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Abstract

Infrared (IR) spectroscopy is a rapid and non-destructive molecular analysis
method derived from the infrared radiation and matter. Its use is prevalent
throughout industrial, academic, and government l|aboratories for materials
characterization. Despite its ubiquity, major advancements in methods or sampling
techniques have been largely stagnant since the 1960’s. This dissertation presents
mid-IR spectroscopy mineralogical applications of a novel button sample holder
and describes various analytical features of this new technique.

Buttons are manufactured by spot welding various sizes of stainless-steel
meshes to polished stainless-steel backings. The thin wire mesh and shallow well
of a button sample holder allow for easy preparation and analysis of thin layers of
neat solid, liquid, paste, and grease samples. Additionally, radiation reflected off
the steel wires and backing allow for diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) analysis of non-scattering samples like liquids.

Button sample holders eliminate the necessity of time-consuming,
expensive, and potentially sample altering predilution and handling. The sieving
ability of the mesh selects for particle sizes smaller than the void sizes of the mesh.
Well depth and wire diameter limit the maximum allowable sample layer thickness.
Furthermore, the robust button design permits abrasive sampling which removes
small amounts of sample by simply rubbing the rough button mesh over a sample

surface. This method is applicable to in-situ sampling, storage, and analysis. It is
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especially ideal for samples where minimal damage is desired and sample
homogenization is not possible, such as archaeological and historical artifacts.

Traditional DRIFTS and variable temperature DRIFTS (VT-DRIFTS) were
employed for this body of work. Diffuse reflectance from the samples and button is
collected at all angles except the incident radiation angle. Total pathlengths on the
order of a few microns are possible, thus permitting analyses of high absorptivity
neat samples, such as coals and carbon black. With attention to particle size
homogenization, mesh choice, and sample packing, layer thickness could be
reproducibly adjusted. Versatility of sample type and variable total pathlengths
offer an advantage over conventional methods like attenuated total reflectance
infrared spectroscopy (ATR-IR).

The sensitivity and reproducibility of VT-DRIFTS measurements with button
sample holders was demonstrated through various mineralogical applications. The
first of these studies, performed on clay minerals such as kaolinite, was done with
a modified traditional VT-DRIFTS setup after replacing the sample cup with a
button sample holder and removing the sealed environmental chamber. This
increased optical throughput, eliminated diluent interactions, and mitigated
temperature-dependent alignment issues. It also enhanced measurement
sensitivity and minimized spectral artifacts.

The utility of Button VT-DRIFTS was further enhanced through the

construction of a heating and cooling block made of stacked thermoelectric chips.
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Using this device, infrared spectra at temperatures between -40 °C and 150 °C
could be reached and maintained within seconds. This apparatus was combined
with a programmable temperature controller to implement unique heating and
cooling profiles. Continuous and step temperature profiles could be applied to
probe different sample properties and discriminate between reversible and
irreversible changes. This allowed for a quick pre-analysis to determine if further
exploration of temperature-dependent changes in particular samples is warranted.

The innovative thermoelectric heating and cooling apparatus was combined
with button sample holders to investigate molecular level dehydration and
rehydration processes and low temperature induced structural changes in
additional mineral samples. Reversible and irreversible temperature-dependent
changes were observed via spectral subtractions using this method. These
differences are not readily apparent when simply overlaying spectra of samples
before and after cooling. Furthermore, conventional variable temperature studies
often require probing large temperature differences or using multiple samples. This
methodology uniquely allows for variable temperature studies of temperature-
dependent structural changes on a single sample. The selectivity and
reproducibility of Button VT-DRIFTS studies permitted monitoring and
discrimination of changes in different hydroxyl group types in solid state mineral

samples.
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Chapter 1: Introduction
1.1 Spectroscopy

Spectroscopy is a field of study that measures and explains the
electromagnetic spectrum. Applied spectroscopy is the study of materials and
how they interact with precise wavelengths on the electromagnetic spectrum. All
spectroscopic methods are possible due to measurable interactions of
electromagnetic radiation (EM) with matter. EM radiation can induce energy
transitions in an analyte. The energy absorbed can excite matter from the ground
state to an excited state and the energy released when excited states return to the
ground state is unique to specific atom or molecular orbitals, making spectroscopy
a powerful investigative tool. Spectrochemical analyses provide both qualitative
and quantitative information. In modern spectroscopy, a spectrum consists of a
plot of absorbance, transmittance, or radiation intensity as a function of some

measure of photon energy.!

1.1.1 Origins

The word spectrum was first applied to describe crude spectra of sunlight
observed by Isaac Newton in 1672. He demonstrated that visible light consists of
a collection of radiation with colors that can be viewed by passing it through a

prism. Newton’s experimental setup can be seen in the schematic in Figure 1.1.23



Example Prism

Refracted
Light

Round

Figure 1.1: Schematic of Isaac Newton’s prism experiment demonstrating the
refraction and dispersion of white light into seven colors. Wavelength ranges of
visible light consist of: Red (750-625 nm), Orange (625-590 nm), Yellow (590-565
nm), Green (565-500 nm), Blue (500-485 nm), Indigo (485-450nm), Violet (450-

380 nm).



W. Herschel and J.W. Ritter showed that radiation outside the visible light
wavelength region existed with the discovery of the infrared and ultraviolet ranges
in 1800 and 1801 respectively. Further advances were made by W. H. Wollaston
in 1802 and Joseph Fraunhofer in 1814 when they employed a slit aperture rather
than a pinhole and observed the first spectral absorption lines known as
Fraunhofer lines. These lines appear as dark lines in the fully dispersed solar
spectrum due to absorption by gases in the atmosphere and the outer photosphere
of the sun at characteristic wavelengths as seen in Figure 1.2. Fraunhofer is also
credited with the invention of the transmission diffraction grating, an optical grating
that disperses the electromagnetic spectrum into its wavelengths via diffraction.
Building on W. H. F. Talbot’s 1826 observation that different salts produced
different colors when burned, G. R. Kirchoff and R. Bunsen made significant leaps
forward with their 1859 finding that each element has unique spectral lines.? This
breakthrough laid the groundwork for application of spectrochemical methods for
atomic and molecular identification and quantification. Spectrochemical analyses
are now applied at both a macro and micro level across multiple fields including

chemistry, materials science, astronomy, biology, medicine, and physics.
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Figure 1.2: The sun produces a continuous spectrum(bottom). Fraunhofer lines
are the names of dark lines appearing in the fully dispersed solar spectrum (top)

due to absorption by gases in the atmosphere and outer photosphere of the sun.

1.1.2 Working Principle

Spectroscopy functions on two underlying principles. First, that at a
quantum mechanical level, atoms naturally exist in a ground state and molecules
exhibit zero-point energy at absolute zero. In the ground state, all electrons reside
in their lowest energy orbitals. Zero-point energy is the minimum vibrational
energy of chemical bonds at absolute zero. A second principle of spectroscopy
states that atomic and molecular analytes can transition from their ground states
to excited states by external perturbations via applications of energy due to heat,

radiation, and chemical reactions. The analyte absorbs some of the applied



energy, temporarily exists in an excited state, and then returns to its ground state,
possibly emitting a characteristic radiative energy profile in the process.
Spectrochemical information can be obtained by measuring the energy absorbed
or emitted by the chemical species of interest. Qualitative spectroscopic data can
be used for analyte identification, whereas quantitative spectrochemical analysis
is used to determine analyte concentration.

Spectroscopy applications are typically categorized as atomic and
molecular. Both methods measure the interactions of electromagnetic radiation
and matter. Atomic spectroscopy involves the study of free atomic species and can
be used to determine elemental compositions. Molecular spectroscopy provides
information regarding electronic energy states and atom-atom vibrations, which
depend on bond strengths, lengths, and angles.

Interactions between EM radiation and matter can be influenced by the bulk
properties of the matter being studied. A “bulk property” is a unique material
characteristic such as density, refractive index, luster, hardness, particle size,
opacity, and other things that influence how light interacts with a given sample (i.e.
whether light is transmitted, absorbed, reflected, diffracted, etc.) Radiation-matter
interactions are further complicated by the fact that electromagnetic radiation has
both particle and wave properties. For example, the energy of a photon can be
described as both a discreet quantity and a particular wavelength using Planck’s

equation (Equation 1.1), which shows the mathematical relationship between



energy and wavelength. In Planck’s equation, E is energy in joules (J), h is
Planck’s constant (6.63 * 1034 J s), c is the speed of light (3.00 * 108 m s°7), A is

the wavelength (m), and fis frequency (Hz).

Equation 1.1: Planck’s Equation

Electromagnetic radiation spans a wide range of wavelengths which are
artificially divided into seven distinct regions: radio waves, microwaves, infrared
radiation, visible light, ultra-violet light, x-rays, and gamma rays. These regions
(Figure 1.3) are delineated based on how their wavelengths and frequencies

interact with matter.
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Figure 1.3: Electromagnetic spectrum in wavelength.

The wavelengths included in these regions correlate with the energy
transitions that they induce in atoms and molecules. For example, radio waves

may induce rotational transitions in the gas phase, infrared radiation can excite



molecular vibrations and rotations (Figure 1.4), and ultraviolet light can induce

transitions of valence and middle shell electrons (Figure 1.5).
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Figure 1.4: Morse potential energy curve showing the vibrational levels for a given
electronic state of a diatomic molecule. Rotational levels are between discreet
vibrational levels. Vibrational and rotational transitions can be observed by using

infrared (IR) spectroscopy.
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Figure 1.5: Representation of a theoretical HOMO — LUMO transition in UV

spectroscopy.

Infrared spectroscopic studies are particularly powerful because, with the
exception of homonuclear diatomics, the majority of molecular species are IR
active. Spectrochemical information obtained in the infrared region can be used to
identify absorbance bands associated with specific functional groups, enabling
molecular structure identifications. Indeed, infrared spectroscopy is widely
applicable and has been used to investigate samples from different matrices,
including environmental*'’, biological'®'9, regulatory?®-24, forensics?®, and

humanities26-3' contexts.



1.2 Infrared Spectroscopy

Infrared (IR) spectroscopy is a rapid and non-destructive vibrational
spectroscopic method that utilizes the infrared portion of EM radiation. It allows
scientists to probe molecular structures via the interactions between infrared
radiation and polarizable bonds within matter through absorption, emission, and
reflection. There are three processes in which a molecule can absorb radiation and
shift between discrete quantized energy states: rotational transitions, vibrational
transitions, and electronic transitions. Infrared radiation (10'® — 10'* Hz) is not
energetic enough to bring about electronic transitions, therefore, IR spectroscopy
takes advantage of molecular vibration transitions when bonds are exposed to
infrared radiation.32-33 Infrared radiation excites molecular vibrations and rotations
as exhibited in the Morse Potential diagram in Figure 1.4. IR spectroscopy is
applicable to all molecules that experience a change in dipole moment during a
vibration.

