binuclear bridging.?? Furthermore, the red, hot spots in the BSA map at 1655 cm™ are

consistent with regions rich in BSA that form smooth domains within these films.
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4.5 Conclusions

In this study, environmentally relevant thin films containing biological components,
oxyanions, and minerals were analyzed via a novel approach utilizing microspectroscopic probes.
While vibrational spectroscopic techniques such as ATR-FTIR spectroscopy provide hints of these
different interactions, it is important to recognize the added value provided by micro- and
nanoscale techniques. This study shows AFM-IR spectroscopy to be a useful measurement tool in
the distribution of interactions occurring along mineral surfaces in the environment, through
examinations of micro-structural heterogeneities. This study has depicted that by using AFM-IR
spectroscopy complemented with ATR-FTIR spectroscopy, the complex nature of the chemistry
occurring in these systems can be unraveled one at a time, to better understand the various
environmental processes these species undergo in the environment. However, limitations in
delineating overlapping spectral peaks, has indicated the need for further experimental
development and utilization of other analytical tools to accurately determine the exact mechanisms
and phase transitions occurring along these interfaces. With more information on the chemistry
occurring at the micro- and nanoscale level, a greater understanding of environmental processes

can be achieved.
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CHAPTER 5

VIBRATIONAL SPECTROSCOPY AS A PROBE OF
GEOCHEMICAL THIN FILMS AND SINGLE PARTICLE ON
MACRO, MICRO, AND NANOSCALES

5.1 Abstract

Minerals play a critical role in the chemistry occurring along the interface of different
environmental systems, including the atmosphere/geosphere and hydrosphere/geosphere. In the
past few decades, vibrational spectroscopy has been used as a probe for studying interfacial
geochemistry. Most recently, the emergence of micro-spectroscopic probes has offered new
insights into heterogeneities within geochemical thin films and particles. Here, we compare four
different vibrational techniques for probing physical and chemical features across different mineral
samples and length scales, from the macroscale to nanoscale. These methods include Attenuated
Total Reflection — Fourier Transform Infrared (ATR-FTIR), Optical Photothermal Infrared (O-
PTIR), Atomic Force Microscopy-Infrared (AFM-IR) and micro-Raman spectroscopy. By
comparing and integrating data across these measurement techniques, new insights into sample
differences and heterogeneities can be gained. Interrogation of the various mineral samples at
smaller length scales is shown to be particularly informative in highlighting unique ‘“chemical
environments” for chemically complex, multicomponent samples as well as single component

samples.
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5.2 Introduction

Minerals play a critical role along the interface of different environmental systems.
Interfacial geochemistry, which occurs at the intersection of the atmosphere/geosphere and
hydrosphere/geosphere, plays an important role in air quality, water quality, elemental cycling,
climate, soil contamination, food production and possibly the fate of environmental DNA.*
Minerals in contact with groundwater and other water systems play a major role in the transport
of contaminants in the environment. The complexity prevalent in environmental samples and
interfaces, in particular, is largely due to the myriad of compounds and chemical species found as
well as the heterogeneity in these samples. For geochemical interfaces, whether mineral dust
aerosols that are transported in the atmosphere or minerals that are in contact with groundwater,
the mineralogy-specific, surface facet-dependent chemistry is important to unravel.>®

The prevalence of mineral dust aerosol drives a great deal of interfacial geochemistry in
the atmosphere, although volcanic eruptions and volcanic ash also play a role. Mineral dust aerosol
is highly complex and are composed of a myriad of different mineral oxides and oxyhydroxides,
as some of the most well-studied components.” ! Iron oxides and oxyhydroxides, such as hematite
and goethite in particular, are some of the most prevalent due to the great natural abundance of
iron on Earth.!>'* The prevalence of iron-containing minerals is important as iron plays an
important role in different biogeochemical cycles.'**® Carbonate minerals, including calcite, are
also relevant to such systems, as they are naturally present in minerals but also in industrial
buildings as well as in the ocean as coral.”'! Clays, such as kaolinite and montmorillonite, also
represent an important class of compounds in mineral dust aerosol.!” Zeolites, crystalline
aluminosilicates, with porous structures are found naturally in aquatic systems but also have been

used in environmental remediation.?
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Furthermore, mineral dust aerosols undergo heterogenous reactions in the atmosphere that
can result in the formation of sulfate or nitrate coatings that drive different atmospheric
processes.® 1819 Representative compounds include ammonium sulfate, sodium sulfate, and sodium
nitrate. These species on the surface of mineral dust particles can impact the subsequent properties
of dust.*®2 They can also directly participate as cloud condensation nuclei or be a potential source
for HONO production in the atmosphere in the case of nitrate coatings.?2® In addition, these
species can also act as common adsorbates and can compete for sites on mineral surfaces.?*%°

Vibrational spectroscopy probes the different vibrational modes and unique chemical
signatures from different functional groups. This allows for the identification of different chemical
species and phases present as well as some of the unique “local environments” due to hydration,
complexation, different phases, and other chemical and physical heterogeneities within
environmental systems.?®?” By monitoring the peak position, shape, and intensity of vibrational
bands, insights can be gained at the molecular scale. While a great deal of the current literature has
used different vibrational methods with limited spatial resolution, the recent development of
micro-spectroscopic probes has been found to be able to provide information on much smaller
length scales.?*?83% Besides local chemical environments, differences in spectra due to
heterogeneities of film thickness and crystal orientation with respect to laser polarization will also
give rise to differences in the vibrational spectra.

Providing more details of geochemical interfaces and thin films on micro and nanoscales
can be particularly insightful when trying to understand the complexity within these interfaces.
Here we have used four different spectroscopic probes from three instruments that can provide
insights on multiple length scales, i.e., macroscale, microscale, and nanoscale, for different

geochemical thin films that vary in their complexity and heterogeneity. The different vibrational
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methods used have different modes of operation and, in some cases, different selection rules. These
different modes of operation range from light absorption (attenuated total reflectance Fourier
transform infrared, ATR-FTIR, spectroscopy), light scattering (micro-Raman spectroscopy), and
photothermal response (optical-photothermal infrared, O-PTIR, spectroscopy and atomic force
microscopy coupled to infrared, AFM-IR, spectroscopy). We present here an analysis using these
different methods of several oxides/oxyhydroxides, carbonates, nitrates, sulfates, and
aluminosilicate samples as well as a complex, multi-component sample such as Arizona Test Dust
(AZTD). Furthermore, these spectra can be used as a library of information for the analysis and

characterization of mineralogy within different environmental samples.

5.3 Experimental Methods

Sample preparation and sources of materials. Thin films of different minerals were prepared for
analysis. Each thin film prepared for ATR-FTIR, AFM-IR, O-PTIR, and micro-Raman
spectroscopic data collection and analysis originated from the same sample in order to minimize
any additional variables that could affect these samples and their vibrational spectra. Oxide solids
were suspended into milli-Q water at a concentration of 5 mg/mL and then sonicated for two
minutes to de-aggregate the sample. For carbonate, sulfate, and nitrate samples, the concentration
of the stock solutions was 0.1 M. All compounds were purchased commercially, and a compiled

list of the sources of these materials can be found in Table 5.1.
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Table 5.1 Summary of classes of minerals, minerals, CAS numbers and sources used.

Classes of Minerals Minerals CASH# Source
a-FeOOH (Goethite) 20344-49-4 Alfa Aesar
a-Al203 (Corundum) 1344-28-1 Alfa Aesar

Oxides . Nanostructured &
Ti0:2 (Anatase) 13463-67-7 Amorphous Materials Inc.
SiO2 (Amorphous) 7631-86-9 Aldrich Chemistry
NaNOs 7631-99-4 Sigma Aldrich
Carbonates, Sulfates, CaCOs (Calcite) 471-34-1 Alfa Aesar
and Nitrates Na>SO4 7757-82-6 Fisher Chemical
(NH4)2S04 7783-20-2 Fisher Scientific
Kaolinite 1318-74-7 Sigma-Aldrich
Cl_ays _ar_1d Montmorillonite SWy-2 * L CIay_MmeraIs
Aluminosilicates Society
Zeolite (Type 13X) 1318-02-1 Sigma Aldrich
Complex Multi- Arizona Test Dust ISO 12103-1* | Powder Technology Inc.
component Samples

*CAS # is not provided, so specific sample type is provided instead.

A fixed volume of each solution was drop-cast onto a designated substrate and dried. This
produced a thin, geochemical film. For ATR-FTIR spectroscopic measurements, a 1 mL aliquot
of the stock solution was deposited onto a cleaned, Amorphous Material Transmitting Infrared
Radiation (AMTIR) crystal and allowed to air-dry for at least 5 hours. For AFM-IR and O-PTIR
spectroscopic measurements, a 5 pL aliquot of the stock solution was drop-casted onto a cleaned
silica wafer and calcium fluoride (CaF) substrate, respectively, and allowed to air-dry for at least
3 hours. Both substrates were chosen specifically for each respective technique due to the absence
of spectral interference. For single particle AFM images, the same procedure discussed in the text
above was repeated but with a stock solution that was diluted 5-fold to make thinner films are to

reduce the presence of aggregates.

ATR-FTIR spectroscopy: Nicolet iS10 FTIR spectrometer: ATR-FTIR spectroscopy is a

macroscopic measurement technique that is based upon the principles of total internal reflection.
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An incoming broadband infrared light source is reflected internally at the interface between an
optically dense medium, the ATR crystal, and an optically rare medium, the sample, where the
angle of incidence exceeds the critical angle. A peak is detected when the wavelength of light is
in resonance with a vibrational mode, similar to transmission absorption infrared spectroscopy.3¢-
38 The depth of penetration, d,, of this IR beam into the sample can be expressed by Equation

5.136:

d, = —2—— (Eq. 5.1)

. 2
27 Slnzg—n21

Here, A, refers to the wavelength of light divided by the refractive index of the ATR crystal and 6
represents the angle of incidence of the IR beam. n,, is representative of the ratio of the refractive
indices of an optically dense medium (ATR crystal) to the optically rare medium (sample).363 The

absorbance, 4, can be written as a modified Beer’s Law as shown in Equation 5.2,40
A= eNd,c (Eq.5.2)

where ¢ refers to the molar absorption coefficient, which is a function of wavenumber, and N
refers to the number of internal reflections at the interface of the ATR crystal and sample and c is
the concentration.

For ATR-FTIR spectroscopic measurements, a 500 uL Teflon-coated horizontal flow cell,
housing an AMTIR crystal (Pike Technologies) was used. While the capped flow cell can hold
500 pL in liquid volume, when open, the trough of the cell can hold up to 1 mL in liquid volume.

Once the thin films were prepared and dried, infrared (IR), each spectrum was recorded at a
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resolution of 4 cm™ and were averaged over 100 scans in the spectral range from 725 to 4000 cm®
!, For these measurements, a commercial instrument, a Nicolet iS10 FTIR spectrometer (Thermo
Fischer Scientific), equipped with an MCT-A detector is used. The AMTIR crystal has a refractive
index of 2.5, with an angle of incidence at 45°. Each spectrum was processed using the OMNIC
software and plotted with Origin. There were no corrections applied to the ATR data to account
for the wavelength dependent probe depth and anomalous dispersion of the refractive index which

can cause band shifts of ca. 2 to 10 cm™.

O-PTIR and micro-Raman spectroscopy: miRage-Raman. O-PTIR and micro-Raman
spectroscopic data were collected using a mlRage infrared + Raman microscope system
(Photothermal Spectroscopy Corp., Santa Barbara, CA) with a continuous wave, 532 nm laser. O-
PTIR spectroscopy is a technique based upon a photothermal response caused by infrared
absorption of a sample. Unlike traditional transmission IR spectroscopy, this is an indirect method,
whereby the signal acquired from the instrument is a result of a change in the refractive index of
the sample upon absorption of light and simple heating. By using a visible light source that is
collinear to the IR laser beam as the probe, an O-PTIR signal is generated as a response to the
absorption of an infrared photon that is resonant with a specific vibrational mode. This is followed
by warming of the sample which produces a thermal response that is detected by the change in the
refractive index. The modulated probe beam is reflected back to the detector and can be expressed
as APpr, since it is a change in the refractive index of the probe. This change is representative of
the O-PTIR signal, which is linearly proportional to the IR absorbance of the sample, as shown in

Equation 5.3%:
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N
AP, %PWP,R (Eq. 5.3)

The first few terms in Equation 5.3 describe the physical property of the sample, where o is the
absorption cross-section which is a function of wavenumber, N is the number density, « is the heat
conductivity, C,, is the heat capacity and a is the thermo-optic coefficient. The probe and infrared
laser powers are represented by P, and Py, respectively.**** In addition, the Raman scattering
signal is generated simultaneously, as the scattered photons from this modulated signal are then
diverted to a Raman spectrometer®? consisting of a monochromator and CCD detector. These
measurements (O-PTIR and Raman) are simultaneously collected and can provide complementary
spectroscopic features that are useful for mineral identification. Most importantly, this instrument
has a spatial resolution that is determined by its visible light probe, which is on the order of 0.6
pm. 4546

For the O-PTIR spectroscopic data collection, optical images of samples are first collected
with two objectives: a 10x, low magnification, visible objective lens and a 40x, high magnification
reflective Cassegrain objective lens. It should be noted that the O-PTIR spectra are collected with
the 40x reflective Cassegrain objective, while the 10x visible objective is used to provide a lower
resolution optical image of the sample. The system is also equipped with two mid-IR tunable
lasers: a quantum cascade laser (QCL) and an optical parametric oscillator (OPO) laser. In these
experiments, s-polarized light is used. The spectral range for the QCL laser is 755 to 1855 cm™
and the spectral range for the OPO laser is 2600 to 3600 cm™. In addition to the IR lasers, the
mIRage system also yields Raman data in the spectral range of 400 to 4000 cm. Once samples
are prepared onto CaF» substrates, they are placed in the sample compartment of the instrument

for analysis. Settings for probe and IR laser power are determined by optimizing the photothermal
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signal. The probe power ranges anywhere from 0.5% to 19% while the IR laser power ranges from
20% to 100%. For micro-Raman spectral measurements, the most optimal probe power and
integration time are determined by the settings that give the highest signal-to-noise ratio. The probe
power for Raman ranges from 0.2% to 19% while the integration time ranged from 1 to 10 seconds.
All spectra are collected at a resolution of 1 cm™. After data collection, spectra are baseline
corrected using the Photothermal PTIR Studio software and plotted via Origin.

Micro-Raman spectroscopy measures the amount of scattered light from a sample and is
often used for mineral differentiation and identification.*”*® While IR spectra can be obtained
when the changes in the molecular vibrations result in a change in dipole, Raman spectra can be
obtained when these vibrations result in a change in polarizability, which leads to an induced

dipole, as shown in Equation 5.4.490

Hina = AE (Eq 54)

¢ refers to the electric field that is driven by light and the resulting induced dipole moment,

Uing-

AFM-IR spectroscopy: NanolR2. AFM-IR spectroscopy is a hybrid technique that combines the
nanoscale spatial resolution of AFM with the chemical analysis capability of IR spectroscopy by
using the cantilever tip as the detector for IR absorbance. High spatial resolution on the scale of
the tip diameter can be achieved. Like O-PTIR spectroscopy, AFM-IR spectroscopy is also a
photothermal response to absorption of infrared light.> This localized thermal expansion is known

as photothermal induced resonance (PTIR), where the sample expansion is detected mechanically
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through a device that is sensitive to changes in force and displacement, such as an AFM cantilever
tip, which provides nanoscale spatial resolution. Thus, AFM-IR spectroscopy to be used for
chemical characterization of samples as it proportionally relates the thermal expansion to the

cantilever deflection. This transduced signal can be represented by Equation 5.5

Sn(a)n: 0) = HmHAFMHopthhGK(G) (Eq 5-5)

H,, refers to the mechanical contribution from the sample, H,pp, accounts for the cantilever

contribution from the deflection, H,,. is the optical contribution and Hg, is the thermal

contribution. This equation represents the PTIR response as a function of frequency, w,, and
wavelength, o, where the changes in the detected signal are largely dependent on the response of
the sample to the wavelength of light illuminated onto the sample.>*°

For AFM-IR images and spectra, a nanolR2 microscopy system (Bruker, Anasys — Santa
Barbara, CA) is used. Similar to the mIRage-Raman, the system is equipped with a QCL laser,
with a spectral range from 800 to 1800 cm™. It should be noted that the system is also equipped
with a pulsed, tunable optical parametric oscillator (OPO) laser that has a spectral range of 850 to
2000 cm™ and 2235 to 3600 cm™. While this laser offers a range that can provide chemical
information regarding the C-H, N-H, and O-H region, it was not used for this study because the
spectra can only be collected in contact mode, which, due to the roughness of these thin films, was
extremely difficult for image collection. Therefore, tapping mode had to be used in order to collect
clear AFM height images that corresponded with the PTIR spectra. Regardless, the QCL region
provides high quality spectra in the fingerprint region. Once samples are prepared and dried onto

the silica wafer, PTIR spectra and images are collected primarily in Tapping AFM-IR mode, using
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a gold-coated silicon nitride probe (Bruker), with tip radii of ~30 nm, a resonant frequency of 75
+ 15 kHz and a spring constant of 1 to 7 N/m. The scan rate for imaging and mapping varies
depending on the roughness of each thin film but within the range of 0.1 to 0.8 Hz. All images are
collected at a resolution of 512 pixels and all spectra are collected at a resolution of 2 cm™ with s-
polarized light. After data collection, AFM images and PTIR maps are processed using the

Gwyddion software and plotted in Origin.

5.4 Results and Discussion

Vibrational spectroscopy of oxides and oxyhydroxides. Goethite, a-FeOOH, an iron-containing
oxyhydroxide, was chosen as a representative mineral due to its chemical signatures and
prevalence in geochemical interfaces. Figure 5.1 compares the four different vibrational

spectroscopic probes used to analyze goethite thin films over three different length scales.
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Figure 5.1 Comparison of (a) macroscale, (b) microscale, and (c) nanoscale spectral analysis for
goethite (a-FeOOH), collected with ATR-FTIR spectroscopy, O-PTIR + Raman spectroscopy and
AFM-IR spectroscopy, respectively. Point spectra collected using O-PTIR, Raman, and AFM-IR
spectroscopy are shown. In (a), a picture of the thin film on the ATR crystal is shown and the
portion in a black box is expanded further. Optical images of a goethite thin film are presented in
(b) at low magnification (10x) and high magnification (40x) of the region specified by the black
box. AFM 2D-height images of the goethite thin film as well as a single cluster of goethite
nanoparticles are shown in (c). For microscale and nanoscale analysis, the colored point spectra
correspond to the colored dots on the image. The colored dot with the green outline indicates the
region in which the Raman spectrum was taken. Spectra taken on the substrate, for both O-PTIR
and AFM-IR spectroscopy, are shown by the dark gray dot and the gray spectrum.

Thin films prepared for each of the instruments are shown below the different spectra
collected and on the different length scales. Figure 5.1a shows a macroscopic image of a goethite
thin film, where the film appears to be, by visual inspection, homogenous and yellowish in color.
The images taken with the mIRage-Raman system on the edge of the film show smaller clusters
and particles that can be seen on the micrometer length scale. While the film appears to be
somewhat homogenous toward the center of the film in the 10x optical image, the 40x optical
image shows greater variability with thicker and thinner regions. For the nanolR2 system,
individual goethite clusters can be resolved, and the highest spatial resolution image shown gives

amore detailed image of single particles. This progression of images from macroscale, microscale,

and nanoscale imaging is combined with spectral analysis as discussed below.
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The spectral range for each instrument is slightly different due to the different detectors
and/or light sources as already noted in the Materials and Methods section. For ATR-FTIR, O-
PTIR, Raman, and AFM-IR spectroscopies, the spectra regions correspond to 725 to 4000 cm™,
755 to 3600 cmt, 400 to 4000 cm™, and 800 to 1800 cm™, respectively. When the infrared peak
positions of ATR-FTIR, O-PTIR, and AFM-IR spectra are compared with one another, the peak
positions and relative ratios of the peaks are typically within 10 cm™ for sharper peaks and can
increase up to 40 cm™ for much broader peaks. Goethite has two distinct peaks below 1000 cm™,
one near 795 cm™ and the other near 910 cm™. Both of these peaks can be observed in the spectra
for each of the three different measurement modes. These two peaks are assigned to the in-plane
and out-of-plane bending modes of the OH groups, respectively.'?3 The presence of the peak near
795 cmt in the AFM-IR data are not clear because of the nanolR2 system cutoff at 800 cm™. The
broad O-H stretching mode is detected with ATR-FTIR and O-PTIR spectroscopy, as indicated by
the broad band with a peak maximum between 3135 and 3160 cm™.1212

Spectral shifts are observed when comparing spectra between instruments, and this can be
attributed to potential effects from specular reflectance that come from the different substrates
used.*® Differences in spectral intensity with the same technique but for different spots on the same
sample attributed to variation in the sample thickness. For the two laser-based methods, O-PTIR
and AFM-IR, the orientation of the particles within the thin film will be a factor.®”*® Since
polarized light is being used, single particles of different orientation can give rise to different
spectra, the exact differences depend on crystal symmetry. This typically manifests in different

spectral shifts and/or intensity differences.
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Table 5.2 Vibrational mode assignments for goethite, sodium nitrate and kaolinite and frequencies

measured from ATR-FTIR, O-PTIR, AFM-IR and micro-Raman spectroscopies.

Wavenumber (cm™) I Wavenumber (cm™)
ATR- | O-
Sample FTIR | PTIR AFM-IR Assignment Raman Assignment
In-plane Fe-O-Fe, O-H
800 | 796 B O-H bend I 382 symmetric stretch
Out-of-plane Fe-OH
912 908 908 474,552 asymmetric
O-H bend stretch
Goethite -
0115152555 | 1134 | 1140 | 1130 O-H bend Fe-O symmetric
stretch
1662 | 1658 1666 H-O-H bend --
Goethite overtone
1794 | 1784 - bend -
3134 | 3158 -- O-H stretch --
834 | 834 | g3 vz ouorplane ve, in-plane bend
Sodium 1348, ﬁgg 1342, 1352, vs, asymmetric 1070 v1, Symmetric
Nitrate®™%° | 1440 144 4’ 1374, 1396 stretch stretch
B B _ V3, asymmetric
1384 stretch
796, 798,
916, 924, 1852 2826 Al-OH stretch, O-
1026, | 1018, 1080’ 1120’ H bend
1114 | 1118 ’ 3624, 3700 O-H stretch
924, 1998, 1034, In-olane Si-O
Kaolinite®®®4 1026 | 1018, |1056, 1080, F?stretch
1118 1120
3618,
gg% -- - O-H stretch -- -
3696

The novelty of micro-spectroscopic studies lies in the ability to probe smaller length scales since
the spatial resolution is no longer determined by the wavelength of light used, which in the infrared
is on the order of a several microns. With the mIRage-Raman, as shown in Figure 5.1b, point
spectra can be resolved on the order of sub-microns. The simultaneous acquisition of micro-Raman
spectra provides information about Raman active modes are used for mineral chemical

identification, especially for more complex samples. Figure 1b shows a micro-Raman spectrum of
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goethite with several identified at 382 cm™, 474 cm™ and 552 cm™, and 684 cm™, which are
assigned to Fe-O-Fe stretching modes, Fe-OH asymmetric stretching modes, and Fe-O symmetric
stretching modes, respectively.®>"® Peak positions and assignments for the micro-Raman spectrum
of goethite are also given in Table 1. Most importantly, micro-Raman spectra provide low
frequency vibrations below 700 cm that are particularly useful for mineral identification. There
is more variation in the intensity of the AFM-IR spectra. Point spectra can be obtained on particles
or clusters as shown in Figure 1c, that are below the of the mIRage-Raman system. In addition, a
single goethite nanocluster can be spatially resolved. One point that should be highlighted is that
each spectrum collected is for a 30 nm spot in the lateral plane.

Measurements were also made on several oxide samples. Spectra for corundum (a.-Al203),
anatase (TiO2) and amorphous silicon dioxide (SiO2) are shown in Figure 5.2. The differences
within the O-PTIR spectra can be attributed to a few factors. These thin films, which are crystalline
powders by nature, are composed of single particles which can be oriented differently with respect
to the polarization of the infrared beam. Combined with the local thickness variations within these
films, small spectral shifts and differences and intensities are observed as already noted for AFM-

IR data.’’%°
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Figure 5.2 Images and spectra recorded for different oxide minerals — corundum, anatase and
silicon dioxide (amorphous) utilizing ATR-FTIR spectroscopy, O-PTIR and Raman spectroscopy

and AFM-IR spectroscopy.
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This is clearly seen for the O-PTIR spectra of corundum, where the progression from dark red, red,
to pink spectra indicates higher intensity of the 816 cm™ band. The different mineral films have
different degrees of roughness as some thin films dry more uniformly than others. For example,
titanium dioxide is very densely packed, as can be seen by the low magnification image in Figure
5.2, unlike silicon dioxide which has a dense ring on the outside and a less uniform center portion.
For mineral oxides like aluminum and silicon oxides, the AFM images were difficult to collect
due to differences in height along the film. However, the titanium dioxide sample consisted of
anatase nanoparticles, which were resolved very clearly with the nanolR2. For samples like
titanium dioxide, the micro-Raman spectrum can be extremely helpful in identifying which phase
is present as different phases of titanium dioxide — rutile, anatase and brookite — all have different
low frequency modes.>®® In the case of amorphous SiO,, there was considerable fluorescence

observed from the sample (see Figure 5.2).

Table 5.3 Vibrational mode assignments of different mineral oxides from infrared spectroscopy
utilizing ATR-FTIR, O-PTIR, and AFM-IR spectroscopy.

-1

Sample Wavenumber (cm-) Assignment
ATR-FTIR O-PTIR AFM-IR
Corundum (a-Al,03)! 820 816 818 Al-O stretch
Anatase (TiOy) 2 802 802 808 Ti-O stretch
. 814 824 822 Si-O stretch
34
Amorphous SI02*" 96841250 | 1064, 1220 1086 Si-0-Si stretch

Specific IR and Raman peak assignments for these compounds are listed in Table 5.3 and Table

5.4, respectively.
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Table 5.4 Vibrational mode assignments of different mineral oxides from micro-Raman
spectroscopy.

Sample Wavenumber (cm) Assignment
Raman
Corundum (a.-Al203)° gggg O-H stretch
396 O-Ti-O bend
Anatase (TiOy) 58 519 Ti-O stretch
638 Ti-O bend
Amorphous SiO> Fluorescence signal observed -

Vibrational spectroscopy of Nitrates, Carbonates, and Sulfates. Figure 5.3 shows vibrational
spectra collected of sodium nitrate thin films and individual particles. Sodium nitrate has distinct
vibrational peaks due to the symmetric and asymmetric stretching and bending modes of nitrate
anion. For infrared modes, ATR-FTIR, O-PTIR, and AFM-IR spectroscopy show the most intense
bands associated with the asymmetric stretch of the nitrate anion in the region between 1342 to

1444 cm™ (vide infra).5!
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Figure 5.3 Comparison of (a) macroscale, (b) microscale, and (c) nanoscale spectral analysis for
sodium nitrate thin films, collected with ATR-FTIR spectroscopy, O-PTIR + Raman spectroscopy
and AFM-IR spectroscopy, respectively. Point spectra collected using O-PTIR, Raman, and AFM-
IR spectroscopy are shown. In (a), a picture of the thin film on the ATR crystal is shown and the
portion in a black box is expanded further. Optical images of a sodium nitrate thin film are
presented in (b) at low magnification (10x) and high magnification (40x) of the region specified
by the black box. AFM 2D-height images of the sodium nitrate thin film as well as a sodium nitrate
cluster are shown in (c). For microscale and nanoscale analysis, the colored point spectra
correspond to the colored dots on the image. The colored dot with the green outline indicates the
region in which the Raman spectrum was taken. Spectra taken on the substrate, for both O-PTIR
and AFM-IR spectroscopy, are shown by the dark gray dot and the gray spectrum.