The first documented observation of infrared radiation came from an 1800
experiment in which English astronomer William Herschel fortuitously placed a
thermometer just outside the red wavelengths of the visible spectrum of diffracted
light during an experiment. Unknown to him at the time, the recorded increase in
temperature was due to infrared radiation; aptly named “infra” and “red” meaning
just below red.?* It wasn’t until over 100 years later when the discovery and

mapping of absorbance bands unique to particular functional groups made infrared



spectroscopy a functional tool for qualitative molecular analysis.35-3¢ Using a
spectrometer containing a rock salt prism, a galvanometer, and a thermocouple,
Coblentz obtained infrared spectra for 135 organic compounds.®® However, the
day long acquisition time, specialized training, and intricate sample preparation
requirements made infrared spectroscopy difficult to implement.

The advent of the interferometer, the application of Fourier transformation
(FT) to interferograms, and a need for better synthetic rubber characterization
methods during the mid 1940s drastically enhanced the popularity of IR and drove
the method towards mass commercialization by Beckman and Perkin Elmer over
the next three decades.?”-38 Subsequent improvements revolutionized infrared
spectroscopy making it faster, cheaper, and more user friendly. When combined
with its non-destructive nature, these advancements made FTIR an indispensable
vibrational spectroscopy tool throughout the 1960s and 1970s. Although less
prevalently used today, FTIR spectroscopy is still used for chemical
characterization3, climate monitoring4®, contaminant tracing*!, “green” materials

development??, forensics*3, planetary modelling*447, and materials identification“®.

1.3 IR Active Vibrations

As previously discussed, the infrared region of EM radiation interacts with
molecular bonds. To be IR active (i.e. provide an infrared spectrum), there must
be a change in the dipole moment during the molecular vibration. A molecular

dipole results from electronegativity differences between individual atoms, which
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result in a difference in charge densities across the molecule. The relative
magnitudes of these differences can be estimated, and dipole moments can be
predicted based on electronegativity trends, the orientation of the molecule, and
the photon electric vector. Polar molecules, like water, have a permanent dipole
and are IR active. Homonuclear diatomic molecules that yield Raman spectra are
not IR active because they lack a dipole moment change during vibrations, as
demonstrated in Figure 1.6. Although the bonds in homonuclear diatomic
molecules stretch, this does not produce a change in dipole moment.3233 Thus,
only heteronuclear diatomic molecules and asymmetric molecular vibrations in

polyatomic molecules are IR active.

-
-

| B

Figure 1.6: The homonuclear diatomic molecule O: is not IR active due to its lack
of a dipole moment change during stretching. The heteronuclear diatomic molecule

HCl is IR active because its dipole moment changes during the stretching vibration.
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Characteristic IR spectral bands at unique frequencies often correspond to
particular functional groups, which permits the identification of these groups within
samples. These bands arise due to the absorption of infrared radiation at resonant
frequencies characteristic of the dipole moment rate of change for particular bonds
comprising a functional group. The frequencies required to induce dipole changes
are characteristic of the vibration absorbing the energy and equal to the “natural
vibration frequency”. Natural frequencies of bond stretching vibrations can be
modeled as simple harmonic oscillations. In this model, the chemical bond
between two atoms is represented by a weak spring. Natural vibrational

frequencies are calculated by using Equation 1.2.32-33

1k
Vm = o0 Im

Equation 1.2: Natural frequency of a harmonic oscillator vibration.

In this equation, v,, represents the natural frequency of the stretching
vibration; k represents the spring force constant, related to the bond strength; and
m represents the reduced mass of the two atoms attached by the bond. In a simple
diatomic molecule, this is a stretching vibration.32-33

There are six distinctive molecular vibration types that can produce dipole

moment changes, depending on molecule orientation and connected atom
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identities. These motions can be described as: bending, rocking, wagging, twisting,
breathing, and stretching. These vibrations fall into two distinct categories:
stretching and bending motions. IR stretching modes arise from a constant change
in interatomic radii between atoms and can be categorized as either symmetric or
asymmetric. IR bending vibrations can be classified as one of four types: in-plane
scissoring, in-plane rocking, out-of-plane wagging, and out-of-plane twisting.

These motions are illustrated in Figure 1.7.

M SN

Asymmetric Stretching In-plane Scissoring (Bending) Out of Plane Wagging (Bending)
Symmetric Stretching In-plane Rocking (Bending) Out of Plane Twisting (Bending)

Figure 1.7: Common stretching and bending vibration modes in polyatomic
molecules. (+) indicates a motion in front of the plane and (-) indicates a motion

behind the plane.

Although molecular vibration information derived from infrared spectra

cannot provide an exact structure, the location and relative intensity of bands can



often be attributed to specific functional groups, which provides qualitative
structural information. Spectral interpretation is complicated by the fact that some
infrared bands that are theoretically active fail to appear in spectra due to several

factors (see Table 1.1).4°

Factors Influencing the Number of Experimental IR Active Normal Modes

1. Molecular Symmetry
- Vibrations that don’t result in a dipole change will not be IR active.
2. Degeneracy or Near Degeneracy of Vibrational Modes
- If the energies of two or more vibrations are identical or nearly
identical, several individual vibrations may be represented by a single
peak in the IR spectrum.
3. Instrumentally Undetectable Vibrations
- If the vibrational intensity (absorbance) is too low, it may be below the
detectable range of the instrumentation.

- The vibration is outside the frequency range of the instrument.

Table 1.1: Factors Determining the Number of Experimental Vibrational Modes*®

For example, degeneracy and low absorptivity make the empirical and
theoretical infrared spectrum of carbon dioxide different. Carbon dioxide contains
two C=0 bonds that are polarizable. This molecule experiences asymmetric and

symmetric stretching vibrations, although only the asymmetric stretch is IR active.
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Because water is a bent molecule, both the asymmetric and symmetric stretches
are observed in the IR spectrum. Figure 1.8 shows how the CO2 and H20
molecular structures result in different IR activities for their asymmetric and

symmetric stretches.

7

T O 0—C—=0
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Figure 1.8: Schematic of symmetric and asymmetric stretching vibrations for
carbon dioxide (CO2) and water (H20), demonstrating how molecular shape can

influence the IR activity of these vibrations.

In polyatomic molecules, the total number of fundamental vibrational modes
can be calculated by knowing the molecular formula and if the molecule is linear
by using Equation 1.3, where N is the number of atoms in the molecule. There are

3 translational degrees of freedom afforded to single atoms in 3-dimensional
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space. Therefore, there are 3N degrees of freedom for a molecule containing N
atoms. Larger molecules, therefore, have more possible vibrations. The bonds
holding atoms together in a molecule restrict certain degrees of freedom, i.e.
motions are translational, rotational, and vibrational. Translational and rotational
modes for non-linear molecules are described relative to the x, y, and z axes,
leaving 3N-6 vibrational modes. For linear molecules, rotation around the principal
symmetry axis produces no change, therefore 3N-5 degrees of freedom are left for
vibrational modes. It is important to note, however, that the total number of
vibrational modes is not necessarily the same as the total number of IR active
modes. In addition to fundamental vibrations, molecular spectra contain weak
overtones and combination bands, which are derived from the fundamental

vibrations.

3N —5 3SN—6

Linear Nonlinear

Equation 1.3: Equation for the calculation of vibrational modes possible for a

molecule.

Infrared spectroscopy is an analysis technique that yields a unique infrared
spectrum that depends on molecular structure. The information contained in an

infrared spectrum is directly related to the molecular structure and to the localized

16



environments of the atoms involved in the IR active vibrations. Although absorption
frequencies are theoretically predictable based on functional group structure, shifts
occur due to interactions between the molecule and its local environment. The
magnitudes of these shifts depend on bond strengths, electron density distributions
across bonds, and bond angles. Small variations in these factors can lead to
different visual spectral outcomes — i.e. broad versus narrow bands, red versus
blue shifts, strong versus weak absorbances, et cetera. Local environment
perturbations and other factors combine to cause spectral band broadening,
vibrational coupling, overtones, combination bands, and difference bands, which
significantly distorts measured results from theoretical predictions. Interpretation
of infrared spectra can therefore be complex and difficult.

Despite this difficulty, researchers have been successful at applying IR
analysis for chemical characterization and quantification. Typically, three divisions
are used to describe infrared spectra as a function of wavenumber (i.e. cm™): near-
IR (12,800 — 4000 cm'), mid-IR (4000 — 200 cm"), and far-IR (200 — 10 cm™").
Most molecular vibrations occur at frequencies within the mid-IR (MIR) range and
techniques tend to be the most user friendly in this region. Therefore, MIR is the
most commonly studied infrared region.*® Additionally, MIR contains the
“fingerprint region” which can be used to identify specific molecules. This region

not only provides highly characteristic molecular structure information, but also is
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uniquely suited for monitoring subtle changes due to external perturbations (i.e.

heating, pH, etc.). All studies contained herein were performed in the MIR region.

1.4 IR Spectral Regions

The three infrared subregions (NIR, MIR, and FIR) are delineated from one
another based on wavenumber (v), which is the inverse of wavelength (in cm) as

seen in Equation 1.4.

Equation 1.4: Wavenumber (V) as it mathematically relates to wavelength (1), the

speed of light (c), Planck’s constant (h), and photon energy (E).

The wavelengths designated for each region are named based on their
positions relative to the visible spectrum — NIR 12,800-4000 cm-!, MIR 4000-200
cm2, and FIR 200-10 cm'. Variations in these wavelength ranges are sometimes
specified due to the type of detector used.

NIR Transflectance (Reflection Absorption)

Transflectance utilizes principles of absorption and reflectance
spectroscopy by passing incident radiation through a thin sample film applied to a
reflective substrate. Incident radiation passes through the sample and reflects to a
detector. Differences between incident and detected radiation reveals

wavenumbers at which radiation is absorbed by the sample. As shown in Figure
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1.9, alteration of the angle of incidence allows for a controllable variable
pathlength.

Large Angle of Incidence, Smaller Angle of Incidence,
Longer Pathlength Shorter Pathlength

Incident
Radiation

Incident
Radiation

Sample Boundary

Sample Sample

Reflective Surface Reflective Surface

Figure 1.9: Schematic demonstration of how changing the incident angle can alter

the pathlength in transflectance IR. Longer pathlengths result from larger incident

angles. Shorter pathlengths result from smaller incident angles.

Transflectance is commonly employed in the NIR in various practical
applications that involve soil and agricultural science, medicine and biochemistry,
and food and drink regulation.5%-53 NIR applications are typically quantitative
analyses, whereas MIR applications more often involve qualitative analyses, such

as functional group identifications.

1.5 Mid-IR Transmission Spectroscopy

The most commonly utilized MIR methods are transmission, reflectance,
and attenuated total reflectance (ATR) spectroscopy. All three methods use the

same basic principle to probe the nature of interactions between light and matter
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and vast comparative spectral libraries exist for these methods. Transmittance and
reflectance differ based on the angles at which incident radiation strike the sample.

In both transmission and ATR spectroscopy, radiation passes through the
sample to some degree before reaching the detector whereas radiation reflects
from the sample surface in reflectance spectroscopy. Due to these different
requirements, different optical systems and sample preparation methods are
required for each method.

In Transmission-IR, infrared radiation passes completely through the
sample. It can be absorbed completely or partially. It can also be reflected and

therefore not detected (Figure 1.10).

Sample
Incident Radiation Transmitted Radiation
> e

Salt Windows

Figure 1.10: Schematic of a transmission IR liquid sample cell.
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When incident radiation is either totally absorbed or reflected, no radiation
reaches the detector, and no molecular structure information is obtained. Radiation
reaching the detector is attenuated at wavenumbers where the sample absorbs.
This allows for both qualitative characterization and quantitative description of
samples because Transmission-IR absorbances typically obey the Beer-Lambert
Law, which states that the absorbance of incident radiation, when passed through
a fixed pathlength cell, is directly proportional to the concentration of the
substance, the molar absorptivity, and the absorption path length. These
relationships are formally presented by the Beer’s Law Equation 1.5 below, where

A is absorbance, ¢ is molar absorptivity, b is pathlength, and c is concentration.

A=¢cbc

Equation 1.5: Beer’s Law shows that Absorbance (A) is directly proportional to the

molar absorptivity (¢), pathlength (b), and concentration (c).

The sample handling methods required for transmission IR spectroscopy
utilize infrared transparent windows. These salt windows must be kept free of
contamination and perfectly flat with no fogging. Any topographical variation or
fogging in the surfaces of salt windows can produce spectral artifacts. Common IR
transparent salt window materials, like KBr, cannot be used with agueous samples.

Transmission spectra are typically reported in percent transmittance as a

function of wavenumber. Due to the high molar absorptivities of most samples,
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neat samples cannot be used for transmission spectroscopy and sample dilution
is required. Thick layers and neat samples are usually not appropriate for
transmission spectroscopy due to complete absorption of radiation, which results
in the “bottoming out” of spectral features. To avoid loss of peak shape information,
solid samples are typically ground to homogenous small particles and mixed in low
concentrations ranging from 0.2% to 1.0% with an IR transparent salt such as KBr
and then pressed into a pellet. Solid samples may also be prepared as Nujol mulls
in which a finely ground (typically 1-2 micron particles) solid is mixed with mineral
oil and placed between two IR transparent windows. Liquid samples are commonly
analyzed by placing them between two IR transparent salt (i.e. KBr) windows for
non-water containing samples and zinc selenide windows for water containing
samples. Infrared radiation can then be passed through the sample with the
pathlength determined by the thickness of spacers placed between the windows.
Gas samples are handled in a similar manner. Samples are enclosed in a long
cylinder with IR transparent windows on both ends. Gases are less dense than

liquids, therefore, longer pathlengths can be employed.

1.6 Mid-IR Reflectance Spectroscopy

Unlike transmittance infrared spectroscopy and as the name would indicate,
infrared radiation reflects from the sample in reflectance infrared spectroscopy.
Reflectance-IR spectral features result from interactions of incident radiation with

the sample, which can be categorized into three types: specular reflectance,
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diffuse reflectance, and attenuated total reflection (ATR). Figure 1.11 illustrates the

spatial and angular differences between these three reflectance types.
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Specular Diffuse ATR
Figure 1.11: Specular reflectance IR measures radiation reflected from the sample
at the same angle as the incident angle. Diffuse reflectance IR measures radiation
reflecting at all angles except for the specular angle. ATR-IR detects the radiation
reaching the detector after it has passed through the ATR crystal and has been

attenuated by evanescent wave interactions with the sample at the sample-crystal

interface.

1.6.1 Specular Reflectance

Specular reflectance methods detect radiation reflected from the sample at
the same angle as the angle of incidence. Specular reflection measurements are
commonly used to measure the thickness of coatings on smooth, reflective
surfaces for samples such as: polymers, art, and metallic solids.5457 It can also be
applied to studies of reflective materials such as glass, ceramic coatings, and

certain minerals.58-62
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When performed on these samples with a nearly horizontal angle of
incidence (i.e. ~90°), specular reflectance infrared spectra are vastly different from
absorbance spectra. In order to obtain spectra comparable to absorbance
measurements, specular reflectance data must be converted by using a Kramers-

Kronig Transformation (KKT).63-64

1.6.2 Attenuated Total Reflectance

Attenuated Total Reflectance infrared spectroscopy is one of the most
commonly used IR techniques today due to its user friendliness, applicability to
neat (i.e. undiluted) samples, and non-destructive nature. With the ATR approach,
radiation reflected through a crystal with a high refractive index penetrates slightly
into a sample with lower refractive index placed at the crystal surface. At certain
incident angles, nearly all the light is reflected back into the crystal at the
crystal/sample interface, yielding near total internal reflection. Upon reflection, an
evanescent wave that extends just beyond the crystal surface interacts with a thin
layer of the sample, which is in direct contact with the crystal.®> The sample
absorbs some of the evanescent wave, which decreases (attenuates) the intensity
of the radiation reflected back into the crystal. The ratio of the signal detected with
a sample present to that obtained prior to adding the sample results in the infrared
spectrum of the material placed on the crystal surface. ATR can be used for

analysis of organic and inorganic solid and liquid samples.66-70
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Although widely used, ATR-IR suffers from a few significant pitfalls.
Evanescent wave sample penetration distances are wavenumber-dependent,
making attempts at direct comparison with transmission cell measurements
problematic. Small variations in peak intensity and band location shifts occur due
to the amount of reflected radiation in ATR-IR versus Transmission-IR.
Furthermore, evanescent waves penetrate only a few micrometers into the sample,
thus peaks with high molar absorptivity are easily detected whereas those with
lower absorptivity are not readily apparent in spectra. Finally, ATR crystals must
be meticulously cleaned to avoid scratches and a flat and even crystal surface

must be maintained to ensure good contact with samples during analyses.

1.6.3 Diffuse Reflectance

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS)
measures radiation reflected at all angles except the incident angle, i.e. all non-
specular reflected radiation. DRIFTS is applicable to samples containing rough
surfaces or irregularly shaped particles, which preferentially scatter radiation in all
directions. One advantage of DRIFTS over transmittance spectroscopy is that it
requires significantly less sample preparation and allows the application of infrared
spectroscopy to neat powders and rough surface samples.”!

Due to the inhomogeneous nature of samples with irregular surfaces like
powders, diffuse reflectance spectra depend on interactions between the sample

and infrared radiation and also the light scattering properties of the sample.”? Thus,
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spectra are heavily dependent upon factors such as sample refractive index,
particle or sample layer size, particle size distributions, sample homogeneity, and
particle packing. Despite paying close attention to those factors during sample
preparation, diffuse reflectance spectra may appear different than traditional
transmission IR spectra. Low intensity bands are often larger, whereas high
intensity bands may appear broadened or rounded.”’

Many theories have been posited to describe and account for the spectral
effects of the complex combination of absorbance and scattering in DRIFTS
measurements. The mostly widely accepted mathematical model for DRIFTS is
the Kubelka-Munk (KM) Optical Theory.”3-74 This theory, which lends its name to
the Kubelka-Munk intensity units commonly found on DRIFTS spectra,
approximates the relationship between sample concentration and reflection
properties by ratioing a single beam spectrum of a KBr diluted sample to the

spectrum obtained for pure KBr.

The Kubelka-Munk Optical Theory model was originally developed for the
analysis of paint films.”® This theory relies on several assumptions including, but
not limited to: the sample is contained within a layer of infinite length and width,
particle size is significantly smaller than sample thickness, incident radiation is
applied diffusely and homogenously across the sample surface, light only interacts
with the sample surface via scattering and absorption, the sample layer is isotropic

and homogenous, the sample contains small optical heterogeneities, no external
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or internal surface reflection occurs, and that the scattering coefficient and
absorption coefficient of a given sample remain constant regardless of layer
thickness.”® The Kubelka-Munk function that was derived by Paul Kubelka and
Franz Munk is given by Equation 1.6. It consists of a two factor transformation that
accounts for incident and reflected radiation (R.,) and takes into account
absorption and scattering coefficients.”> The calculation is performed for
reflectance intensities at each wavenumber and allows the absorption (K) and
scattering (s) characteristics of the sample to be obtained from DRIFTS
measurements.

(1_ 00)2 K_
2R, s

C
2R k

K: Absorption coefficient of the sample material
s: Scattering coefficient of the sample material
R, reflectance of a sufficiently thick sample

C: sample concentration

k: derived constant, k=s/2.303¢

Equation 1.6: Kubelka-Munk transformation equation.

The Kubelka-Munk equation assumes a semi-infinite sample consisting of
infinitesimally thin layers of particles and that the scattering coefficient, s, can

sufficiently account for light propagation throughout the sample (i.e. multiple
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internal scatterings at particle boundaries). This semi-empirical value is largely
dependent upon particle size and sample refractive index and is regarded as a
constant in the Kubelka-Munk function. Treating the scattering coefficient as a
constant yields a linear relationship between K and the maximum f(R,,) value for
any given peak. In reality, the scattering constant changes with sample particle
size and packing density, therefore care must be taken when loading samples to
consistently achieve reproducible results.”> 77 The ratio of the absorption
coefficient (K) to the scattering coefficient therefore can be represented as a
function of sample reflectance (R) from the semi-infinite layer. Assuming proper
sample handling, the K/s ratio should be linearly related to concentration.”. 78
Essentially, as sample concentration increases and therefore radiation absorption
increases, the K/s ratio also increases.

Clearly demonstrated by the equation, the Kubelka-Munk theory results in
a higher sensitivity for discrimination of weak absorbers as the K/s ratio
approaches zero. This theory is less accurate when applied to high absorbing
chemical species.”® This results in slight but notable differences between
reflectance IR spectra that have undergone Kubelka-Munk transformations and
traditional absorbance spectra. Low intensity bands representing weakly
absorbing species will be larger in KM reflectance spectra. Peaks resulting from
highly absorbing species, (i.e. strong intensity bands), will be broader and rounder

than their proxies in transmission IR absorbance spectra.”! These variations can
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generally be mitigated via proper sample handling and by using IR software
processing packages. The button-IR results presented in subsequent chapters
also offers a way to mitigate these peak deforming effects.