The image of a sodium nitrate thin film on the ATR crystal (Figure 5.3a) shows that sodium
nitrate does not dry evenly on the ATR crystal as it aggregates into irregular-shaped clumps along
the ATR crystal. The 40x optical image shows patches of sodium nitrates clusters, as seen by the
different reflective regions within the thin film. Utilizing AFM, Figure 5.3c offers a closer look at
the edge of a sodium nitrate thin film as well as individual particles. The AFM 2D height images
show that these sodium nitrate particles are irregular-shaped with varying heights. The 20 um x
20 um image of the thin film shows that the thin film is oriented in a way where the nitrate clusters

are packed together to form taller, 2 um films. However, from the 5 um x 5 um image shown on

the right side, the nanoscale features indicate the variance in height within a single particle. Each
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of these features do not appear to be nano-sized, but with the nanolR2 system, the heterogeneity
within these clusters can be probed effectively.

For sodium nitrate, there are two important variations that should be noted when comparing
the macroscopic nitrate spectra across s scales and with different techniques. Most notable are the
differences in the spectral region from 1340 to 1445 cm™, which can be clearly observed in terms
of peak frequency, peak shape, and relative intensity. The nitrate anion has a Dzn symmetry and
has four vibrational modes — v1, v2, v3, and vs — which represent the symmetric stretch, out-of-
plane deformation, asymmetric stretch and in-plane bend, respectively. The vz nitrate asymmetric
stretching mode is the most prominent peak and it is also doubly degenerate, and its vibrational
mode frequency shifts the most in different local environment and changes in symmetry due to
hydration state, crystallinity and coordinating cations. The loss of symmetry is evident by the v3
nitrate asymmetric stretching mode splits into two modes: a broad band from 1342 cm™ to 1444
cm? and a sharper band at 834 cm™. This splitting is highly dependent on the reduction in
symmetry and distortion of the nitrate anion away from Dz, symmetry, which depends on the
hydration, crystallinity, and coordination environments. For example, even in the hydration sphere
of bulk aqueous systems, the v1 mode, albeit quite weak, becomes infrared active.®?-%° In addition,
the spectra of highly crystalline compounds of high symmetry will depend on light polarization.®’
The effect of polarized light on infrared spectra of crystalline nitrates showed the changes in nitrate
absorptions using different light polarizations. *°® Additional for crystalline anisotropic materials
variations and their interactions with polarize light from microspectroscopic probes have showed
variations in spectral intensities and peak positions.®* Microspectroscopic techniques, therefore,
may provide insights into the local microenvironment as well as heterogeneities of the sodium

nitrate thin film.
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For the ATR-FTIR spectrum in Figure 5.3a, it can be seen that there is a very broad peak
centered around 1384 cm, increased spatial resolution can contribute in deconvoluting a broad
spectrum to spectra with more defined peaks. In addition, to the asymmetric stretch, there is
sharper band at 834 cm™ due to the out-of-plane nitrate bend. O-PTIR spectroscopy can offer
more insight into differences in the local nitrate environment. For example, there are differences
in the peak maximum observed for different parts of the film, in the spectrum labeled as 1 (pink)
in Figure 5.3b the peak maximum observed at 1350 cm™ whereas the spectrum labeled 2 (red) the
peak maximum is shifted to higher frequencies 1390 cm™. Additionally, the spectrum labeled 3
(dark red) shows to have a doublet within the same region. For these three spectra, there is also a
small shoulder ca. 1445 cm™. The AFM-IR spectra also shows variability. In particular, spectrum
1 (light periwinkle) has a major peak at 1396 cm™ and spectrum 2 (periwinkle) exhibits a doublet
at 1368 cm™ and 1396 cm™. The differences in peak intensity can also be observed, with Spectrum
3 (blue) in Figure 5.3b and Spectrum 4 (dark blue) in Figure 5.3c, having the lowest peak intensity.
While the differences in intensity or minor peak shifts can be attributed to changes in substrates
and sample thickness, the major differences in the peak positions are more likely due to changes
that occur in the nitrate symmetry — due to differences in crystallinity and the presence of small
amounts of water due to incomplete drying.

Although differences in the infrared spectra were evident of different nitrate local
environments, the micro-Raman spectra were consistent across all spectra, and a single spectrum
is shown in Figure 5.3b. There are three distinct Raman peaks at 720 cm™, 1070 cm, and 1384
cm® which are representative of the NO3z™ va, in-plane bend, v1, the symmetric stretch, and vs, the

asymmetric stretch, respectively.
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Other minerals investigated include calcite, sodium sulfate, and ammonium sulfate. Calcite

has distinct peaks at 874 cm™, 1400 to 1514 cm™, and 1796 cm™ (Table 5.5).

Table 5.5 Vibrational mode assignments of different carbonates and sulfates from infrared
spectroscopy utilizing ATR-FTIR, O-PTIR, and AFM-IR spectroscopy.

Wavenumber (cm™?) :
Compound ATR-FTIR O-PTIR AFM-IR Assignment
874 874 874 v2, Out-of-plane
bend
. . 1400, 1444, 1424, 1458, v3, Asymmetric
9-11
Calcite (CaCO3) 1432 1514 1504 stretch
Combination
1796 1796 - bands (1 + v4)
997 992 990 v1, SO4% stretch
Sodium Sulfate'**3 1130, 1171 1104, 1128 N
1125, 1184 1188 1188 v3, SO4° stretch
1080, 1110, 2.
Ammonium 1082, 1164 1090, 1170 1130, 1160 v3, SO4° stretch
Sulfatel415 1412 1420 1416 va, NH4" stretch
3040, 3208 3206 -- v3, NH4" stretch

These bands represent the out-of-plane bending, asymmetric stretching mode, and a
combination band, of the carbonate ion, respectively.®6-% The variation in the intensity and small
spectral shifts for calcium carbonate can be attributed to the differences in thickness. These
features are representative for different carbonate phases but with slightly different frequencies. In
addition, nanoscale features for calcium carbonate clusters can be resolved. These clusters are
small and are seen aggregating when cast into a thin film. The micro-Raman spectrum of calcite
shows a combination of bending and stretching modes of carbonate at 714 cm™, 1090 cm™ and
1440 cmt, respectively. The 1758 cm™ peak in the Raman spectrum is most likely attributed to a

combination band.®® The Raman peaks are summarized and assigned in Table 5.6.
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Table 5.6 Vibrational mode assignments of different carbonate and sulfates from micro-Raman
spectroscopy.

Compound Wavenumber (cm) Assignment
Raman
714 v4, in-plane bend
V1, Symmetric
1090 stretch
Calcite (CaCO3)'® 1440 vs, asymmetric
stretch
Combination
1758 bands (v1 + v4)
456 v2, SO4% stretch
. 1718 630 va, SO4” stretch
Sodium Sulfate 990 v1, SO4? stretch
1126 v, SO4% stretch
446 vz, SO42 stretch
Ammonium 618 va, SO4? stretch
Sulfate'17-20 973 v1, SO42 stretch
3143 N-H stretch

Like nitrates, sulfates are ubiquitous oxyanions in the environment. The vibrational
frequencies for the sulfate anion also depend on hydration state as well as the local environment.
For the unperturbed anion, sulfate is of tetrahedral symmetry.”®"? These shifts for both sodium
and ammonium sulfate that are observed in the spectra are listed in Table 5.5. There are also some
major differences in intensity and the presence of different bands. For example, the spectrum
shown in pink for sodium sulfate has a stronger 992 cm™ than the others. This is observed in the
spectrum shown in dark red for ammonium sulfate, where the 866 cm™ is more prevalent than in
the red spectrum. For ammonium sulfate, similarities between the vs SO4? stretching mode in the
1080 to 1170 cm™ region and the v, NH4* stretching mode in the 1412 to 1420 cm™ region are
seen between different scales.”®’2* However, there are notable differences in the intensity seen
in the point spectra. For example, for the AFM-IR spectra in Figure 5.4 for the three different

regions.
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Figure 5.4 Images and spectra recorded for different carbonate and sulfate minerals — calcite,
sodium sulfate and ammonium sulfate utilizing ATR-FTIR spectroscopy, O-PTIR and Raman
spectroscopy and AFM-IR spectroscopy.
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For these two compounds, the optical images from the mIRage-Raman display their
crystalline nature most accurately, compared to the 20 um x 20 um images collected with the
nanolR2 system. The crystalline nature of these compounds results in a thin film that is extremely
rough, with jagged edges that are extremely difficult to image with AFM. The micro-Raman
spectra of sodium and ammonium sulfate overlap in three regions: (1) at 446 to 456 cm™,
representing the v2 SO4% stretching mode, (2) at 618 to 630 cm™, representing the va4, SOs*
stretching mode, and (3) at 973 to 990 cm™, representing the v1, SO4> stretching mode.”> "8 In
addition to these peaks, sodium sulfate has a small band at 1126 cm™ which has been assigned to
the v3 SO4> stretching mode.”® Consequently, ammonium sulfate has a relatively broad peak at
3143 cm™ due to the N-H stretching modes that are specific to this compound.”"":"® Specific IR

and Raman peak assignments for these minerals are listed in Table 5.5 and Table 5.6, respectively.

Vibrational spectroscopic analysis of aluminosilicates: clays and zeolites. Figure 5.5 shows
vibrational data for kaolinite, a clay mineral, which is known to contain different stoichiometric
ratios of alumina and silica derivatives.”® Figure 5.5a shows a very lightly colored beige film that
uniformly adheres to the ATR crystal. Upon closer inspection of the film with the mIRage-Raman,
small features that vary in size and reflectivity are seen in the low magnification, 10x image. The
AFM height image shows that this film is thick, at 5 um in height. Unlike goethite and sodium
nitrate, for kaolinite there were not obvious single particles but instead particles were associated

with the film.
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KAOLINITE
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Figure 5.5 Comparison of (a) macroscale, (b) microscale, and (c) nanoscale spectral analysis for
kaolinite thin films, collected with ATR-FTIR spectroscopy, O-PTIR + Raman spectroscopy and
AFM-IR spectroscopy, respectively. Point spectra collected using O-PTIR, Raman, and AFM-IR
spectroscopy are shown. In (a), a picture of the thin film on the ATR crystal is shown and the
portion in a black box is expanded further. Optical images of a zeolite thin film are presented in
(b) at low magnification (10x) and high magnification (40x) of the region specified by the black
box. AFM 2D-height images of the kaolinite thin film are shown in (c). For microscale and
nanoscale analysis, the colored point spectra correspond to the colored dots on the image. The
colored dot with the green outline indicates the region in which the Raman spectrum was taken.

Spectra taken on the substrate, for both O-PTIR and AFM-IR spectroscopy, are shown by the dark
gray dot and the gray spectrum.

(st} jugfyony

An ATR-FTIR spectrum of kaolinite is shown in orange in Figure 3a. The spectrum shows
an intense triplet at 916 cm™, 1026 cm™, and 1114 cm™, as well as peaks in the O-H stretching
regions from 3620 to 3700 cm™. This region is indicative of aluminosilicate derivatives in clays
as well as zeolite or mineral oxides such as aluminum oxide and silicon dioxide, as shown in Table
5.3.7°82 It should be noted that the relative intensities of the three peaks is that the 1026 cm™ is
highest in intensity, followed by the 916 cm™ peak, and then the 1114 cm™ peak.

The heterogeneity of the kaolinite sample is evident with the data collected with the
mIRage-Raman system, where the ratio of the three main peaks differs within each spectrum in
the O-PTIR spectra. For example, in Figure 5.5b, the spectra labeled as 1 (light pink), 3 (red) and

(dark red), show ratios of the three peaks resembles that of the ATR-FTIR spectrum in Figure 5.5a
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qualitatively but quantitatively are different. In addition, the peak at 1018 cm™ is broader in 3 (red)
than 1 (light pink) whereas the peak at 924 cm™ is sharpest for 1 (light pink). Furthermore, the
spectrum labeled 2 (pink), has a different ratio, where the 924 cm™ band is the strongest, followed
by the 1018 cm™ and 1118 cm™. Lastly, for Spectrum 2, there is a more intense 798 cm™ peak,
which may be indicative of the Al-O bending mode.® This peak is also as a minor contribution in
the ATR-FTIR spectrum in Figure 5.5a. From this microscale spectral analysis, evidence for
heterogeneity is uncovered by the differences in intensity of the point spectra as well as differences
in the ratios.

With AFM-IR spectroscopy, greater insights into local heterogeneities can be explored.
Four spectra collected on different locations of the 20 um x 20 um region is shown in Figure 5.5c.
Significant differences in these spectra are important to note. Figure 5.5c, the spectrum labeled 1
(light periwinkle), has a prominent doublet at 1080 cm™ and a more intense 1120 cm™. Unlike that
shown for 2 (periwinkle) and 4 (dark blue), where the 920 cm™ peak is absent, suggesting an
absence of alumina derivatives in that region. In Figure 5.5c, the spectrum labeled 2 (periwinkle)
is also particularly interesting, as it has a strong 920 cm™ bending mode, along with sharper peaks
at 998 cm™ and 1120 cm™ but a broad peak centered at ca. 1070 cm™. This may suggest a strong
presence of silica derivatives coupled to alumina and potentially other phases. Lastly, the spectrum
labeled 3 (blue) is low in spectral intensity and has a broad peak from ca. 1000 cm™ to 1120 cm™.
This region most likely is comprised of several silica derivatives, as it appears to be more poorly
resolved compared to the other spectra. Overall, the nanoscale spectra provide the greatest amount
of information about heterogeneity. The varying stoichiometric ratios of silica and alumina
derivatives are expected, as clay minerals such as kaolinite are made up of tetrahedral and

octahedral sheets of such compounds.
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The micro-Raman spectrum of kaolinite shows high background signal indicative of
fluorescence from the sample and two distinct features on top of that attributed to the inner and
outer hydroxyl groups, at 3624 cm™ and 3700 cm™, respectively, as seen in the ATR-FTIR
spectrum. The positions of these hydroxyl groups refer to where they are situated along the inner
and outer planes of a kaolinite unit cell. Kaolinite is known to have two other outer hydroxyl
groups that are not clearly resolved by the Raman spectrum shown, which may be due to the
presence of other aluminosilicates that are present.8*8 The fluorescence observed in the micro-
Raman spectrum of kaolinite resembles the spectra of Arizona Test Dust and montmorillonite, as

can be seen in Figure 5.6 and 5.7, respectively.