Despite the abundance of assumptions required for the Kubelka-Munk
theory and the relative complexity of sample handling, it has been successfully
applied in numerous studies and is the most accepted model for approximating
Beer’s law-like calibration curve linearities with concentrations when employing

MIR diffuse reflectance spectroscopy.”: 16 77, 80-81

1.6.4 Variable Temperature Diffuse Reflectance Infrared Fourier Transform

Spectroscopy

Variable Temperature Diffuse Reflectance Infrared Fourier Spectroscopy,
or VT-DRIFTS, is a specialized reflectance spectroscopic method allowing for real-
time monitoring and characterization of temperature induced reactions and
structural changes. This technique has been employed in water desorption studies,
soil adsorbate and transport studies, to study clay desorption mechanisms, for
chemical reaction activation energy determinations, and for numerous
mineralogical characterizations.”8: 16.82-92 The working principle of VT-DRIFTS is
the same as that of DRIFTS, except that real time changes in the sample are
monitored as it undergoes thermal perturbations. The use of specific heating and

cooling profiles will be discussed in detail in later sections.
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1.7 Hyphenated Systems

Infrared spectroscopy can also be coupled with other analytical systems.
Hyphenated analyses allow for additional questions to be asked and answered.
For instance, when coupled with thermogravimetric analysis, TGA-IR has been
used to characterize the volatile components evolved from a sample during
heating.?3-°4 Various infrared spectroscopic methods can also be used to
qualitatively characterize or quantify components separated via gas and liquid
chromatography.?5-99

These hyphenated systems are used across multiple industrial, academic,
and government sectors. No infrared spectroscopic method is so widely used,
however, as attenuated total reflectance, largely due to its convenient minimal
sample preparation requirements. Despite the abundance of infrared
spectroscopic techniques, hyphenated methods, and an ongoing pursuit of novel
IR approaches, the introduction of widely applicable sampling methods for routine
analyses of liquid, solid, grease, and paste samples has been relatively stagnant
since the advent of ATR.®% 100 That is, until the introduction of a novel sampling
technique known as Button-IR.

The Button-IR method presented here is a novel approach to IR sampling.
It offers distinct advantages: the sample holder is economical and relatively easy
to manufacture, can quickly be adapted for existing IR instruments, is reusable

with minimal cleaning, is durable through repeated severe measurement

30



conditions, is user friendly, and introduces opportunities for neat analysis of
samples previously not possible in infrared studies. Case studies presented in
this dissertation seek to further elucidate the working principle of the Button-IR
approach, demonstrate its ability to get high quality data quicker, and present
avenues for use within other fields of study. Additionally, the uniquely suited utility
of button sample holders for VT-DRIFTS and mineralogical studies will be

highlighted.
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Chapter 2: Button-IR Design, Working Principle, and Sampling

Considerations

2.1 Introduction

Attenuated Total Reflectance (ATR) is currently the preferred infrared
spectroscopic method for analyses of neat samples due to its user friendliness,
minimal sample preparation requirement, and quick analysis times.01-192 Spectral
quality, however, is heavily dependent upon sufficient contact between the sample
and the ATR crystal. Moreover, due to the wavelength dependent nature of
radiation penetration into ATR-IR samples, spectra are not readily comparable to
transmission measurements. Another commonly employed infrared technique for
scattering samples, DRIFTS, requires sample dilution with non-absorbing diluents
to avoid bottoming out of peaks and the appearance of other spectral distortions.
This largely prevents neat sample and/or non-scattering sample analysis with this
technique. Button-IR offers a solution to some of these pitfalls.

Button-IR, aptly named for the novel sample holder’s button-like
appearance, utilizes a new sampling accessory for a novel methodological
approach to MIR spectroscopic studies. A button consists of a polished stainless-
steel backing with a small diameter circle of varying sized wire mesh spot welded
to its center. Wire meshes were obtained from TWP Inc. (Berkeley, California). The

wire mesh and stainless-steel backing both serve as reflective surfaces and
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radiation diffusers, scattering the light over a wide angular distribution, thus diffuse
reflection optics are the most suited to collect data. The intensity of the diffused
radiation from a button without sample sufficiently provides a single beam
spectrum background, therefore eliminating the necessity of non-IR active
reference materials such as KBr. Additionally, the reflective nature of the steel
mesh and metal backing scatters the infrared beam, sufficiently propagating the
radiation throughout inherently low-scattering samples. This means that when
samples that have inherently poor scattering properties, such as liquids and
greases, are loaded into a button sample holder as a thin layer, diffuse reflection
spectra can be obtained due to the scattering provided by the button sample holder

itself.103

2.1.1 Instrumentation

Infrared spectroscopic measurements described in this dissertation were
obtained by using a Mattson Instruments Inc. (Madison, WI) Nova Cygni 120
Fourier transform infrared spectrophotometer (FTIR) with an “Infrared Associates,
Inc.” (Cranbury, NJ) Mercury cadmium telluride (MCT) photoconductivity detector.
Various detectors are available for FTIR spectroscopy. The MCT detector offers
the distinct advantage of high sensitivity due to its high quantum efficiency (ratio
of incident photons to converted photons in the conduction band). This was
advantageous for VT-DRIFTS studies, where radiation intensity at the detector

may be low. MCT detectors must be cryogenically cooled prior to use and have a
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detection range spanning most of the MIR spectral region.'%* The studies
described here employed a liquid nitrogen cooled detector, which was allowed to

settle at 77 K over the course of an hour prior to collecting spectra.

A Harrick Scientific Inc. (Pleasantville, NY) praying mantis diffuse reflection
accessory was used for all DRIFTS studies described in this dissertation. The
Praying Mantis (PM) diffuse reflection optics in Figure 2.1 consist of a compact
ellipsoid shaped set of aluminum coated mirrors that readily fit into most
commercial instruments.’® One of the mirrors focuses radiation on the sample
whereas the other mirror collects radiation from the button and the sample. These
diffuse reflection optics are specifically oriented to collect as much diffusely
scattered radiation as possible while rejecting specular reflectance and thereby
providing advantages over the integrating sphere DRIFTS alternative. PM optics
provide a small diameter focal point, thus allowing for analysis of samples as small
as 3 mm in diameter. They also allow samples to be positioned horizontally rather
than vertically, which better facilitates analysis of loose powders, liquids, and
pastes. These features were particularly important for analysis of the oil and loose

mineral samples described in this dissertation.
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Figure 2.1: Photograph of the Praying Mantis optics. Ellipsoid mirrors are centered

over a button sample holder at the end of a sample introduction slide.

2.2 Button Sample Holder

Button sample holders are novel sampling accessories that replace the
sample cups used in conventional DRIFTS.
2.2.1 Button Fabrication

Button sample holders (US patent 11,047,796 B2) are fabricated entirely
from stainless-steel, making them both durable and easy to clean by using a simple
ultrasonic jewelry cleaner and deionized water. The basic construction includes

two-components: a 0.75 inch diameter 430 grade stainless-steel disk backing and
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a roughly 0.25 inch diameter wire mesh placed at its center. Two models of the
button, exposed mesh and recessed mesh versions, offer different sampling
properties. As shown in Figure 2.2, the exposed mesh model can have various
mesh sizes spot welded to a flat blank whereas the recessed mesh model contains
the mesh within a 0.25 inch diameter depression at the center of the backing. The
exposed mesh button is useful for abrasion sampling of solids'°®, whereas the

recessed mesh model provides a reservoir, making it suitable for liquid samples.%”

A B

Exposed Mesh Recessed Mesh

Figure 2.2: Diagrams of the exposed mesh button and the recessed mesh button.
The left shows a side view of the exposed mesh button next to a top view. The

right shows the same views for a recessed mesh button.

In addition to the exposed and recessed options, incorporating meshes with
various wire diameters and weave patterns makes buttons customizable. Based
on different available wire diameters, cavity sizes, and weave patterns, some
meshes may be better suited for certain sample types than others. As listed in

Table 2.1, the 50, 100, and 200 meshes all have plain weave square patterns and
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are suitable for solids. The 635 and 2800 meshes with twill and sintered weaves

respectively are preferred for low viscosity liquids. The numeric mesh size

designation indicates the number of openings per inch.

Mesh Preferred
Wire Diameter Cavity Size | Mesh Weave
(voids/in) Samples
50 0.0090 in 0.0110in Plain Weave | Solids
0.2286 mm 0.2794 mm Square
279 microns
100 0.0045 in 0.0055 in Plain Weave | Solids
0.1143 mm 0.14 mm Square
140 microns
200 0.0016 in 0.0034 in Plain Weave | Solids
0.04064 mm 0.08636 mm | Square
86 microns
635 0.0008 in 0.0008 in Twill Weave Liquid
0.02032 mm 0.02032 mm
20 microns
400x 2800 | 0.0012in 1 micron Sintered Liquid
0.03 mm
and
0.00078 in
0.02 mm

Table 2.1: Listing of mesh sizes with wire diameter, cavity size, weave type, and

the preferred sample type that each mesh is best suited for.
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Mesh wires also allow for particle size selection based on the mesh
parameters. Figure 2.3 shows five different meshes. Maximum sample thickness

is limited to a depth roughly twice the wire diameter, thus thin layers of neat solids

can be analyzed.

50 Mesh

635 Mesh 1400 Mesh

Figure 2.3: Photos of mesh sizes taken under approximately 30X magnification via
a microscope (10X) and iPhone zoom (3X) to demonstrate various void sizes and

weave patterns.

The small size of button sample holders and customizable design make them
an easily adaptable sampling tool. Additionally, voids between mesh wires also
serve as tiny wells that efficiently contain sample material, allowing for both stable

transport and long-term storage, especially for solid samples.
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2.2.2 Button IR Sample Introduction Slides

Three sample introduction slides were designed to reproducibly place the
button sample holder at the infrared beam focus of the PM optical system. Sample
slides could be quickly inserted and removed from the purged sample chamber via
a small slit cut into the plexiglass cover. Sample position in the infrared beam could
be fine-tuned by turning an adjustable stop (screw) at the back of the slide groove.

One sample slide design held the button firmly in place by using two
alignment pins and a neodymium magnet. The button was fixed in a horizontal
orientation with respect to the ellipsoid mirrors, allowing collection of diffusely
scattered radiation. A second slide employed the same alignment pin and magnet
method to fix the button in place, but it was tilted by 31° from horizontal. This slide
was used to selectively collect specularly reflected radiation from samples. The
third sample introduction slide was designed to hold the button horizontally to
collect diffusely scattered radiation, but the button attachment mechanism was
able to be rotated. This slide was employed to investigate the effects of changing
the orientation of the button wire mesh on diffuse reflectance infrared specitra.
Pictures of the fixed and rotatable diffuse reflectance slides are shown in Figure
2.4.