800 1600 2400 3200 4000
Wavenumber (cm‘1)

Figure 5.6. Raman spectrum for Arizona Test Dust (AZTD). As can be seen, fluorescence signal
is observed.

Although fluorescence is commonly observed in such samples, the reasons for this vary. Ritz et al.
suggests that fluorescence could occur due: (1) presence of organic matter, (2) presence of iron
embedded into the clay mineral structure, and (3) even settings for Raman spectral data
collection.®5-8 Kaolinite is not known to contain high levels of cations such as iron or organic
matter. However, both Ritz et al. and Frost et al. both suggest that fluorescence for clay minerals

can be heavily dependent on its sources as well as the wavelength of light used for analysis.®86:8

For example, it appears that the 1064 nm laser is preferred over the 532 nm laser for SWy-2 type
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of montmorillonite, which exhibits fluorescence, consistent with what is seen in Figure 5.7. This

information suggests that the fluorescence observed in this study is due to the presence of cations

embedded in the mineral structure.
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Figure 5.7 Images and spectra recorded for different aluminosilicates — montmorillonite and

zeolite utilizing ATR-FTIR spectroscopy, O-PTIR and Raman spectroscopy and AFM-IR

spectroscopy.

The physical and chemical behavior exhibited by kaolinite is similar to some of the other

aluminosilicate clays, zeolites, and complex multi-component samples. Optical and AFM images

as well as chemical spectra of montmorillonite and zeolite are presented in Figure 5.7. A consistent
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observation seen between all three types of spectra collected is that these compounds all show
broad ATR-FTIR spectrum. When probed on the microscale, small differences in the spectra can
be resolved, whether it be in intensity differences, as clearly shown by the zeolite O-PTIR spectra,
or in peak-to-peak ratio shifts, as shown in the montmorillonite O-PTIR spectra. This is

summarized in Table 5.7.

Table 5.7 Vibrational mode assignments of different aluminosilicates from infrared spectroscopy
utilizing ATR-FTIR, O-PTIR, and AFM-IR spectroscopy.

Wavenumber (cm? )
Compound ATR-FTIR O-PTIR o) AFM-IR Assignment
870 874 868 Al-Fe-OH bend
1024, 1056, 1056, 1062, .
Montmorillonite? | 1110, 1176 | 10241114 1108, 1176 SI-O stretch
1626 -- -- O-H bend
3628 -- -- O-H stretch
Al-O or Si-O
912, 963, 1062 | °+% fggé %83, | 912, 91%%21002’ asymmetric
Zeolite? stretch
1434 1412 1408 AlQ4 tetrahedra
1650 1630, 1650 1630, 1656 O-H bend
3218 3130, 3218 - O-H bend

The zeolite sample is the only sample that showed a high quality micro-Raman spectrum. The
vibrational mode assignments for the micro-Raman spectrum are given in Table 5.8. These micro
and nanoscale differences most likely are contributed to in part to different chemical environments
since compounds in this class of minerals are more heterogenous and complex by nature than the
other minerals discussed above although crystal orientation and anisotropic crystal materials can

result in intensity variations and peaks present.%’-101
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Table 5.8 Vibrational mode assignments and observation of fluorescence for different

aluminosilicates and for AZTD

Wavenumber (cm™?)

Compound Assignment
Raman
Montmorillonite Fluorescence signal observed —
Al-O-Al or Si-
492 O-Si stretch
713 Si-O bend
' 973 AI-(_)-AI stretch,
Zeolite?> % SiOy stretch
1048 Al-O bend, Si-O
bend
1107 Si-O stretch
3446 O-H stretch

Arizona Test Dust
(AZTD)

Fluorescence signal observed

Vibrational spectroscopic analysis of complex, multi-component sample: Arizona Test Dust.

Mineral aerosols play an important role in the chemistry that occurs in the atmosphere, as they not

only are transported great distances but they also contribute significantly to the global budget of

such other aerosols and gases.*>%%%! Arizona Test Dust has been used as a proxy for natural dust

samples as it is easily accessible and well characterized in composition.®2 Much of these aerosols

originate from desert dust sources, and AZTD is a great model system to study as it contains a

myriad of different elements, such as aluminosilicates, iron oxides, calcium carbonate, and

potassium nitrate.3294% In Figure 5.8, the spectral heterogeneity of AZTD, a complex, multi-

component sample, is compared using three different vibrational spectroscopic probes at

macroscale, microscale, and nanoscale resolution.
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Figure 5.8 Comparison of infrared spectra collected for Arizona Test Dust (AZTD) from the three
different instruments used in this study (a) Nicolet iS10 spectrometer (ATR-FTIR spectroscopy),
(b) nanolR2 (AFM-IR spectroscopy), and (c) mIRage-Raman (O-PTIR spectroscopy). A high
magnification (40x) image of an AZTD thin film is shown in (b) while an AFM 2D height image
is shown in (c). Selected point spectra are shown. Colored dots on the regions of the corresponding
images match each of the colored spectra.

Consistent with what has been observed for the aluminosilicates, AZTD shows similar
features in the ATR-FTIR spectrum from 725 cm™ to 1300 cm™, as shown in Figure 5.8a. The
ATR-FTIR spectrum also indicates a peak at 1432 cm™ which is attributed to the presence of
carbonates, as seen in Table 5.5. O-PTIR spectra show variation in intensity and peak position.
The high magnification optical image of AZTD depicts a highly heterogenous samples, with
features that are more spherical or trapezoidal that vary in height, size, color, and shape, layered
on top of one another. The nanoscale perspective by the AFM image provides quantitative

information about the roughness of these samples, indicating that the height of the film can reach

as high as 5um.
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When comparing the spectra obtained between the mIRage-Raman and nanolR2, there are
clear variations observed in the 980 cm™ to 1200 cm region. In Figure 5.8b, the spectra labeled
1 (orange) and 2 (purple) exhibit broad peaks at 912 cm™ and 994 cm™, respectively. These two
regions suggest the presence of aluminosilicate derivatives. For example, spectra labeled 3 (green),
4 (blue), and 5 (red) all have a band ca. 780 cm™, which is indicative of alumina as well as iron.%*
Among these spectra, there is more variation in the ca. 1000 cm™ to ca. 1200 cm™ region, which
suggests the varying stoichiometric ratios of alumina and silica, as well as the presence of some
sulfates, which are known to be a component of AZTD.%3% Broader spectral features for the O-
PTIR spectra are attributed to the difference in spatial resolution, being able to distinguish between
various minerals and components that make up this complex sample.

Figure 5.8c provides additional evidence of the different species that compose AZTD. The
five spectra in Figure 4c are distinct from one another. The spectra labeled 3 (purple), 4 (orange),
and 5 (teal) show bands below 866 cm™. In this region, we can expect alumina derivatives as well
as carbonate derivates, as indicated by aluminum oxide and calcium carbonate in Table 5.3 and
5.5, respectively. On the other hand, the spectra labeled 1 (green) and 2 (pink) are absent of these
peaks but are much richer in silica and sulfate derivatives. The data collected here can be used to
better understand the composition of these complex mineral samples, along with other
complementary to other techniques. For example, Cwiertny et al. has characterized AZTD using
XRD and SEM-EDX and found that this sample contained quartz and aluminosilicates with
interlayer cations such as iron.®® The presence of iron can be the reason for the observed
fluorescence of AZTD that is observed in the Raman spectrum shown in Table 5.8, consistent with

the previous discussion on the source of for fluorescence in clay minerals.26:88
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Chemical maps provide additional insights into the heterogeneity in these sample, by
spatially resolving the distribution of the absorption bands that are present within a selected region.
In order to generate chemical maps, the QCL laser is tuned to specific wavelengths resonant with
peaks in the spectra. Chemical maps that were collected on the microscale and nanoscale using O-
PTIR and AFM-IR spectroscopies are shown in Figure 5.9. The images and spectral maps collected
with O-PTIR spectroscopy are 125 um x 165 um whereas for AFM-IR spectroscopy, they are 15
pm x 15 pum. as the specific wavenumbers chosen for these spectral heat maps are based on the
spectra that were obtained in Figure 4. With AZTD, there are two main regions that are distinct —
a sharp peak below 868 cm™, representing in-plane bending modes of carbonates, and a more

complex region around 910 to 1265 cm™, representing aluminosilicate derivatives.®%%

(a) mIRage-Raman: O-PTIR Spectroscopy (b) nanolR2: AFM-PTIR Spectroscopy
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Figure 5.9 Comparison of spatial heterogeneity detected in Arizona Test Dust (AZTD) on micro-
and nanoscales: (a) mIRage-Raman (O-PTIR spectroscopy) and (b) nanolR2 (AFM-IR
spectroscopy), respectively. The optical images are shown at both 10x and 40x magnification as
identified by the black box region in the 10x image. The chemical map images are at 10x
magnification of a 125 pum x 165 pum region. The AFM 2D height image of an AZTD thin film
with spectral maps are shown for a 15 pm x 15 um region. The boxed areas in white highlight
specific regions in which spatial heterogeneities are observed on both the microscale and nanoscale
level.
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Figure 5.9a shows six chemical maps at different wavenumbers collected for a specific
region of an AZTD thin film with the mIRage-Raman. At a glance, the O-PTIR maps look very
similar; however, the microscopic differences present in the white boxes provide different
information. The 781 cm™ and 801 cm™ O-PTIR maps differ from the rest of the chemical maps,
which show a highly IR active circular particle near the center of the white boxes. This suggests
that the particle contains components that are IR active at 913 cm™, 991 cm™, 1032 cm, and 1159
cm*, which can be assigned to aluminosilicates, consistent with the O-PTIR spectra shown in
Figure 5.9. Moreover, the red-colored hot spots that are specific to the 781 cm™ and 801 cm™
suggest regions in which iron or aluminum oxide could be enriched, as these are close to the
frequencies reported in Table 5.3. Figure 5.9b shows AFM-IR chemical maps, where the white
boxes highlight nanoscale heterogeneity. The 848 cm™ and 868 cm™ maps exhibit similar features
that are significantly distinct from the maps at 980 cm™, 1070 cm™ 1100 cm™, and 1170 cm™.
However, these maps show differences as well within different regions of the sample, providing
insights into the different ratios of species present. Using Figures 5.3, 5.5, and 5.7, the 980 cm'?
and 1070 cm™ maps show where pockets of either pure aluminum oxide or silicon dioxide, as well
as aluminosilicates such as montmorillonite or zeolite, exist. In addition, the maps at 1100 cm*
and 1170 cm™ show where other components, such as sodium sulfate, are potentially present as
well. These spectral maps of the different features provide detailed evidence of the heterogeneity
of this sample due to the different components present within it and are complementary to the
heterogeneity of the spectra collected in Figure 5.9. By combining both microscopy and
spectroscopy together, the heterogeneity of complex materials and the thin films that they form

become evident.
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5.5 Conclusion

We have investigated the use of several different vibrational spectroscopic methods to probe
geochemical thin films and particles across different length scales from the macro- to the micro-
to the nanoscale. Several important conclusions come from this comparison: (1) the intensities and
frequencies for single component mineral thin films differ between the different vibrational
methods used because of different modes of operation and selection rules; (2) heterogeneities can
be seen in the intensities across films measured on micro and nanoscales; (3) for these thin films,
both single component films and more chemically complex, AZTD sample, spectra collected on
the micro and nanoscale spectra show variability. These variabilities can be due to local chemical
environments — including coordination mode, impurities and structural heterogenies as well as
different chemical components for AZTD. In addition, in some cases polarization effects due to
crystalline particle orientation can contribute to variation in spectra for these laser-based
microspectroscopic probes.’’1% Amongst the three methods, AFM-IR spectroscopy requires the
greatest amount of time for spectral and image data collection but can provide the most detailed
information about local environments for thin films and single particles. Overall, this study
provides an overview of these different vibrational methods for physical and chemical
characterization of different minerals and geochemical thin films that play a critical role in
interfacial geochemistry occurring at the interface of the atmosphere/geosphere and

hydrosphere/geosphere.
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CHAPTER 6
APPLICATIONS OF MICRO-SPECTROSCOPY IN PROBING
OTHER ENVIRONMENTAL SYSTEMS

In this dissertation thus far, it is shown how micro-spectroscopic probes can be used as a tool to
study the heterogenous interactions occurring along geochemical interfaces. However, these
probes can also be used to probe the physical and chemical properties of substrate deposited
aerosol particles relevant to both indoor and outdoor settings. This chapter discusses collaborative
efforts using these tools to investigate the deposition of atmospheric aerosols on surfaces both
purposefully, through particle deposition for the collection of sea spray aerosols, and
unintentionally, through particle deposition on surfaces occurring in indoor environments due to
different human activities and environmental scenarios. More specifically, the application of
atomic force microscopy-photothermal infrared (AFM-IR) spectroscopy on indoor surfaces in the
presence of common household events such as cooking and wildfire smoke intrusion as well as on

outdoor environments such as substrate-deposited sea spray aerosol (SSA) are explored.

6.1 Introduction

The first part of this chapter focuses on collaborations using AFM-IR spectroscopy of
single particles involving sea spray aerosols. Sea spray aerosols (SSA) are aerosols that are
generated from the bursting of air bubbles when they are released from the wave breaking motion
of the ocean.®™ Like other atmospherically relevant aerosols, SSA can directly influence the

radiative budget of Earth both directly and indirectly, by scattering solar radiation or acting as
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cloud condensation nuclei.>>° They are also highly complex in composition, and contain a mixture
of organic, inorganic, and biological species that originate from the seawater directly or transferred
from the sea surface microlayer.:261%11 This results in SSA that are highly diverse and different
in size, morphology, and origin, allowing for these particles to participate in many types of surface
chemistry that influence the biogeochemical cycling in the atmosphere.2®>12 When SSA are
released and transported through the atmosphere, they can undergo atmospheric aging due to
transformations from physical variables such as relative humidity, or from chemical variables such
as reactions with oxidants, via OH radicals and ozone.>**-1® While the physicochemical properties
of particulate SSA have been studied previously and are complex, due to the size-dependent
chemical composition to date, there have not been many studies that investigate the effects of SSA
as a result of SSA formation on variables such as windspeed and aging on a single particle level.
(REF). With a microspectroscopic technigque such as AFM-IR spectroscopy, this complexity can
be probed to better understand how SSA behaves in the atmosphere.