The fixed slide is shown on the left with a button sample holder installed. The
rotatable button slide is shown on the right. The rotating platform has two alignment

pins and is set on a scale with ten-degree increment markings. The button
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alignment mark is typically oriented towards the front end of the fixed slide. When
using the rotatable slide, it can be manually aligned in 10° intervals by using the

scale.

RotationGuidewith  AlignmentPins
- 10° Interval Marks g

Ro,fa’tiing"' ;
Platform

SRS
':'3;. e

Figure 2.4: Photograph of fixed slider and rotating slider.

2.3 Button-IR VT-DRIFTS Heating Configurations

2.3.1 Quartz Holder VT-DRIFTS Apparatus

When making measurements during VT-DRIFTS analyses it is necessary to
account for artifacts caused by sample heating in addition to optical artifacts.108-110
Traditional VT-DRIFTS sample holder designs isolate samples from the infrared

spectrophotometer optics by placing them inside an “environmental chamber”.
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Common chamber designs consist of a metal cover containing infrared transparent
salt windows that are attached to a metal base containing the sample holder,
heater, and purge gas inlet and outlet ports. Environmental chamber bases and
covers are typically constructed from stainless-steel. The stainless-steel cover and
base, infrared transparent salt windows, and rubber o-ring seals all have different
thermal expansion coefficients. Consequently, these components are subjected to
different temperature versus time heating profiles, and they expand and contract
at different rates, leading to spectral artifacts arising from complex temperature-
dependent changes in optical alignment. These changes can distort “real” sample
related peaks, making the elucidation of absorbance band properties and
temperature-dependent trends more difficult.109 111-112

Fortunately, these artifacts and optical alignment artifacts can be eliminated
by simply eliminating the sealed sample chamber. Additionally, elimination of the
environmental chamber increases the optical throughput, which improves spectral
signal-to-noise ratios. A further increase in optical throughput is gained by
replacing the traditional diffuse reflectance sample cup with a button sample
holder, which also facilitates spectral measurements of neat samples.’® Figure
2.5 shows a schematic of the quartz tube hot air button sample heater system.
Samples are heated in a button placed on top of the quartz tube by passing 100
mL/min dry air purge gas from the bottom of the quartz tube, around a cartridge

heater, and against the bottom of the button. A quick response thermocouple was
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placed in contact with the sample surface exposed to infrared radiation to record
sample temperatures. Red arrows indicate the direction of the heat transfer from
the dry air purge to the bottom of the button, to the sample in contact with the

button, and to the button surface, which is in contact with the thermocouple.

Thermocouple |-~

Heater
Heated Purge Gas in

uartz Tube ——
Q Contact with Button Bottom

Purge Gas ——

Figure 2.5: Diagram of the variable temperature diffuse reflection infrared
spectroscopy apparatus with the button sample holder placed on top of a quartz
tube containing a cartridge heater. Red arrows indicate the direction of the heat

transfer. The thermocouple is placed in contact with the sample surface.

When using a traditional DRIFTS sample cup, most samples must be mixed
with a non-absorbing infrared diluent to avoid bottoming out of peaks and/or the

Restrahlen band inversion. The presence of diluent, however, can complicate
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infrared spectra through interactions between the sample and diluent."4-115 For
example, Miller et al. (1970) found that percussive grinding of kaolinite with KBr
resulted in mechanical dehydroxylation, but as the grinding proceeded,
compensatory hydroxylation by atmospheric water occurred.''* Diluent is not
required when a button sample holder is employed. Thus, by using an open sample
heating system design and a button sample holder, increased optical throughput
and elimination of diluent interactions and temperature-dependent alignment
changes enhance measurement sensitivity and minimize spectral artifacts for VT-

DRIFTS studies.

2.3.2 Button-IR with Thermoelectric Chip Heating/Cooling

Faster sample heating and cooling was achieved by using a modified button
sample holder and a Peltier thermoelectric chip (TEC) for heating and cooling.''®

Figure 2.6 shows the components of the button TEC heating/cooling system.

Mesh ? Button ~
g Cover \\
O-Ring Spacer |
\Top Plate \\®

| ] — TEC Stack
——— Bottom Plate

— Em—_

Reservoir

Figure 2.6: TEC button sample holder heater/cooler.
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Rapid sample heating and cooling were facilitated by using two
thermoelectric chips in a stacked configuration, where one chip served as a heat
sink for the other.'”-118 Sample temperatures in this configuration could be
adjusted by controlling the heat transferred between the upper TEC and the lower
TEC. Both TEC devices were purchased from Analog Technologies, Inc. (San
Jose, CA) and could operate between -55 °C and 200 °C. The upper TEC (ATE1-
127-5ASH) was 30 mm x 30 mm x 3.46 mm thick. The lower TEC (ATE1-127-
6ASH) was 40 mm x 40 mm x 4.09 mm thick. A 30 mm x 30 mm x 2 mm (1.8 mL)
liquid coolant reservoir was sandwiched between the lower surface of the bottom
TEC chip and the aluminum plate bottom. This reservoir was used to remove heat
from the system by circulating a 24 °C 50:50 water/ethylene glycol mixture by using
a ThermoFisher Scientific (Waltham, MA) Neslab RTE-4 recirculating chiller. TEC
edges were sealed with silicon adhesive and pressure was applied from the top
plate to ensure good contact between the two TEC devices.

To improve thermal conductivity between the two thermoelectric chips, a
small amount of Arctic Silver 5 (Visalia, CA) thermal paste was applied to the
underside of the upper TEC. When clamped together, the Artic Silver 5 spread into
a thin layer, providing improved thermal contact between the upper and lower
TECs. A 0.75 inch hole in the stainless-steel cover plate above the upper TEC
provided an opening to accommodate a modified button, which was in direct

contact with the upper TEC. The TEC stack and modified button sample holder
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were contained and clamped together within a 60 mm x 60 mm x 11.5 mm
aluminum enclosure. These dimensions were small enough to permit the entire
unit to be mounted on a slide to facilitate quick introduction and removal from the
FTIR via a slot in the Plexiglas purge cover. This not only allowed for fast
positioning of the sample at the focus of the PM optics, but also maintained the dry
air purge of the FTIR, which would have been lost if the sample compartment were
opened.

A specialized button was constructed for use with the TEC VT-DRIFTS
heating/cooling apparatus. The bottom of a highly polished 1.5 mm thick aluminum
disk was pressed against the top surface of the upper TEC. This disk had a ca.
0.25 inch recess into which the wire mesh was placed. The wire mesh was spot
welded to a 0.30 thick stainless-steel backing. An Omega Engineering Inc.
(Norwalk, CT) CHALO10 type K thermocouple was spot welded to the opposite
side of the backing. This assembly was attached to the bottom of the aluminum
disk recess by using high temperature JB Weld (Sulfur Springs, TX) epoxy. While
mesh sizes can be variable, a 100 mesh was chosen for this modified button

prototype. A picture of the assembled apparatus is shown in Figure 2.7.
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Figure 2.7: Button heating/cooling apparatus with stacked thermoelectric chips.
The button sample holder used with this apparatus contained a permanently

attached thermocouple.

Button temperatures were largely determined by the temperature of the

upper thermoelectric chip and partially influenced by radiant heat from the
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spectrophotometer purge gas and incident infrared beam. Permanent attachment
of the thermocouple on the bottom of the wire mesh backing facilitated more
accurate and reproducible sample temperature readings when compared to the
quartz tube heating system (Figure 2.5). The modified button sample holder could
be inserted and removed from the top opening in the TEC heating and cooling
stack for analyses and cleaning. Unlike regular buttons that do not contain an
attached thermocouple, the durability of the modified button was dependent upon
the fragility of the attached thermocouple.

Thermal heating and cooling profiles could be applied by controlling the
TEC stack electrical power supply. A model ATEC302 temperature controller and
FTX700DX H-bridge amplifier from Accuthermo (Fremont, CA) provided DC power
(12 V, 5 A max) in parallel to the stacked TECs. Feedback was provided by the
voltage derived from the modified button thermocouple. The H-bridge amplifier
allowed applied voltage polarity to be reversed, which facilitated both rapid heating
and cooling of the sample. Given that the external surfaces of the TEC chips were
ceramic, which has a low thermal expansion coefficient, the risk of optical
misalignment due to sample height variations during heating and cooling cycles
was minimal.

Programs written in the C++ programming language were used to measure
sample temperatures while applying customized heating and cooling profiles.

These programs were incorporated into Mattson Instruments FTIR macro
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programs that were used to acquire spectra so that interferogram data acquisitions
and sample temperature measurements could be controlled together. These
macro programs were used to generate automated temperature steps, implement
isothermal periods, initiate heating and cooling ramps, and to activate
interferogram data collections at predetermined times and temperatures. The TEC
stack heating and cooling system was able to control isothermal sample
temperatures to within + 0.1 °C and heating and cooling rates exceeding 2 °C/s
could be sustained between 0 °C and 150 °C. As a result, sample temperature
could be changed between -40 °C and 150 °C in a matter of seconds. Heating
from -20 °C to 150 °C required approximately 30 seconds. Cooling from 150 °C to
-20 °C required nearly a minute due to limitations on the rate of heat transfer to the
coolant reservoir. A temperature range of -50°C to 200 °C is theoretically attainable
with the TEC stack apparatus and chilled coolant recirculator. However, ice
formation after sustained periods below 0°C, which affected measured spectra,
occurred because some water vapor remained inside the purged FTIR
environment. Inherent limitations of the piezoelectric components comprising the
thermoelectric chips could result in damage after many heating and cooling
cycles.''® Consequently, sample temperatures were restricted to between -40 °C

and 150 °C for the studies described here.
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2.4 Working Principle

The button backing and the mesh wires affect how radiation is reflected.
Sample properties also affect the directions over which radiation is reflected. Some

examples are provided in Figure 2.8.

4 \a e\ »

No Sample Solid Sample Liquid Sample
Figure 2.8: (a) Empty, (b) solid, and (c) liquid filled buttons with typical reflections
for each case.

After reflection, radiation leaving an empty button surface can be described
as variable angle specular reflection, with exit angles determined by the incident
radiation angle. The wide range of reflection angles is due to the combined flat and
round surfaces provided by the backing and mesh wires respectively. When a solid
sample is loaded into the mesh void spaces, some of the radiation that previously
reflected off the polished surfaces of the sample holder will pass through sample
particles and contribute to diffuse reflection. Reflected radiation is therefore partly
diffuse reflection from the solid sample and partly variable angle specular reflection
from the sample holder. When non-scattering liquids are loaded into the mesh
voids, reflected angles are altered by refraction and therefore dictated by the
refractive index of the sample. Reflected radiation angles for liquid samples are

therefore partially determined by refraction by and reflection from the sample
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holder backing and mesh wires, which is similar to transflectance measurements.
It is apparent in Figure 2.9 and Figure 2.10 that the base, mesh wire diameter, type

of weave, and sample thickness impact reflectivity.