The second campaign involved this chapter on collaborations using AFM-IR spectroscopy
of single particles involves deposition of biomass burning particles on to surfaces present in indoor
environments. Since 2020, there has been a notably increasing number of wildfires around the
world, especially in California. While these wildfires have had disastrous impacts on forests and
buildings, they have also begun to affect indoor environments as the smoke permeates into homes
and spaces in which humans spend the majority of their time inside.!” The introduction of smoke
to these environments is a point of concern, as biomass burning aerosols that get into homes are
known to contain many primary and secondary air pollutants that are extremely harmful for human
health.'®° Therefore, in order to create cleaner and safer indoor environments that have been

affected by wildfire smoke, it is important to understand the types of particles that are being
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deposited onto indoor surfaces.?® Through microspectroscopic techniques like AFM-IR
spectroscopy, we can start to identify the different types of macromolecules these smoke particles
are composed of, to eventually understand how it transforms on indoor surfaces and in the indoor
we breathe.

The third application discussed in this chapter explores the potential of shale as a sink for
hydrogen storage by investigating how high pressures of hydrogen interact with shale as
determined by AFM-IR and O-PTIR spectroscopy. Shale is a type of sedimentary that is often
formed from hydraulically fractured wells used for oil and gas recovery.?2% Shale can be
characterized and categorized in a variety of different ways, due to its complex nature. It can be
categorized by region or by its physicochemical properties such as permeability, pore size,
composition, etc. Shale can be found in 28 major basins across the US, each of which vary in size
and composition.?-23 Eagle Ford shale, the shale used in these studies, comes from the Western
Gulf Basin, which encompasses the southeastern Texas region and is comprised of carbonates,
quartz, clays, and other minerals.??2°

Shale has been of particular interest in the past few decades due to its potential as a method
to provide affordable energy and reduce greenhouse gases. Thus, research has focused on how
shale interacts with energy relevant gases such as carbon dioxide and hydrogen. CO: can be used
to increase shale production, enhance hydrocarbon recovery, or as a fracturing agent.?*?* The
reactivity of shale with hydrogen gas has recently been of interest due to its potential as a possible
sink for subsurface dissolved hydrogen.?®® Thus far, hydrogen gas has been shown to
significantly alter the mineral composition via mineral dissolution or precipitation.?®?° However,

the lack of experimental evidence in regard to how these reactions impact shale structure and the
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reactions that occur with the different mineral components such as oxides, clays and carbonates is

one of the barriers to moving forward with this development.?6:2

6.2 Micro-spectroscopic Analysis of the Effects of Aging and Wind Speed on

Substrate-Deposited Marine Sea Spray Aerosol

Aerosol generation and AFM-IR data collection and analysis of marine SSA. Samples used for
both studies were prepared for two different campaigns organized by the NSF Center for Aerosol
Impacts on Chemistry of the Environment (CAICE), that involved a wave-simulation channel
facility, containing filtered seawater from La Jolla, California. Two different collaborative studies
were held across two campaigns. The first study, that investigated the effects of aging on marine
SSA, was held in 2019 through a campaign called Sea Spray Chemistry and Particle Evolution
(SeaSCAPE) using the wave flume in the hydraulics laboratory down at Scripps Institution of
Oceanography. The second study, which explored the effects of wind speed on marine SSA, was
held in 2022 using a newly constructed ocean-atmosphere facility. This campaign was called
Characterizing Atmospheric-Oceanic parameters of SOARS (CHAOS). SOARS stands for the
Scripps Ocean Atmosphere Research Simulator.

For the SeaSCAPE study, nascent SSA (nSSA) were generated from a phytoplankton
bloom contained in a large wave flume, filled with seawater. A micro-orifice uniform deposit
impactor (MOUDI; MSP, Inc., model 110), was utilized to deposit nSSA particles released from
the wave-breaking motion from the channel, at a flow rate of 30 L/min. These aerosol particles
were deposited onto silica wafers (Ted Pella) that were hydrophobically coated with Rain-X after

cleaning to make them hydrophobic. Aged SSA were generated by exposing nSSA to OH radicals
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in efforts to mimic approximately 4-5 days of aging in the atmosphere. This protocol was adapted
by Kaluarachchi et al, 2022.°

For the CHAOS study, a newly constructed ocean-atmosphere simulator filled with
seawater was used to generate marine SSA. For aerosol deposition, the MOUDI was utilized and
set to the same flow rate of 30 L/min. In this large scale experiment, rather than exposing the
collected SSA to OH radicals for aging, the generated aerosols were collected at different wind
speeds of 850 RPM and 1600 RPM. The particles were deposited onto cleaned silica wafers (Ted
Pella).

The data sets for each of the SSA campaigns were organized by particle size. However,
because the types of SSA particles vary in size and shape, it would not be accurate to simply
assume they are all spherical and measure its diameter. Therefore, a volume-equivalent diameter
was utilized for these studies in order to take into account the particle volume, which can be
generated through the AFM processing software, Gwyddion. Mathematically, the volume-

equivalent diameter is shown below, in Equation 7.1.

(Eq. 6.1)

Here, dV represents the volume-equivalent diameter, and V refers to the volume of a single
particle, which is automatically calculated and retrieved from the AFM software.
For both studies, AFM-IR spectroscopy was used to obtain vibrational spectra of individual

particles. These spectra data complemented other measurements including AFM images alone of
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substrate deposited particles collected by the Tivanski group at the University of lowa. For these
measurements, such as the AFM-IR measurements, a commercial nanolR2 system (Bruker)
equipped with a mid-IR quantum cascade laser (QCL) was used. Data collection took place under
ambient temperature and pressure. AFM-IR analysis was conducted in Tapping AFM-IR mode,
using gold-coated silicon nitride probes with tip radii of ~30 nm, a resonant frequency of 75 + 15
kHz and a spring constant of 1 to 7 N/m. PTIR spectra were collected at a resolution of 4 cm™.
The scan rate in which the AFM images were collected ranged from 0.5 to 0.8 Hz, depending on
the sample. AFM-IR spectra presented were co-averaged from 5 spectra and taken at the center of
each rounded particle and at the respective core and shell regions of each core-shell particle. AFM
images were processed using the Gwyddion software. AFM-IR spectra were filtered using a 5-
point, 3™ order polynomial, Savitzky-Golay algorithm and plotted in Origin. AFM-IR data was

processed jointly by the dissertation author and Dr. Carolina Molina for the wind speed study.

Effects of aging on marine SSA. There are five different classes of aerosols identified by
morphologies seen in AFM images from the 2019 SeaSCAPE campaign. The five categories are:
(1) prism-like, (2) core-shell, (3) rounded, (4) rod-shell, and (5) aggregate.l® Many research groups
studying the physical properties of sea spray aerosols have classified them both quantitatively and
qualitatively.®®® Quantitatively, two factors that can be used to describe an aerosol’s physical
properties: (1) aspect ratio, and (2) sphericity factor.

Aspect ratio refers to the spreading of a particle onto a surface upon impact. This
measurement can be calculated using the diameter and height of a particle, as shown in Equation

7.2, below.3233
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dmax

AR =

dperp

(Eq. 6.2)

Here, the aspect ratio, denoted by AR, can be calculated by taking the ratio of d,,,,, which refers
to the maximum diameter of the selected particle, and d,.,,, which refers to the diameter
perpendicular to the maximum diameter.3%33 Aspect ratios have also been used as a way to
distinguish various phase states that aerosols can possess from each other. For example, an aerosol
can be more solid, liquid, or semi-solid, and the values of aspect ratios have been one method in
which these particles were categorized.®2 In most cases, aspect ratios that are greater than 1
indicate that they are not elongated or distorted in any direction, suggesting a more solid-like
composition. Conversely, particles with aspect ratios less than 1 are more likely to be liquid-like,
or flatter.30-33

Sphericity, on the other hand, is a factor that measures how round a particle is. A sphericity
factor of 1 indicates a particle that is perfectly spherical. Thus, any particle that has a sphericity
factor vastly different than 1 is considered to be aspherical, or more oblong in shape.®>3 The

equation for sphericity is given in Equation 6.3 below.323

(Eq. 6.3)

C , stands for circularity, which is another way sphericity is represented. In the equation, A refers

to the area of the particle, p refers to the perimeter of the particle. Particle sphericity is an important
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measurement for aerosols, as it can control properties of an aerosol such as particle mobility, as it
travels through the atmosphere, participating in a wide range of atmospheric chemical reactions.3*

Qualitatively, these aerosols were SSA were classified qualitatively by the Tivanski group,
based on the particle height and phase images collected via AFM.>® As reported by Kaluarachchi,
the majority of nSSA is dominated by the rounded particles, whereas aged SSA is composed
mainly of core-shell particles, suggesting that a chemical reaction with the exposure of OH radicals
to the nSSA is eliciting a physical transformation. In addition, after the aging process, it appears
that the nascent rod particles become absent. Instead, there is a significant presence of rod-shell
particles that appear after the aging process. The increased formation of species containing shells
post-aging is evidence of further chemical reactions that need to be explored.

While these different nSSA morphologies were compared to that of aged SSA using AFM,
the quantitative features were compared using AFM-IR spectroscopy was used for different
chemical identification. Figure 6.1 shows the average AFM-IR spectra collected on both nascent
and aged rounded SSA particles. Spectra were recorded in the center of each particle for a total of

8 particles — 4 for nascent SSA and 4 for aged SSA.
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Figure 6.1 PTIR spectra (top) and AFM images (bottom) for (a) nascent and (b) aged rounded
SSA within the volume-equivalent diameter range from 0.10 to 0.60 um. For rounded SSA, spectra
were taken at the center. Solid lines show the average spectra of 4 nascent particles as shown in
() and 4 aged particles as shown in (b). The shaded lines represent the standard deviation from
the average spectrum.

Most notably, there are two significant peaks centered around 1415 to 1435 cm™ and
another between 1590 to 1650 cm™ which are most likely indicative of CH2 and CHs aliphatic
chains and COO", C=0, C=C stretching modes, respectively. The aged SSA rounded particles
show a narrow peak at 1590 cm™ in comparison to the broader peak at 1645 cm™ in nSSA rounded
particles. The broad mode is indicative of many overlapping peaks with contributions from both
oxygenated and non-oxygenated species such as C=0 and C=C stretching modes, as well as the
bending mode of water.>3"3® While the different relative intensities of each of these two main
modes can potentially explain variability in functional groups, it is more likely that similar
functional groups are present for both types of aerosols.

Figures 6.2 and 6.3 show the individual point spectra taken on single nascent and aged,

rounded SSA particles, respectively.
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Figure 6.2 AFM-IR spectra and images for nascent rounded SSA. The AFM-IR spectra are shown
on the left side, in blue, and the AFM 2D-height images are shown on the right side. AFM-IR
spectra shown in (a) through (d) are averaged together to make up the solid spectrum in Figure 6.1.
The yellow dots on the image are indicative of the location in which spectra were taken.

In Figure 6.2, four different nascent rounded SSA particles are shown. These spectra show that
each of the individual are similar with main bands centered at 1435 cm™ and 1645 cm™. However,
each of the nanoscale point spectra differ slightly. For example, the 1645 cm™ peak is slightly
more intense than the 1435 cm™ peak whereas in Figure 6.2d, they are of equal intensity.
Conversely, between the two major bands in Figure 6.2a and 6.2b are similar to each other, whereas
in Figure the 1645 cm™ peak is significantly stronger in intensity in Figure 6.2c, indicating varying
ratios of functional groups present in these SSA particles. These differences are also observed
physically, where the physical features of the rounded particles slightly differ from each other.
Particle 1 and Particle 3, shown in Figure 6.2a and 6.2c respectively, are similar in that they both
are rounder, exhibit a uniform a spherical particle, with a taller center and a shorter outer rim.

However, Particle 3 is more circular in shape and has a sphericity parameter of 1 whereas Particle

1 is more oval-like with a sphericity parameter of < 1. In contrast, Particle 2, and Particle 4, shown
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in Figures 6.2b and 6.2d respectively, are flatter in height and more of a pancake shape. Hence,
these particles have a low aspect ratio, and would most likely exhibit properties that make them
more semi-solid or liquid-like than solid. Taking both the chemical and physical similarities and
differences into consideration, it is clear that these SSA particles are complex since the particles
that look the same do not necessarily exhibit the same spectral characteristics.

Additionally, Figure 6.3 shows a compilation of aged SSA rounded particles and their

AFM images and PTIR spectra.
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Figure 6.3 A comprehensive breakdown of AFM-IR spectra and images for aged rounded SSA.
The AFM-IR spectra are shown on the left side, in pink, and the AFM 2D-height images are shown
on the right side. AFM-IR spectra shown in (a) through (d) are averaged together to make up the
solid spectrum in Figure 7.1. The yellow dots on the image are indicative of the location in which

spectra were taken.

There is not a significant amount of spectral variability shown in the AFM-IR spectra for
the four aged rounded SSA. However, one small difference that should be noted is the Particle 3
shown in Figure 6.3c, that has a prominent right shoulder near the major 1415 cm™ band, and a
sharper 1590 cm™ peak compared to the others. More intensity of the 1415 cm™ rather than the
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1590 cm™ peak can suggest the presence of more aliphatic carbon chain derivatives. From the
morphologies, the rounded particles exhibit similar properties but are much more variable in size,
as shown by the differences in the scale bars for each AFM 2D-height image. While Particles 2, 3,
and 4 are more spherical in shape, Particle 1 is slightly more irregular and oblong in shape with an
asphericity factor of < 1.

Overall, it should be noted that the large chemical variance within SSA is expected, due to
the complexity of such aerosols.®> Therefore, while some particular functional groups have been
detected with AFM-IR spectroscopy, the results presented in this figure are not representative of

every species present in these particles.

Effects of wind speed on marine SSA. In Figure 6.4, the average AFM-IR spectra obtained on select
core-shell and rounded SSA particles generated at 7 m/s and 14 m/s wind speed is shown. The
average spectrum shown in Figure 6.4a, 6.4b, 6.4c, and 6.4d, are averages of 4, 6, 2, and 3 SSA

particles, respectively.
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Figure 6.4 PTIR spectra for (a) core-shell particles from 7 m/s (b) core-shell particles from 14 m/s,
(c) rounded particles from 7 m/s, (d) rounded particles from 14 m/s within the volume-equivalent
diameter range of 0.18-0.56 um. Spectra were taken at shell regions for core-shell particles and
solid lines show the averaged spectra and shaded lines represent the standard deviation.
The spectra collected for these aerosols are consistent with what has been observed in past field
studies.*>*°4 The peaks in the 800 to 1000 cm™ region are attributed to the C-C or C-H
deformation stretching modes, while the vibrational modes in the 1000 to 1250 cm™ region are
attributed to phenolic compounds that contain C-O-C, C-O or C-C stretching modes. 442 Methyl
and methylene bending modes are observed in the 1350 to 1470 cm™ region, and in the 1550 to
1750 cmt region, C=C, C=0 and COO" stretching modes are observed.>*142 The particles that are
presented in this manuscript are SSA with a volume-equivalent diameter ranging from 0.18 to 0.56
pm.

For this study, a total of 10 core-shell SSA particles are analyzed and presented below.

Figure 6.5 shows a breakdown of all 4 core-shell SSA at 7 m/s wind speed whereas Figure 6.6
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shows a breakdown of all 6 core-shell SSA at 14 m/s wind speed. For core-shell SSA presented in
this study, only the AFM-IR spectra for the shell regions are shown in Figure 6.5 and 6.6 since the
core either exhibited no IR activity or displayed similar spectral characteristics as the shell. At 7
m/s wind speed, there is a distinct peak at 1415 cm™, which is attributed to the methyl and
methylene, aliphatic-rich compounds, which is supported by the presence of smaller peaks in the

800 to 1000 cm™* region, indicative of C-H wagging modes.
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Figure 6.5 AFM-IR spectra and images for core-shell SSA at 7 m/s wind speed. The AFM-IR
spectra are shown on the left side, in red, and the AFM 2D-height images are shown on the right
side. AFM-IR spectra shown in (a) through (d) are averaged together to make up the solid spectrum
in Figure 6.4. The yellow dots on the image are indicative of the location in which spectra were
taken.

The reason for the large standard deviations shown Figure 6.4 is shown in Figures 6.5, 6.6, 6.7,
and 6.8 in that the PTIR spectra are all distinct from each other, indicating heterogeneity between
particles. Figure 6.5 shows four different core-shell SSA particles that show two absorptions, one

weaker one around in the 800-1000 cm* region and one more intense, broader one centered around

1400 cm™. These features are exhibited by Particle 1, 2, and 3, as shown by Figure 6.5a, 6.5b, and
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6.5c. However, within these point spectra, there are still major differences. Particle 1 has a strong,
broad peak at 954 cm™*. However, Particle 2 has a small peak at 984 cm™* whereas Particle 3 has a
sharp peak at 830 cm™. Slight shifts and broadness in the bands in this region indicate varying
ratios of C-C or C-H deformation stretching modes.>*%? However, compared to first three
particles, Particle 4 is the most distinct in its spectrum, as it exhibits a strong peak at 1046 cm™,
which can be indicative of C-O groups such as alcohols.* When comparing the AFM images of
the particles, it is clear that there are distinct nanoscale features present. While Figures 6.5a and
6.5d show particles with the tallest, aggregated features on the side of the particle, Figure 6.5¢ has
a “core” that is more centralized within the particle. Conversely, Particle 2, as shown by Figure
6.5b, possesses evenly distributed smaller features, with a rod-like core in the center of the SSA

particle.
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Figure 6.6 AFM-IR spectra and images for core-shell SSA at 14 m/s wind speed. The AFM-IR
spectra are shown on the left side, in orange, and the AFM 2D-height images are shown on the
right side. AFM-IR spectra shown in (a) through (f) are averaged together to make up the solid
spectrum in Figure 6.4. The yellow dots on the image are indicative of the location in which spectra
were taken.

At 14 m/s, there is a great amount of heterogeneity in the nanoscale point spectra that has
been measured for core-shell SSA particles. As shown in Figure 6.6, six different core-shell
particles are shown above, all of which are spectrally distinct. To start, Particle 6, shown in Figure
6.6f, is the closest to resembling the PTIR spectra of the core-shell SSA particles at 7 m/s wind
speed. This suggests that although wind speed can change the chemistry of sea spray aerosol,
However, the remainder of the core-shell particles at 14 m/s appear to be composed of the same
compounds as those seen at 7 m/s, but with the addition of more functional groups in the 1640-

1730 cm™ region, which suggests a mixture of carboxylic acids, esters, or carboxylates.>*42 The
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presence of each of these functional groups can be attributed to a variety of macromolecules, such
as humic and fulvic acids, or even biological components such as protein and bacteria.

Some of the differences between the two wind speeds for core-shell SSA are thought to be
attributed to variations in (1) water composition and (2) particle formation mechanisms. Lower
wind speeds often result in calmer oceanic conditions, which often results in are formation of a
thicker, surface microlayer (SML) that is rich with aliphatic compounds.'®* When there is an
increase in wind speed and higher oceanic activity from higher wind speeds, mixing is expected
to occur, resulting in a more homogenous water column that contains a wider array of species,
such as water-soluble compounds.® This will, in turn, increase the water composition of SSA since
there is no SML creating a boundary between different species.

According to Wang et al., the mechanism of SSA formation is another factor that is
influenced by wind speed.* This study reports that film drop mechanisms, which exhibit a higher
fraction of aliphatic species, are more prevalent at 7 m/s. On the other hand, jet drop mechanisms
are more commonly found at 14 m/s for SSA compounds and have been found to contain a higher
fraction of oxygenated species.*® Often times, core-shell SSA are extremely complex since they
are often formed as a result of a chemical and physical transformation. It has been reported that
these particles are products of heterogenous reactions or gas condensation of inorganic materials
as they interact with various species in the atmosphere. 46 This complexity of SSA production can
explain its variable composition and morphology at different wind speeds, as observed in this
dissertation chapter.

In addition to core-shell SSA particles, rounded SSA particles exposed to various wind
speeds were also studied. Figure 6.7 shows a breakdown of 2 rounded SSA at 7 m/s wind speed

whereas Figure 6.7 shows a breakdown of all 3 core-shell SSA at 14 m/s wind speed.

164



(a) (b)
lC:u | ! 17118

. M

Vrr,m‘u‘ YiA ,

| W . W W

800 1000 1200 1400 1600 1800 0 BOO 1000 1200 1400 1600 1800
Wavenumber (cm") Wavenumber (cm ‘,I

(wu) ;uﬂeau
(wu) iﬁﬁmu

V W

Figure 6.7 AFM-IR spectra and images for rounded SSA at 7 m/s wind speed. The AFM-IR
spectra are shown on the left side, in blue, and the AFM 2D-height images are shown on the right
side. AFM-IR spectra shown in (a) through (d) are averaged together to make up the solid spectrum
in Figure 6.4. The yellow dots on the image are indicative of the location in which spectra were
taken.
For rounded SSA, there appeared to be no major changes between the two wind speeds. The major
peaks are present in the 950 to 1050 cm™, 1350 to 1450 cm™, and 1650 cm™ regions, which
correspond to C-O stretching, CH, and CHs bending, and C=0 stretching, respectively.>44?
Similarities in the AFM-IR spectra for both wind speeds suggest that there are not major chemical
transformations that occur for rounded SSA when exposed to higher wind speeds. At 7 m/s the
rounded particles appear to have a significant band at 1650 cm, which are comparable to the core-
shell particles at the same wind speed. This band is most likely representative of C=0 stretching
modes. This can be seen in Figure 6.7, where both rounded SSA particles exhibit a strong presence
in this region. Although there is some spectral variance observed, the physical features of the
rounded SSA particles at 7 m/s wind speed appear to be very similar in size, height, and shape.

In addition, the peaks in the 1350 to 1450 cm™ and 950 to 1050 cm™ regions are indicative
of CH, and CH3 bending modes as well as C-O and C-C stretching modes, respectively.>*42 The
presence of this band is only present in core-shell particles at 14 m/s, suggesting that rounded SSA

naturally contains more oxidized chemical species compared to core-shell SSA. This feature is

seen in Figure 6.8, where there is clearer distinction in each of these regions rather than being a
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singular, broad band, as shown in Figure 6.7. Similar to what was observed for core-shell particles
at 14 m/s wind speed, the rounded SSA particles at 14 m/s wind speed are significantly more
functionalized and complex, chemically, compared to at 7 m/s wind speed. There also appears to
be more differences in the nanoscale physical features of the SSA particles. While Particle 1 and
Particle 2 are more uniform on the surface, there is a small but tall feature present in the center of

Particle 3, making it higher in sphericity than Particles 1 and 2.
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Figure 6.8 AFM-IR spectra and images for rounded SSA at 14 m/s wind speed. The AFM-IR
spectra are shown on the left side, in green, and the AFM 2D-height images are shown on the right
side. AFM-IR spectra shown in (a) through (d) are averaged together to make up the solid spectrum
in Figure 6.4. The yellow dots on the image are indicative of the location in which spectra were
taken.

Overall, the AFM-IR results from this study have demonstrated the complexity of marine
SSA that are released from the ocean. Single-particle methods for studies like this are found to be
extremely complementary to bulk approaches. However, a more comprehensive analysis of the

effect of wind speed on SML, surface tensions, and formation mechanisms much be done to fully

understand the chemistry occurring along the marine boundary layer.
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6.3 Micro-spectroscopic Analysis of the Effects of Wildfire Smoke Events on

Indoor Surfaces

Sample preparation and AFM-IR data collection and analysis of particle deposition on indoor
surfaces. Samples analyzed for this study was collected a campaign named, Chemical Assessment
of Surfaces and Air (CASA), which took place at the National Institute of Standards and
Technology (NIST) Net-Zero Energy Research Test Facility (NZERTF) in Gaithersburg,
Maryland in 2022. The CASA campaign focused on observing the chemical transformations
occurring in the gas, particle, and surface phases in an indoor air environment. CASA focused on
a various number of events such as cooking, cleaning, but, mainly, wildfire smoke.

For the wildfire smoke study, fresh smoke was directly injected into the NIST test house
for 10 minutes. Aged smoke was indirectly injected into the house by first being injected into a
Teflon chamber that contained fresh smoke and then oxidized with ozone. These injections were
made for 60 minutes. A cocktail smoker (Breville, BSM600SILUSC) was used to produce fresh
smoke from ponderosa pine woodchips. For each direct injection of fresh smoke, about 0.25 to 0.5
grams of woodchips were measured out and burned.*” The procedure for window glass placement
from HOMEChem was repeated for this CASA experiment.*® For the CASA study, the glass slides
were placed vertically and horizontally near the kitchen and living room area, for 24 hours on the
day in which the fresh smoke was injected into the house. After smoke deposition, the samples
were collected, sealed in petri dishes, and shipped to UCSD at the end of the campaign for analysis.
Upon arrival at UCSD, the samples were stored in the dark in ambient conditions to minimize any
variables that could potentially change on the surface of the glass.

This study used both the AFM and PTIR components of the nanolR2 system. For these

AFM-IR studies, 30 um x 30 um images were collected at a scan rate of 0.2 Hz and a resolution
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of 512 pixels. a gold-coated silicon nitride cantilever, with a tip radius of ~ 30 nm, spring constant
of 1to 7 N/m, and a resonant frequency of 60 to 90 kHz was used. The AFM-IR spectra presented
were co-averaged from 7 spectra and operated at a 100% power in tapping mode. AFM images

were processed using the Gwyddion software and AFM-IR spectra were plotted in Origin.

Deposition of particles from wildfire smoke on indoor glass surfaces. After the introduction of
smoke, the glass samples that were exposed to the indoor air were collected for both physical and
chemical analysis via AFM-IR spectroscopy. Figure 6.9 shows two different types of particles that

were identified on exposed glass surfaces: (1) aggregate-like and (2) rounded.
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Figure 6.9 AFM 2D height images of smoke particle deposition on lass in two different regions
on the surface with two different particles labelled 1 (a) and 2 (b). The left side is a larger region,
and the right side is a zoomed-in perspective of the particle labeled 2.
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In both Figures 6.9a and 6.9b, there are colored insets that are drawn over smaller features. Those
features are shown on a bigger scale as seen on the left side of the images, and a smaller, more
zoomed-in perspective on the right side. The features shown in the aggregate-type particle are
more jagged with different patches of heights and, overall, irregular in shape. However, the
rounded particles are much more spherical. While thin films of smoke were also expected on bare
glass surfaces, they were unable to be detected with these set of samples. This result could be due
to two reasons: (1) Smoke thin films slowly evaporated prior to AFM-IR analysis or during the
time in which the sample was packed away and shipped off for analysis from Maryland to
California (2) Smoke thin films are much thinner than the large, bulky particles deposited on the
bare glass surfaces and thus, went easily undetected.

In addition to differences in shape between the two types of smoke-deposited particles,
quantitative differences are observed in the heights of these features. The particles in Figures 6.9a
are significantly larger, taller, and rougher compared to those shown in Figures 6.9b. This is shown
by a tall height as high as 2.6 um, as presented in Figure 6.10. In Figure 7.10c, the height profiles
of two aggregate-type smoke particles are presented and the rough and jagged profiles can be seen.
These profiles can be quantified with RMS values that are shown in green. Particle 1 and Particle

2 possess RMS values of 645 nm and 170 nm, respectively.
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Figure 6.10 (a) AFM 2D height image of aggregate-type smoke with two specific particle regions
labeled as “1” and “2” in yellow. (b) AFM 3D height image of Particle 1 and Particle 2. (c) Height
profiles of Particle 1 and Particle 2 on the left and right, respectively. The location of the height
profile is shown in the horizontal purple line shown on the upper right corner. Root mean square,

RMS, roughness values are also indicated in green.

Figure 6.11 shows a comprehensive height analysis of rounded-type smoke particles —
Particle 1 and Particle 2. As can be seen by the 3D height images, shown in Figure 6.11b, the
rounded particles are much smoother and less jagged than what was observed in Figure 6.10b. This
is confirmed by the smoother height profiles presented in Figure 6.11c, with significantly lower

RMS values of 20 nm and 8 nm, for Particle 1 and 2, respectively.
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Figure 6.11 (a) AFM 2D height image of rounded-type smoke with two specific particle regions
labeled as “1”” and “2” in yellow. (b) AFM 3D height image of Particle 1 and Particle 2. (c) Height
profiles of Particle 1 and Particle 2 on the left and right, respectively. The location of the height
profile is shown in the horizontal purple line shown on the upper right corner. Root mean square,
RMS, roughness values are also indicated in green.
While AFM-IR spectroscopy provided valuable information, spectral data would allow for
chemical characterization of these smoke-deposited particles.