Emissivity

3700 3200 2700 2200 1700 1200 700
Wavenumber cm-1

——50 Mesh 100 Mesh ——200 Mesh

Figure 2.9: Plots of emissivity versus wavenumber for empty buttons with 50,

100, and 200 meshes.

Figure 2.9 shows the diffuse reflectance emissivity from buttons containing
50, 100, 200 meshes. As expected, as the number of wires per square inch
increased, so did the diffuse reflectance emissivity. As expected with these plain
weave meshes (Table 2.1), larger wire diameters or higher numbers of wires per

square inch decreased void volumes and increased diffuse reflectance emissivity.
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This is because the polished backing surface accounts for most of the specular
reflectance radiation component. Figure 2.10 shows emissivity plots for the 635
(twill weave) and 2800 (sintered) meshes. The diffuse reflectance emissivity for

these two meshes were similar.

w
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Emissivity

3700 3200 2700 2200 1700 1200 700
Wavenumber (cm-1)

—635 Mesh 2800 Mesh

Figure 2.10: Plots of diffuse reflectance emissivity versus wavenumber for empty

buttons containing 635 and 2800 wire meshes.

2.5 Sampling Considerations

The implementation of the button sample holder for VT-DRIFTS studies
offers a new approach for analysis of liquid and powder samples. Because the
mesh provides a means of creating thin sample layers, and therefore short

radiation pathlengths, neat samples can be studied by Button-IR VT-DRIFTS.
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Because the wire mesh provides a wide reflection angle range necessary for the
PM optical system, samples such as: low volatility liquids, oils, greases, and pastes
can be subjected to variable temperature analyses. Samples can be analyzed and
safely stored within wire mesh void spaces, allowing for re-analysis at a later time.
Button sample holder mesh properties dictate the amount of sample required for
analyses. Typically, less than 1 mg is needed to completely fill a button sample

holder.

2.5.1 Liquid Sample Loading

Buttons can be utilized as a variable path length sample holder for liquids.'!®
The reservoir of a recessed button is particularly suited for liquid samples. When
loading a liquid sample into a recessed mesh button, the sample depth and
radiation distance traveled through the sample increase as larger volumes are
added. It was previously shown that absorbance pathlengths for liquids added to
recessed mesh buttons varied in a non-linear fashion relative to added sample
volume. This was due to the round shapes of mesh wires, which resulted in the
metal wires displacing differing amounts of fluid as the mesh was filled from bottom
to top. However, it was found that constant pathlengths could be obtained when
the same sample volume was dispensed.’%”

Another important factor when choosing which mesh to use for liquid
sampling is the potential for baseline drift. When 0.2 ul aliquots of paraffin oil were

added with a blunt tip Hamilton 10 pyL graduated syringe (Reno, NV, +1% accuracy)
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until the button reservoir was full, less baseline distortion occurred with meshes
having more openings/in. (i.e. tighter weaves) as shown in Figure 2.11. The inset
plot shows the severe baseline drift above 3520 cm' for the 100 mesh. This may
be due to the interplay of adhesion to the wires and cohesion forces within the
sample causing the oil to “crawl” over the surface of the wire through capillary
action. The more uniform baselines obtained by using the 635 and 2800 meshes
may be due to the smaller void spaces producing less specular reflection from the
stainless-steel backing. Also, the tighter weave likely provided a more uniform
sample layer and therefore more consistent pathlength due to a more even sample

distribution across the wire mesh.

0.06

ubelka Munk Units K/S
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Wavenumber cm™!

——100 Mesh 635Mesh ——2800 Mesh

Figure 2.11: Paraffin oil spectra obtained by using half-filled 100, 635, and 2800
mesh buttons. Spectra were obtained at button rotation angles corresponding to

maximum emissivity.
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2.5.2 Solid Sample Loading

There are some practical sampling considerations to take into account when
performing traditional DRIFTS measurements of solid samples. For example,
particle sizes should be small and uniform to obtain narrow absorbance
bandwidths and better relative band intensity reproducibility. This may necessitate
sample grinding prior to analysis. Traditional DRIFTS requires that samples should
be prepared as a homogeneous mixture with an alkali salt diluent, containing about
5% sample by weight. Dilution in a non-absorbing diluent and loose sample particle
packing ensure maximum [R beam penetration into the sample and greater
diffusely scattered radiation without bottoming out of high absorptivity spectral
peaks due to thick sample layers.”! Thus, compared to the button method,
traditional DRIFTS measurements requires significantly greater sample
preparation and technical sample handling in order to achieve reproducible and
meaningful results.

When solid powder samples are loaded into a button mesh, individual
particles become trapped within the void spaces between the wires. Void sizes are
determined by the mesh size, with the maximum particle size being defined by void
cavity width (see Table 2.1). For example, by loading a 100 mesh button with a
heterogeneous particle size of powdered sample, particles with diameters of 140
um or smaller will reach the mesh backing but larger particles will reside on top of

the wires and can simply be brushed off the top. Thus, particle size discrimination
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can be achieved by thoughtful selection of the button mesh size. For some
samples, this sieving ability during sample loading may eliminate the need for
sample grinding prior to DRIFTS analysis.

Button-IR also allows for simple preparation of thin layers of neat sample
material. This is simply not possible when using traditional DRIFTS sample cup
holders. Traditional DRIFTS requires sample dilution for most samples, making
analysis of neat samples nearly impossible. DRIFTS would theoretically require a
remarkably thin neat sample layer to avoid bottoming out of spectral peaks.
Reproducibly creating a sub-millimeter thick layer at the bottom of a DRIFTS
sample cup in the presence of air currents, static, and other hindrances associated
with modern lab conditions would be exceptionally difficult. With Button-IR, it’s as
simple as choosing the button with the appropriate size mesh. For example, a thin
sample layer could be created by filling the reservoir of a button sample holder with
material and then brushing the excess off the top of the wires. This would create a
uniform sample layer with a pathlength dependent on the mesh wire diameter.

While analysis of thin layers of neat material are possible by using ATR-IR,
this comes with limitations. ATR-IR necessitates uniform contact between the ATR
crystal and a relatively smooth layer of sample to obtain high quality spectral data.
Ensuring this uniform contact can be difficult when dealing with exceptionally small
sample sizes and uneven surfaces. Furthermore, pathlengths in ATR-IR

measurements are not constant and depend on the refractive indices of the ATR
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crystal and the sample, which are both wavelength dependent. The button sample
holder allows for variable radiation pathlengths that are tunable through mesh size
choice, button orientation, and sample fill level. Furthermore, the greater effective
pathlengths resulting from different reflections from wire surfaces makes it possible
to detect low absorbing species while sub-millimeter layer thicknesses prevent
bottoming out of the high absorbing peaks in the same spectra. The ATR-IR
technique would require two measurements (with different crystals) to obtain
similar information. Button-IR with a TEC stack allows for direct variable
temperature studies of the same sample across a broad temperature range without
optical alignment issues produced by heating the whole sample chamber, which is
not possible by traditional DRIFTS.

The best button sample holder results for neat samples typically result from
loading thin layers. Often, sample material with typical particle diameters of a few
microns occupies the mesh void spaces on the backing surface without extending
to the top of the mesh. When the mesh is not completely filled, the best results are
obtained when the layer thickness is uniform. This is illustrated in Figure 2.12,
which shows the effects of adding a solid sample to a mesh in small increments.
Blue spectra represent 10 scrapes, green represent 50 scrapes, and orange
represent 110 scrapes. Solid lines represent spectra before baseline correction.
Dotted lines represent spectra after baseline correction. Abrasion of turquoise

samples removed approximately 2-3 ug per scrape. Turquoise samples were
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provided through collaboration with the Pailes Lab from the Anthropology
Department at the University of Oklahoma. As more sample was added, more void
space was filled with sample and the layer became thicker, resulting in greater
baseline drift due to increased diffuse scattering by the sample.*0
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Figure 2.12: Turquoise sample baseline drift as a function of added material using

the abrasion sample collection method.

Drifting baselines can be corrected by using software provided by the FTIR
manufacturer. This is typically achieved by subtracting straight lines passing
through selected wavenumbers corresponding to the infrared spectrum baseline.

However, the best approach is to load samples as thin layers because this

57



procedure tends to produce fewer baseline deviations, which reduces the need for
baseline correction.

Using neat sample thin layers for analyses eliminates the need for sample
dilution, which is common with traditional DRIFTS measurements. This saves time
and effort and is particularly advantageous for highly absorbing samples, such as

carbon black (Figure 2.13).
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Figure 2.13: Full button versus thin layer spectra of carbon black. The blue
spectrum was obtained with a 100 mesh button filled to the top of the wires with
carbon black. The orange spectrum was obtained by placing a thin layer of

particles in the button.
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Interestingly, when filled to the top of the wire mesh with this challenging sample,
the infrared spectra did not “bottom out” in the traditional sense (i.e. 0%
transmittance at the detector). This was likely due to some continued reflectance
from the wires visible at the top of the sample. Nonetheless, discreet spectral
information was lost, and some peaks began to invert, further proving the need for
a thin layer. The thin layer spectra, represented in orange, demonstrate the return

of distinctive peaks like the carboxylic acid peak around 1710 cm1.120

2.5.3 Abrasion Sample Loading

The neat sampling capabilities and particle size selectivity provided by the
exposed mesh button allow for material to be added to the mesh voids by rubbing
the wire mesh across a sample surface. This method of sample loading requires
no preparation steps. This abrasion sample loading technique was employed to

obtain the treated turquoise sample spectra shown in Figure 2.14.
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Figure 2.14: (A) Photograph of sampling locations. (B) Spectra of stabilized

turquoise sampled at the polymer coating and at a location that appears to be

60



both polymer and turquoise. (C) Difference spectrum obtained by subtracting the

polymer scrape spectra from the polymer and stone spectra.