Figure 6.12 shows a spectral analysis of a selected, aggregate-type and rounded-type smoke
particles that have been deposited onto a glass substrate. Specifically, Figure 6.12b shows the point

spectra taken across an aggregate of smoke particles, where each spectrum is seen to be distinct

from one another. For example, the orange and blue spectra are similar, with both having broad
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peaks around 1166 cm, which can be associated with C-O stretching found in esters, C-O-C
stretching, or potentially sulfate derivatives.** However, the blue spectrum also has an additional
peak at 1420 cm™* which corresponds to the peak shown in the green spectrum. This band is likely
indicative of aliphatic carbon chains that make up some of the sugars. The orange spectrum has a
small, distinctive peak at 1784 cm™, which suggests C=0 stretching from esters which are known
contaminants in indoor environments.**! Compared to the other spectra, the green spectrum
appears to be highly functionalized, with the greatest number of oxidized and non-oxidized
functional groups. The differences from each of the three spectra on a single aggregate clearly
depict the complexity of these samples and provide evidence of how they are composed of many

different functional groups.
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Figure 6.12 AFM deflection image of aggregate-type smoke and select, PTIR point spectra of (a)
aggregate-type and (b) rounded-type smoke particles. The color of the point spectra corresponds
to the color of the dots on the image. AFM-IR chemical maps (c) for three select wavenumbers are
shown below.
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Compared to the spectra shown in the aggregate-type region, the spectra of the rounded
smoke particles exhibit broad bands ranging from 1000 cm™ to 1300 cm™. This suggests a large
mix of C=C, C-C, and phenolic functional groups which are commonly present in aerosols
generated from biomass burning activities such as levoglucosan or catechol.>*3 In addition, the
rounded-type smoke particles have defined peaks at 1604 cm™, 1620 cm™ and 1674 cm™, as shown
by the orange and blue spectra, suggesting the presence of aromatic C=C or aldehyde functional
groups, respectively.**%3%° Compared to the aggregate-type smoke spectra, the rounded-type
spectra do not appear to possess significant bands in the 1500 cm™ region, which is indicative of
nitrogen-containing compounds.*® Although more analysis is necessary to fully characterize
composition of these smoke-deposited aerosols, this analysis provides evidence for the deposition
of smoke particles on window glass surfaces that are not varying in size and morphology, but also

in composition.

6.4 Interaction of Hydrogen with Shale: Potential Implications for Subsurface

Hydrogen Storage

Sample acquisition, preparation, and AFM-IR and O-PTIR data collection of Eagle Ford shale.
Eagle Ford shale (ES-1) was originally purchased from Kocurek Industries. ES-1 Eagle Ford shale
contains a significant concentration of carbonates (~66 wt.% calcite) and quartz (~26 wt.%). In
addition to these components, trace amounts of clay, pyrite and dolomite minerals have also been
detected. The acquired Eagle Ford shale sample was initially polished down to 2 mm in height so
that it can physically fit inside the instruments used for analysis. After polishing at the National
Energy Technology Laboratory (NETL), the sample was sent to UC San Diego for analysis with
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AFM-IR and O-PTIR spectroscopy. This initial analysis of the shale sample is referred to as a
“Pre-Reaction”. After this initial analysis, the shale sample was sent back to NETL. At NETL, the
sample was placed in a 500 mL polytetrafluoroethylene (PTFE) lined containers, which were then
placed in the autoclave. The autoclave was heated to 40 °C and pressurized to 10.3 MPa with dry
H> for a duration of 6 weeks. These conditions were specifically chosen in efforts to mimic those
acceptable for geologic subsurface hydrogen storage. Then, the autoclave was depressurized
slowly over 5 to 6 hours in order to maintain sample integrity. After being removed from the
autoclave, the reacted Eagle Ford shale sample was initially characterized by scanning electron
microscopy (SEM) and SEM-EDX and then sent back to UC San Diego. These samples were then
analyzed again with AFM-IR and O-PTIR spectroscopy. Analysis conducted at this state of the
shale sample is referred to as “Post-Reaction”.

As already discussed in detail. Atomic Force Microscopy-Infrared (AFM-IR) spectroscopy
is a hybrid technique that combines the nanoscale spatial resolution of AFM with the chemical
analysis capability of IR spectroscopy. This technique implements the phenomenon of
Photothermal Induced Resonance (PTIR), which is when a sample locally expands upon
absorption of infrared light at a given frequency. By utilizing a sharp but flexible nanometer tip of
a cantilever as the detector, this physical expansion is measured through the position on a
photodiode and then translated into a proportional IR signal, which results in a PTIR spectrum.%®-
58

The Eagle Ford shale sample was adhered onto a stainless steel disc that was magnetically
secured onto the sample holder that fit into the instrument. The sample was analyzed with the
nanolR2 microscopy system (Bruker, Anasys — Santa Barbara, CA) that is equipped with a mid-

IR tunable quantum cascade laser (QCL). AFM images were collected at a scan rate of 0.1 — 0.6
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Hz, depending on the roughness of the sample, both pre and post-reaction. Both images and PTIR
spectra were collected using gold-coated silicon nitride probes, with tip radii of ~30 nm. Tapping
mode probes were purchased from Bruker and had a spring constant of 1 to 7 N/m, and a resonant
frequency of 75 kHz. PTIR spectra were collected at a resolution of 2 cm™. Due to roughness of
the sample post-reaction, it was not possible for images for both pre and post reaction to be
collected in the same location. It should be noted that any AFM images shown in this study are
representative of regions that we were able to image and measure and may not be representative
of the entire sample.

As discussed in this thesis, Optical Photothermal Infrared (O-PTIR) spectroscopy is
another submicron hybrid technique that measures a proportional infrared absorption signal based
on the changes in the refractive index from a co-linear visible light source. O-PTIR spectroscopy
operates similar to AFM-IR spectroscopy in that they are both based on a response to photothermal
expansion. However, with O-PTIR spectroscopy, the detector measures a change in the intensity
of the refractive index which is the basis of the extracted IR signal.*%°6!

For the O-PTIR spectroscopic data collection, optical images of the Eagle Ford sample
were first collected with two objective lenses: a 10x, low magnification lens and a 40x, high
magnification reflective Cassegrain lens. All O-PTIR spectra are collected with the 40x reflective
Cassegrain objective, while the 10x visible objective is used to provide a lower resolution optical
image of the sample. Specifically, the 10x provides a helpful macroscopic view of the sample,
which is useful for targeting specific regions of interest. The mIRage-Raman system is also
equipped with two mid-IR tunable lasers: a quantum cascade laser (QCL) and an optical parametric
oscillator (OPO) laser. These two lasers are used for O-PTIR spectroscopic measurements. The

spectral range for the QCL laser is 755 to 1855 cm™ while that of the OPO laser is 2600 to 3600
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cm™’. The Raman attachment, discussed previously in this thesis, provides spectra in the 400 to
4000 cm™ range.

The Eagle Ford shale sample analyzed by AFM-IR spectroscopy was then secured onto the
magnetic piece on a microscope slide that was placed into the sample compartment of the O-PTIR
+ Raman instrument for analysis. Settings for probe and IR laser power were determined by
optimizing the photothermal signal and ranged anywhere from 0.5% to 20% for the probe power
and 30% to 100% for the IR laser power. For micro-Raman spectral measurements, the most
optimal probe power and integration time are typically determined by the settings that give the
highest signal-to-noise ratio. However, due to fluorescence for these shale samples, the probe
power and integration time were not adjusted separately. Both O-PTIR and Raman spectra are
collected at a resolution of 1 cm™. The same regions of analysis were achieved by using
macroscopic and then microscopic markers. For example, several photos were taken before H»
reaction to ensure proper orientation of the shale sample in the sample compartment. Afterwards,
fine-tuning of the specific region was achieved by using the 10x objective lens and comparing
optical images before reaction. After data collection, spectra are processed using the Photothermal

PTIR Studio software and plotted via Origin.

Reaction of Eagle Ford shale with H, gas. After reaction with hydrogen gas at high pressure,
physical comparisons of the same region on the same Eagle Ford shale sample were initially made
to provide insights into the nanoscale features of the shale sample. However, upon reaction with
hydrogen, the shale sample was no longer suitable for imaging with due to significant changes and
a large increase in roughness of the sample. Nevertheless, one feature that is unique to AFM-IR

spectroscopy is its ability to provide high resolution topographic images, that quantify the height
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of the sample. Figure 6.13 displays some of these AFM images and compares them both

qualitatively and quantitatively.
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Figure 6.13 AFM height images about a shale rock sample, both pre and post hydrogen gas
reaction.
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In Figure 6.13, the pre-reaction AFM images of Eagle Ford shale are shown at different
levels of imaging size, 50 pm x 50 pm to 500 nm x 500 nm. The 50 um x 50 pum appears to be
fairly flat, with no major, tall features being present, and being only 260 nm tall in height.
However, taller features are revealed in the smaller size range as shown by the bright yellow
features presented by the 5 um x 5 um image. Moving to the submicron level imaging, rounded
aggregates that are tightly packed together are observed. It should be highlighted that this region
is extremely flat, only about 20 nm in height. After reaction with hydrogen gas, there is a
significant change in the larger-scale images. As shown in the post-reaction images in Figure 6.17,
the 30 pm x 30 pm and 10 pm x 10 pm images contain many streaks suggesting probe
displacement from deepened fractals and fissures within the shale sample. Additionally, one major
difference that should be noted is the difference in heights. While the images for the 30 um x 30

pm and 10 um x 10 um regions may not be helpful, the heights are reported to be on the order of
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4 micron, which is significantly taller than the equivalent areas before reaction with H,. This
significant height difference is consistent in the submicron regions, where the heights on the color
bars are about 3 to 4 times greater in the post-reaction images than the pre-reaction images. For
the largest image, 50 um x 50 pm region, the roughness was too large for imaging. Overall, the
collected AFM images indicate that reaction with hydrogen gas resulted in a significant increase
in the surface roughness, most likely with deeper and more frequent fractals along the surface.
Unlike the nanolR2 system, the mIRage-Raman operates on a non-contact mode. Although
it may not provide insights along the nanoscale level, O-PTIR spectroscopy is extremely unique
in its ability to allow for a direct comparison of the same region on the Eagle Ford shale sample at
the microscale level, before and after reaction with Ha gas. First, significant physical differences
in the pre-reaction and post-reaction Eagle Ford shale are shown in the optical images presented

in Figure 6.14.

(a) Pre-Reaction

gas. The colored boxes highlight some of the regions with distinct physical features underwent
changes in surface morphology.
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The optical image shown is a mosaic of a total of 9 images (3 on top, middle and bottom), each at
size of 470 um x 630 um. By creating a mosaic at this large scale, it was possible to analyze a
significantly large sample area at the same time. In addition, it provided insight into the
macroscopic features and orientation of the sample. In Figure 6.14, there are colored boxes across
the optical image. Each of these boxes highlight significant differences between the pre-reaction
image, shown in Figure 6.14a, and the post-reaction image, shown in Figure 6.14b. One notable
difference between the two images is the absence of fractals in the post-reaction optical image.
This is highlighted by yellow and orange boxes, where the black lines running through the boxed
regions in Figure 6.14a are no longer present in Figure 6.14b. This suggests a decrease in porosity
on a microscale level, from the formation of precipitated calcium sulfate, or gypsum, upon reaction
with hydrogen.5263

The mIRage-Raman also provides valuable chemical information, as shown in Figure 6.16.
Here, O-PTIR spectra collected on two different regions for both pre-reaction and post-reaction
shale are plotted. These two regions are micro-regions in the first mosaic square, shown in Figure
6.14, where the orange box is located. When comparing the blue dotted box on the left, as shown
in Figure 6.16a to the blue solid box on the right, as shown in Figure 6.16b, the most notable
physical change is the increase in reflectivity of that region, indicated by the lighter colored feature.
This suggests the presence of pyrrhotite, a reduced form of pyrite, that is prevalent in Eagle Ford
shale. Pyrrhotite, FeS, is the reduced form of pyrite, FeS,, in the presence of hydrogen.5*-% The
full reduction mechanism is presented in Equation 6.5. Below the optical images are O-PTIR point
spectra taken at these same location, roughly in the center of each boxed region. In particular,
corresponding to the boxes, the dotted spectra represent the pre-reaction spectra, whereas the solid

spectra represent the post-reaction spectra, as shown in both Figure 6.15c and 6.15d.
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Figure 6.15 Optical images of Eagle Ford shale (a) before reaction and (b) after reaction. The blue
and green colored boxes highlight two regions of interest. O-PTIR point spectra are shown below,
with dotted and solid spectra representing pre and post-reaction. Point spectra in (c) blue and (d)
green correspond to the colored boxes above.