The samples for Figure 2.14(A) spectra were obtained from the designated
locations shown in Figure 2.14(B). The carbonyl stretching peak around ~1730 cm-
is characteristic of the polymer impregnation of the turquoise sample. This band
along with those at ~1600 cm' and ~1453 cm' (CHs bending), and in the 2800-
3100 cm™ (C-H stretching) range suggests that this turquoise may have been
treated with Norland Optical Adhesive 650 as well as other plasticizers. Peaks at
~3503 cm' (Al-O-H stretching in aluminum phosphates), 3460 cm!, 3270 cm™,
3085 cm (H20, OH), and the broad overlapping bands in the 1000-1150 cm-!
(PO4% stretching) region were attributed to the turquoise mineral.1?1-124 As
expected, these peaks were above the x-axis when subtracting the spectrum
corresponding to the point A sample location from the point B sample location
spectrum, thus demonstrating that qualitative identification of unknown material is
possible by using the abrasion sampling method.125

Abrasion sampling is quick and minimally destructive. The mesh
simultaneously removes and traps small quantities (ca. pyg) of solid material. This
sampling method could be used for fast infrared analysis and the removed sample
could then be stored indefinitely on the stainless-steel button surfaces. These
sample containing buttons could be manipulated, transported, and undergo

repeated infrared measurements or other non-destructive analyses without
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significantly disturbing them. This neat sampling approach facilitated by the button
sample holder results in spectrum signal-to-noise ratios that are comparable to
results obtained for a ~20 fold sample dilution by traditional DRIFTS. The abrasion
sample loading technique is more convenient than using ATR to obtain spectra
because sample preparation steps, such as scraping off material and grinding to
a fine powder, are unnecessary.26

The simplicity and rapidity of the abrasion sample collection method makes
it particularly attractive for characterization of materials that cannot be significantly
marred or fully ground to a powder and must remain under controlled conditions,
such as preserved archaeological artifacts. A one-time abrasive sampling of these
pieces can be stored and repeatedly analyzed indefinitely. Abrasion sampling has
the potential to make available new artifact sets to chemical analyses that would
otherwise not be possible due to cultural integrity and analyte alteration concerns.
For example, intact ceramic vessels are prized artifacts contained in museum
collections that are rarely made available for chemical analyses. These vessels
may offer significant insight into the past, but current analytical, sample

preparation, and sample collection techniques would damage these artifacts.!?”

2.6 Button Sample Holder Orientation

Early button sample holder prototypes consisted of 0.75 inch diameter
stainless-steel disks with a roughly 0.25 inch diameter mesh that was spot welded

at the center. While these prototypes provided reasonable DRIFTS spectra, early
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studies revealed that infrared spectra were dependent on the orientation of the

mesh weave pattern with respect to the incident radiation.6-17, °1, 128

2.6.1 Method

Inconsistent weave pattern orientations were due to the difficulty of
reproducibly spot welding the mesh with the same orientation. Still, reproducible
spectra were obtained by aligning the button sample holder with the incident
radiation beam in the same manner each time. An alignment reference point
indentation was added to the button design to ensure consistent mesh orientations.
Alignment pins on the sample introduction slide were required to maintain the
mesh orientation for repeated measurements (Figure 2.15). Button backings were
made from 430 grade stainless-steel to use a magnet to hold the sample holder
firmly to the sample introduction slide and to eliminate variations in pitch and yaw,

thus keeping the button stable and level while inside the FTIR.

No Alignment Mark Alignment Mark Alignment Mark with
two holes for pins

Figure 2.15: Button orientation marker evolution: The first button prototype started
out with no alignment markers. Once spectral changes due to button orientation

were noted, an alignment mark was added as in the middle button. This alignment
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mark was a small indentation at one edge of the button. The alignment pin holes

in the button on the right were added to further enhance alignment reproducibility.

The underlying principles for solid sample measurements with the button
sample holder differ from those pertaining to liquids. Because the pathlength
through a layer of irregularly shaped particles is not constant, Beer’s Law does not
apply. Instead, conversion of reflectance spectra into the Kubelka-Munk format is
necessary to obtain band intensities that are roughly proportional to
concentration.'?® Given that both the sample particles and wires of the mesh are
reflecting the radiation collected by the PM optics, it is important to better
understand how different mesh orientations may impact measured spectra.

Reflected radiation from non-scattering homogenous liquid samples in
Button-IR arise from reflections from of mesh wires and from the backing after
refraction through the liquid. Button-IR infrared spectra for liquid samples
resemble those measured by using a transmission cell, however, differences in
band widths and relative intensities are apparent.''® Given the difference in the
paths by which radiation reaches the detector in Button-IR of liquids versus
Transmission-IR, it is important to note the effect of mesh properties, such as wire
diameter, weave pattern, and number of wires exposed to incident radiation, on
the angular distribution of the radiation emerging from the sample. It was
previously noted that pathlength could be adjusted by changing the sample volume

added''® and that the structure of the wires woven over each other in a plain or
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sintered pattern exhibit somewhat different sample depths for incident radiation at
the base of mesh void spaces versus compared to the edge of the wires (Figure
2.16). The average pathlength is indicative of all possible depths and reflections of
radiation that pass into the sample. Rotational investigations were initiated out of
an interest in determining if the rotation angle of the mesh could be used to fine

tune the infrared radiation pathlength.

Figure 2.16: Profile view of button cavity demonstrating different sample depths

(i.e. different total pathlengths) due to wire curvature.

2.6.1 Button Rotation Studies

To investigate the impact of changing the mesh orientation on spectrum
quality and determine if pathlengths could be fine-tuned by adjusting the mesh
orientation, infrared spectra were obtained with a button sample holder while

systematically changing the mesh orientation with respect to the incident radiation
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beam. Single beam spectra for empty buttons with 50, 100, 200, 635, and 2800
meshes were collected at 10° increments over a complete 360° rotation. These
yielded patterns containing four maxima and minima for 50, 100, and 635 meshes;
and 2 maxima and minima for the 200 and 2800 meshes (Figure 2.17). Photos of
mesh orientation relative to incident beam and the maxima/minima single beam

diffusion patterns for each mesh can be found in Appendix A.
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Figure 2.17: Plots of single beam intensity versus rotation angle for individual

meshes (50, 100, 200, 635, 2800)
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This investigation determined that spectral quality did not change
significantly when the button orientation angle with respect to incident radiation
was varied. However, the best reproducibility would be expected for buttons with
mesh patterns orientated to correspond with maxima or minima in the rotation
plots. In these regions, the single beam intensity varies the least with slight

changes in rotation angle.

2.7 Summary

Ultimately, the button sample holder used for the infrared spectroscopy
measurements described in this dissertation was easy to use and required minimal
sample handling. It provides many of the same benefits as ATR-IR, but without the
pitfalls of the crystals, which may be scratched and must be thoroughly cleaned
between sample measurements. Also, the ATR-IR pathlength dependence on
sample and ATR crystal refractive indices does not occur with Button-IR
measurements. The button stainless-steel backing and mesh are durable and are
easily cleaned, making them suitable for nearly indefinite periods of use without
need for replacement. The button sample holder can be used to analyze neat
samples of solids, liquids, greases, oils, and pastes, and samples can be loaded
onto the sample holder by rubbing it against the surface of the material for which

an infrared spectrum is desired.
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Chapter 3: A High Sensitivity Variable Temperature Diffuse
Reflectance Infrared Fourier Transform Spectroscopy
Investigation of Temperature Dependent Structure Changes in

Kaolinite

3.1 Background

A button sample holder was employed for infrared spectroscopy thermal
analysis studies of kaolinite clay. Results obtained while monitoring solid-state
temperature-dependent changes in this extensively studied mineral were used to
assess the reproducibility and sensitivity of the button VT-DRIFTS method. By
eliminating the sealed sample chamber and employing a button sample holder,
spectral artifacts were minimized, and measurement optical throughput was

enhanced compared to other experimental designs.

3.1.1 Introduction

Variable temperature diffuse reflection infrared Fourier transform
spectroscopy (VT-DRIFTS) can be used to study temperature-dependent
structural changes in solid materials.108-110. 130-146 Tg obtain accurate VT-DRIFTS
measurements, it is necessary to account for artifacts caused by sample heating
in addition to factors that must be considered when making isothermal

measurements (Chapter 2). When the open sample heating system design
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employing a button sample holder shown in Figure 3.1 was used for VT-DRIFTS,
the increased optical throughput, lack of diluent interactions, and elimination of
temperature-dependent alignment changes enhanced measurement sensitivity

and minimized spectral artifacts.

Thermocouple /j,/:
Top View S
L.] r_l
———=—<——> Side View
Heater
Vents
Quartz Tube —|
PurgeGas ——

Figure 3.1: Diagram of the variable temperature diffuse reflection infrared

spectroscopy apparatus with button sample holder.

3.1.2 Kaolinite

The apparatus used in this study incorporated a button sample holder and

exposed heated samples to spectrophotometer purge by eliminating the sealed
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environmental chamber used in traditional VT-DRIFTS analyses. The performance
of this system was evaluated by applying it to monitor the temperature-dependent
structural changes that occur when heating kaolinite. This material was selected
to assess the new VT-DRIFTS system because its temperature-dependent
structural changes are well known.'#” Vibrational spectroscopy has previously
been employed to assign absorbance bands and to elucidate kaolinite structural
properties.'47-161 Experimental and computational studies have determined that
kaolinite (Al2Si2Os(OH)4) is a 1:1 dioctahedral mineral member of the silicate
mineral class. It is a layered silicate clay mineral, meaning that it rarely exists as
large defined crystals in nature, but rather as thin plates stacked into compact clay
masses.” It is formed through the chemical weathering of feldspars and other
aluminum silicate minerals in hot and moist environments. Indeed, ancient climates
can be geologically tracked by the relative proportions of kaolinite (weathered in
hot/moist climates), illite (colder climates), smectite (drier climates), and other
minerals in the soil.40

The kaolinite crystalline structure (Figure 3.2) consists of one tetrahedral
(T) silicate sheet (SiO4) linked via shared oxygen atoms to an octahedral (O)
alumina (AlOs) sheet. In order to maintain overall charge neutrality, every third
octahedral site is empty, with the others containing AP+ ions.157: 162 Kaolinite

contains two types of hydroxyl groups. “Inner hydroxyls” are found between TO
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sheets and facilitate hydrogen bonding between unit cells, whereas “inner surface

hydroxyls” extend from alumina sheet exteriors. 57 159, 161,163

Figure 3.2: Kaolinite Structure (a) Ball and stick (b) Crystal faces. Red balls
represent oxygen atoms. Dark blue balls represent silicon atoms. Light blue balls
represent aluminum atoms. White balls represent hydrogen atoms. The octahedral
layer is highlighted with green crystal faces. The tetrahedral layer is highlighted
with red crystal faces. Crystal structure from Bish (1993).1%4 Structural modelling

was accomplished by using the VESTA software.'6°

When heated above 450 °C, the kaolinite lattice irreversibly loses hydroxyl
groups bonded to the octahedral sheet.’66-167 Between 550 and 750 °C, kaolinite

is converted to metakaolinite. Near 900 °C, the structure changes to mullite.168-169
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Consequently, infrared spectra obtained above 600 °C exhibit a notable absence
of hydroxyl stretching vibrations.167. 1770-171 Below 150 °C, infrared spectral changes
reflect loss of adsorbed water and subtle temperature-dependent reversible
structure changes. In this work, these changes were monitored, and the underlying
processes were characterized by using a new VT-DRIFTS apparatus. Emphasis
was placed on evaluating the reproducibility and sensitivity of the technique as well

as the ability to distinguish between reversible and irreversible changes.