The comparison of the O-PTIR spectra is valuable in that a direct, chemical transformation
can be detected. Compared to the green spectra, the blue spectra show significant differences in
the major bands present. In the pre-reaction spectrum, as shown by the dotted, dark blue spectrum
in Figure 6.15c, there is a noticeable presence of carbonates, as indicated by the v2, out-of-plane

bending, and vs, asymmetric stretching modes at 878 cm™* and 1398 cm™* peak, respectively.?6263

However, there is a significant contribution around 1600 cm™, which may be indicative of C=C
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stretching modes for unsaturated hydrocarbons.?>%3 However, after reaction with Hz gas, the solid
blue spectrum in Figure 6.15c exhibits a different chemical profile. There appears to a relatively
lower ratio of carbonates, coupled by a significant, broad band centered at 1105 cm*, which shows
evidence of Si-O stretching modes, from an increase in quartz or aluminosilicate derivates, or an
increase in sulfate derivatives.?:626366-68 This decrease in carbonate is potentially evident of
carbonate dissolution, which is currently hypothesized to occur via to two mechanisms: The first,
a reductive dissolution of calcium carbonate through a direct reaction with aqueous Ha, as shown

in Equation 6.4 below:®

CaCO; + 4H, - Ca®* + CH, + H,0 + 20H"~

(Eq. 6.4)

The second proposed mechanism is more indirect, starting with the reduction of pyrite, which is
commonly found in Eagle Ford shale, upon interaction with hydrogen. The reduction of pyrite is

given in Equation 6.5:556970

FeS, + H, - FeS + H,S

(Eq. 6.5)

In solution, H2S can break down into H* and HS", as shown in Equation 6.6.7°

H,S —» H* + HS™

(Eq. 6.6)
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This can, in turn, decrease the pH of the local environment, resulting in carbonate dissolution as

can be seen in Equation 6.7:%°

CaCOs + 4H, - Ca®** + CH, + H,0 + 20H™

(Eq. 6.7)

Ultimately, the free Ca®* released from both carbonate dissolution mechanisms can react with
sulfur that is extracted from Eagle Ford shale, to produce calcium sulfate, as shown in Equation

6.8:263

CaCO0; + H,S0, - Ca®** + CaS0, + CO, + H,0

(Eq. 6.8)

Previous studies conducted by Goodman et al. have noted that precipitation of CaSO4 results in
the formation of gypsum, which ultimately can reduce the porosity on the microscale level.®2
Although more complementary analysis is necessary to confirm these proposed mechanisms,
Equations 6.4 and 6.8 can provide potential mechanistic explanations for the significant increase
and broadening of the 1105 cm™ region. Lastly, there is the emergence of a 1682 cm™ peak, which
was not initially present in the pre-reaction shale spectrum. This peak may be evident of potential
organics, such as ketones, from organic matter that have surfaced from the physical breakdown of

mineral networks.’!
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The pre-reaction and post-reaction spectra, shown in the dotted and solid green lines,
respectively, in Figure 6.15d look more similar than what was observed in the region of the sample
highlighted by the blue box. While there are not significant changes in the profiles, one significant
difference is in the relationship between the 1088 cm™ and the 1432 cm™* peaks, which represent
Si-O stretching modes from aluminosilicates as well as quartz and carbonates, respectively. 216263
Unlike what was seen in the pre-reaction spectra in the blue region, where the peaks due to the
aluminosilicates are more intense than for carbonates. These relative intensities switch upon
reaction with Hx gas when the carbonate peaks become more intense relative to the aluminum
silicate peak. This may be indicative of a decrease in sulfate derivatives such as calcium sulfate;
further analysis with other microspectroscopic methods such as TEM/EDX can provide
corroborative evidence for these different mechanisms.

Overall, in collaboration with the National Energy Technology Laboratory, this shale study
utilizes both O-PTIR and AFM-IR spectroscopy in a complementary way to gather information
about the physical and chemical transformations occurring on the microscale and nanoscale level.
More specifically, AFM analysis has detected a significant increase in surface roughness on the
nanoscale level. Concurrently, decreased porosity from gypsum formations as well as increased
reflectivity from pyrite reduction have been observed on the microscale level with the mIRage-
Raman. It should be noted that an increase in surface roughness does not always translate to an
increase in porosity. This is because AFM operates on the nanoscale level; therefore, surface
roughness can be defined as features that are taller than a few microns, whereas porosity is on a
microscale, since it refers to a mineral’s ability to hold liquid in open space. However, it should
be highlighted that because both techniques probe different types of environments, any differences

that arise can also be attributed to the perspective in which the system is being observed. Using O-
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PTIR spectroscopy, the presence of hydrogen is proposed to result in the dissolution of calcium
carbonate and the reduction of pyrite. When these chemical reactions are coupled together, it is
deduced that calcium sulfate, which can precipitate into gypsum, is formed. While valuable
information has been gathered via AFM and O-PTIR spectroscopy, other micro-spectroscopic
methods such as SEM-EDX is currently planned to be used to better support the proposed
mechanisms presented in this study. Overall, a clear understanding of this system will help

understanding the potential of shale as a source for Hz gas storage.

6.5 Conclusions

The emergence of micro-spectroscopic probes has resulted in a rising number of
applications to various environmental systems. For the SeaSCAPE and CHAQS studies, AFM-IR
spectroscopy has allowed us to target and probe individual particles to understand the changes in
composition, phase, and heterogeneity, which has been a significant improvement than analyzing
them only on the bulk scale. By observing these size-dependent and morphology-dependent
changes, we can gather more specific information about the chemistry occurring on the nanoscale
level. The single-particle measurements show how atmospheric aging results in higher
functionalization and oxidation compared to nascent SSA. In addition, it suggests that an increase
in wind speed leads to a higher emission of primary organic aerosols. Insights into how wind speed
is related to the SSA formation mechanism can be used to predict SSA behavior. For the indoor
CASA campaign, AFM-IR spectroscopy has shown that events that influence the indoor
environment, like wildfire smoke, have significant effects on particle deposition on common

indoor surfaces such as window glass. While the specific reaction chemistry that is occurring on
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these deposited surfaces can be further understood when complemented with other techniques,
characterizing the particles deposited on the surface is a promising first step. In just 24 hours of
smoke exposure, two notably different types of particles are observed. Lastly, the Eagle Ford shale
study has proven the unique information provided by micro-spectroscopic probes. The
complementary nature of AFM-IR and O-PTIR spectroscopy is shown when limitations are met
by the former technique and mitigated by the latter. With AFM-IR spectroscopy, physical
characteristics about nanoscale features and pore size are observed. However, the challenges faced
with locating the same region was mitigated through O-PTIR spectroscopy, which allowed for the
before and after H> gas reaction comparison, on a more macroscopic level. In addition, the spectra
collected from both technique reveal the presence of micro and nano environments within the
sample.

The studies presented in this dissertation chapter show the importance of probing these
various environmental systems on the nanoscale level. There are important changes in phase,
heterogeneity, and chemistry that are critical for understanding the complex chemistry that occurs
in the atmosphere. These studies not only provide evidence for the usefulness of micro-
spectroscopic techniques, but also their potential as a complementary tool for studies of complex

environmental systems.
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CHAPTER 7
CONCLUSIONS AND FUTURE DIRECTIONS

The research presented herein focuses on the development and application of microscale
and nanoscale spectroscopic techniques for analyses of relevant surface for environmental systems
present in both indoor and outdoor environments. Traditional IR spectroscopy has been utilized
for decades as a powerful technique that can provide valuable chemical information about
unknown samples and the complex chemistry they undergo. The growth of micro-spectroscopic
techniques has proven to successfully open up new ways in which these systems can be analyzed.
However, in the field of environmental chemistry, the applications of these submicron infrared
micro-spectroscopic probes have been limited in some cases to the new research area of
microplastics. In this dissertation, various studies have shown that these probes can be developed
to study complex interfaces occurring for either outdoor surfaces such as geochemical interfaces
or indoor surfaces.

Chapter 3 shows the first application of AFM-IR spectroscopy to a well-studied, complex
system: the adsorption of organic matter onto iron oxide surfaces. In this study, the reaction
between Suwannee River Fulvic Acid (SRFA), and a-FeOOH, goethite, is investigated. Due to its
complexity, large number of different molecular species and high molar mass, the chemistry of
SRFA is considered to be highly complex, especially in an environment with many variables of
solution pH, ionic strength, and sorption. However, the presence of functional groups that readily
bind to the surface of different geochemical interfaces has made it a system of great interest. In
this study, we gathered new insights into this adsorption process by utilizing the high spatial

resolution provided uniquely by AFM-IR spectroscopy. Upon closer investigation, this technique
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revealed both physical and chemical heterogeneities on the micro and nanoscale level occurring
along this interaction. We not only observed heterogeneities within SRFA itself, but also on the
single particle level when chemical maps of goethite nanoparticles with adsorbed SRFA were
shown not to homogenously coated the particle. In addition, SRFA adsorption onto goethite is
highly dependent on pH, and the pH-dependence observed using more traditional methods such as
ATR-FTIR spectroscopy were also observed with AFM-IR spectroscopy.

Moving forward, Chapter 4 was built upon the findings that were presented in Chapter 3.
As already noted, the adsorption and interaction of organic matter with goethite was explored in
Chapter 3, which was shown to be highly complex due to the highly heterogeneous nature of SRFA.
However, in environmental systems there are other ionic and molecular species, including
biomacromolecules. Both oxyanions and biological components are important factors in many
environmental systems. Therefore, in efforts to build complexity, a bottom-up approach was
initiated with sodium sulfate, as a representative oxyanion, and BSA, as a model protein. The
interactions between goethite, sodium sulfate, and BSA were introduced at the start of a 2-
component study since goethite alone had already been investigated preliminarily. From here,
various combinations were studied, such as BSA and sulfate, and then, a 3-component system with
BSA, sulfate, and goethite, altogether in a single thin film. Upon investigation with AFM-IR
spectroscopy, different phase states as well as micro and nano-environments were detected in these
2 and 3-component systems. More specifically, we observed aggregates of goethite and sulfate
whereas BSA homogenously coated the majority of the film.

Future studies for both Chapter 3 and Chapter 4 are related to developing micro-
spectroscopic tools to study environmental systems by building complexity, one at a time. bottom

up approach by increasing complexity. This can be broken down into two main categories: (1) by
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adding more components that are likely to be present in these environments, or (2) by exposing
these systems to various environmental factors. One way to increase complexity is by adding
relevant chemical contaminants such as perfluorooctanoic acids, otherwise known as PFAS. PFAS
are commonly found in household products that has not only been detected in drinking water but
also found to be extremely toxic over time. By mixing PFAS into an aqueous system containing
oxyanions, biological components, organic matter, and mineral oxides, we can gather more
information about how its chemistry is altered in the presence of other environmentally-relevant
adsorbates. For example, the aggregation behavior of PFAS can be probed with micro-
spectroscopic tool to see if it exhibits any preferential binding to one species over another in the
presence of other environmentally relevant adsorbates. The surface chemistry that occurs along
geochemical interfaces has been known to be heavily influenced by environmental factors, which
also can be explored for future studies. In Chapter 3, the effect of pH is shown to alter the
protonation state of SRFA. The complexity of environmental systems can be increased by seeing
how these components respond to changes in acidic or basic conditions, salinity, or even light. In
addition, the process of dehydration has also been found to alter the phase states of some crystalline
species, such as sodium sulfate and sodium nitrate. This effect can be further explored via
experimentation involving wet-dry-cycling. By increasing complexity in both ways, we can better
mimic an aqueous environmental system, in efforts to understand how bigger macromolecules
travel and transform through these systems over time.

Chapter 5 introduces a new micro-spectroscopic technique that not only combines imaging
and IR spectroscopy, but also incorporates Raman spectroscopy. The instrument, called the
mIRage-Raman, is a sub-micron resolution IR spectroscopy and imaging system with Raman

capabilities that operates under the phenomenon of Optical Photothermal InfraRed (O-PTIR)
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spectroscopy. While O-PTIR spectroscopy operates similarly to AFM-IR spectroscopy in that they
both are based off of the principle of photothermal expansion, it is extremely complementary to
the nanolR2 system. This chapter of the dissertation compares O-PTIR spectroscopy to Raman,
ATR-FTIR and AFM-IR spectroscopy. Together, a comprehensive spectral library has been built
that can be used as a reference for future studies involving mineral compounds. In efforts to
encapsulate the various classes of minerals, a total of 14 different compounds were analyzed and
each fall into one of the four classes: (1) mineral oxides, (2) carbonates, sulfates, and nitrates, (3)
clays and aluminosilicates, (4) complex dust samples. As discussed previously, there has yet to be
an extensive number of studies centered in environmental surface chemistry in AFM-IR and O-
PTIR research. Therefore, building a spectral library as a sources is important and can provide
references for future studies in this field. Future studies can also include adding to the current list
of compounds with minerals that are also studied such as hematite, calcium sulfate, and gypsum.
In addition, these libraries can be built for other environmental systems such as sea spray aerosol,
fatty acids and lipids are prevalent. Biological components can also be an area of interest, as they
can encompass anywhere from nucleotides or amino acids to protein, and even some commonly
found bacteria in aquatic systems.

Chapter 6 is a compilation of four different studies in which AFM-IR and O-PTIR
spectroscopy are used in different applications as part of several collaborative efforts. Three of the
four studies were part of different field campaigns: SeaSCAPE, CHAOQOS, and CASA and the last
study was in collaboration with the Department of Energy National Energy Technology
Laboratory (NETL), with shale rock samples. This chapter highlights how using micro-
spectroscopic probes as a complementary method to better understand complex field samples can

be extremely powerful. The ability to spatially resolve the probe on the nanoscale level allows for
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imaging of single particles and aerosols, as shown by the data collected from CASA and
SeaSCAPE/CHAQS, respectively. For the shale study, it has allowed for detection of carbonate
dissolution in micro and nano-environments, with increased porosity and thus permeability, upon
reaction with H> gas.

Over the past 5 years, there has been a clear, growing interest in the use of both AFM-IR
and O-PTIR spectroscopy, suggesting that there are a number of new possibilities for the different
applications of these techniques as well as future collaborative 0. Some preliminary studies have
used these instruments to profile homogeneity or heterogeneity within synthesized, inorganic
materials or taking spectra of nanoscale environments present in biological samples such as
biofilms. In addition, the non-contact method of the mIRage-Raman eliminates the need for
extensive sample preparation, widening the fields in which these techniques can be applied. On
the other hand, if small, nanoscale features need to be probed within a sample, the nanolR2 would
be able to achieve images and spectra on that nanoscale level. For shale, future studies could
include reacting to the same Eagle Ford shale sample with CO> gas after reaction with Hz gas could
be very interesting, as it could result in the formation of the calcite that was dissolved out in the
initial reaction. In addition, shale rock samples vary in composition and are categorized based on
the location they are from. Therefore, these experiments can be conducted in the future for other
shale samples such as Wolfgang or Marcellus shale to better understand the variability.

In conclusion, the goal of this dissertation was to provide new insights that are offered by
micro-spectroscopic tools into the composition and chemistry occurring on indoor and outdoor
surfaces. While these tools are highly innovative and can provide a comprehensive analysis on
their own, when complemented with other analytical tools, they can enhance the level of

understanding of complex samples in unique ways.
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