3.2 Experimental

Powdered kaolinite from Twigg County, Georgia was purchased from
Ward’s Natural Science (Rochester, NY). Diffuse reflection infrared spectra were
obtained by using a stainless-steel “button” sample holder to analyze thin layers of
neat powder.''® Sample heating was accomplished by using the apparatus shown
in Figure 3.1, which was previously employed to monitor changes in NaA, CaA,
and NaY zeolites during thermal dehydration.”2-174 About 1 mg of kaolinite powder
was loaded into a 6 x 6 mm (0.25” x 0.25”) square opening in a 100 mesh button,
which was mounted on top of a quartz tube. Dry air purge gas flowing at 100
mL/min entered the bottom of the quartz tube and flowed around a cartridge
heater, transferring heated air to the bottom of the button. The button sample
holder consisted of a thin stainless-steel disk to which a stainless-steel wire mesh
was welded. This sample holder was attached to an alignment ring by three

screws. The alignment ring outer diameter was slightly smaller than the inner
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diameter of the quartz tube. The three attaching screws passed through stainless-
steel washers placed between the alignment ring and button to create gaps, which
served as vents for heated air to escape after the alignment ring was inserted into
the quartz tube. This prevented pressure increases within the tube and improved
heated gas flow rate stability. Sample temperatures were measured by using a K-
type thermocouple pressed to the wire mesh button front surface. The thin layer
powder sample was positioned at the focal point of a Harrick Scientific Inc.
(Pleasantville, NY) praying mantis diffuse reflection accessory.'® The sample
heating profile was generated by using a Eurotherm Controls Inc. (Reston, VA)
model 818p temperature controller.

A Mattson Instruments Inc. (Madison, WI) Nova Cygni 120 Fourier
transform infrared spectrophotometer (FTIR) with an MCT detector was used for
infrared spectroscopy measurements. Spectra were obtained over the 4000-700
cm-! range by signal averaging 175 scans at 8 cm' resolution for both sample and
background single beam measurements. This spectral resolution was sufficient to
accurately represent small changes in the broad kaolinite bands and afforded
greater spectral signal-to-noise ratio compared to higher resolution
measurements.'”® Infrared spectra were obtained at 1.07 min intervals while the
sample was heated from ambient temperature to 150 °C at a rate of 2.0 °C/min.
Spectrum collection continued at this rate during a 5 min isothermal period at 150

°C and then throughout cooling (2.0 °C/min) back to near ambient temperature.
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While heating and cooling the sample, successive infrared spectra were acquired
at 2.14 °C intervals.

Thermogravimetry measurements were made with a DuPont Instruments
(Wilmington, DE) 951 Thermogravimetric Analyzer (TGA). About 10 mg of neat
kaolinite powder was heated by using a 2 °C/min temperature ramp from ambient

temperature to 200 °C with a dry air purge rate of 100 ml/min.

3.3 Results and Discussion

The components of the apparatus shown in Figure 3.1 were selected to
minimize vertical thermal expansion when heating samples, which can affect
infrared spectrum baselines and absorbance band shapes.'#® The quartz tube and
metal button reached the highest temperatures during VT-DRIFTS measurements.
Thus, the thermal expansions of these components were the primary contributors
to vertical sample position variations. Quartz was selected instead of stainless-
steel for the heater tube material because its thermal expansion coefficient is 23.6
times lower than that for stainless-steel, resulting in much smaller sample height
increases during heating. The stainless-steel button 0.3 mm backing thickness
facilitated efficient heat transfer from the heated purge gas, through the button,
and to the sample with minimal vertical thermal expansion. The K-type
thermocouple wires placed in contact with the top of the sample were extended

about 6 mm from the end of the 1.6 mm (1/16”) diameter ceramic insulator to
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minimize infrared source radiation blocking. Sample heating from the FTIR infrared
radiation source resulted in a typical ambient sample temperature of about 30 °C.

The heating profile applied to the homogenized neat kaolinite sample during
VT-DRIFTS measurements consisted of two isothermal periods and heating and
cooling ramps. The initial one-minute isothermal period at ambient temperature
was followed by a heating ramp to 150 °C at a rate of 2 °C/min temperature
increase. The second isothermal period was held at 150 °C for five-minutes. The
cooling ramp back down to near ambient temperature was then initiated at a rate
of 2 °C/min. This symmetrical heating and cooling temperature profile was used to
distinguish between reversible and irreversible temperature-dependent changes in
different hydroxyl groups and overall kaolinite structure. For reversible kaolinite
structure variations, changes to spectral bands observed during heating were
reversed during cooling. Irreversible changes were not observable in the ambient

temperature spectra after the sample went through the heating and cooling profile.
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Figure 3.3: (a) Overlay of infrared spectra measured while heating. (b) Overlay of
five infrared spectra measured at 150 °C. (c) Overlay of infrared spectra measured

while cooling.

VT-DRIFTS infrared spectra acquired at 30 °C sample temperature
increments while heating to 150 °C are overlaid in Figure 3.3a. Slight changes in
overlapping spectra are evident, with greater variability in the O-H stretching
vibration bands (> 3500 cm') compared to the fingerprint region (800-1200 cm-?).
The magnified 1500-2000 cm- region reveals a decrease in intensity near 1620
cm-! with increasing temperature, representing a decrease in the H-O-H bending
vibration band intensity caused by the loss of adsorbed water. Compared to Figure

3.3a, little variability is evident in Figure 3.3b, which depicts an overlay of the five
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consecutively measured infrared spectra obtained during the 150 °C isothermal
period. These five spectra are indistinguishable on the displayed scale, even within
the magnified 1500-2000 cm™ region, which represents a 35x ordinate scale
expansion compared to the full spectrum plots. This confirms that the kaolinite
structure was invariant during the 150 °C isothermal temperature period. The fact
that reproducible spectra were obtained during this portion of the heating profile
also confirms that constant sample temperatures were maintained during these
measurements. Figure 3.3c, which shows overlaid VT-DRIFTS spectra obtained
at 30 °C temperature increments during sample cooling, is qualitatively similar to
Figure 3.3a, except that the 1620 cm™' band did not fully regain its initial intensity
after cooling. Results shown in Figure 3.3 suggest that most of the kaolinite
structural changes caused by sample heating were reversible, except for adsorbed
water loss, which was mostly irreversible.

The inset plots in Figure 3.3 reveal small temperature-dependent intensity
changes near 1620 cm', assigned to loss of H-O-H bending vibrations due to
water evaporation. Figure 3.4 shows the 1560-1660 cm™' integrated area versus
time plot for this band derived from VT-DRIFTS spectra. The dash line depicts
measured sample temperatures as a function of elapsed time. The straight lines
between 0 and 40 min and 70 and 120 min represent linear regressions for the
integrated area versus time plots over those periods. The decreasing band area

began to level off near 40 min, when the sample temperature was about 109 °C.
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Between 0 and 40 min, the best fit line equation, which represents measurement
sensitivity, was: y = -0.0026 x + 0.37 (R? = 0.97), where y is integrated band area
and x is time (min). During sample cooling, the integrated area increased slightly,
but did not return to its initial value. The best fit line equation between 70 and 120
min was: y = 0.0006 x + 0.22 (R? = 0.91). The lack of complete reversibility evident
in Figure 3.4 was expected due to the low water content of the dry air
spectrophotometer purge gas. Thermogravimetric analysis of the kaolinite
revealed that it contained about 1.5% (w/w) water. The plot in Figure 3.4 confirms
that measurement sensitivity was sufficient to reveal the expected trends in the
water bending vibration band area as a function of temperature. Given that the
amount of sample placed in the button sample holder was at most 1 mg and that
the incident infrared beam focal point diameter was approximately 3 mm'73, the
total water mass loss contributing to changes in acquired VT-DRIFTS spectra can
be estimated to be about 3 ug. Therefore, on average, successive VT-DRIFTS
spectra collected over the 0-40 min elapsed time reflected a water loss of about
75 ng for each 2 °C increase in sample temperature. Similarly, spectra collected
between 70 and 120 min reflected average gains of about 19 ng per each 2 °C

decrease in sample temperature.
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Figure 3.4: Integrated absorbance for the adsorbed water H-O-H bending vibration

band (solid line) and sample temperature (dash line) as a function of time. Straight

lines denote linear regression best fit lines.

The overall infrared spectrum changes that occurred while heating the
kaolinite sample and isothermal successive scan reproducibility are represented
in Figure 3.5. In the upper portion, three successively measured spectra obtained
near the ambient temperature of 30 °C and three successively measured spectra
obtained near the heated isothermal temperature of 150 °C are shown for the O-H
stretching vibration (3725-3600 cm-') and bulk mineral vibration (1150-900 cm)
spectral regions. With the exception of the band near 3620 cm', bands in 150 °C

spectra are shifted to lower wavenumbers compared to the 30 °C spectra. Solid
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lines are overlays of the final three spectra obtained during sample cooling.
Temperatures during these measurements averaged 33.3 °C with a standard
deviation of + 0.4 °C. Dash lines represent three spectra obtained during the 150
°C isothermal period. The average temperature for these measurements was
150.1 °C, with a standard deviation of + 0.8 °C. The solid and dash lines at the
bottom of Figure 3.5 indicate the variability of successively measured spectrum
intensities, represented by plots of relative standard deviation (RSD) as a function
of wavenumber. Because RSD values were small, the six spectra in the upper
portion of Figure 3.5 appear as only two plots. In general, RSD values were slightly
greater at 150 °C compared to those at 30 °C. RSD values never exceeded 1.0 %
at either temperature and were below 0.5 % over most of the spectral range shown.
This compares favorably with the scan-to-scan reproducibility of the instrument at
ambient temperature (i.e. without heating), which was characterized by RSD

values ranging between 0.1 and 0.2 % under the same data collection conditions.
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Figure 3.5: Top: DRIFTS spectra for kaolinite measured at 30 and 150 °C. Bottom:
Relative standard deviations of measured intensities for three successively

acquired spectra as a function of wavenumber.

Hydrogen bonding and electrostatic interactions between water, hydroxyl
groups, and bridging oxygens are responsible for many of kaolinite’s physical
properties. When heated above 100 °C, kaolinite loses weakly bonded molecular
water. Reduction in basal spacing due to heating increases hydroxyl group-oxygen
interactions between sheets, resulting in systematic shifts in hydroxyl stretching
band wavenumbers.'8 Difference spectra, obtained by subtracting spectra
obtained at two temperatures, reveal subtle changes that are not readily apparent

in the measured spectra. For example, Figure 3.6a shows the ambient temperature
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O-H stretching vibration region of kaolinite (top) and a series of difference spectra
(bottom) representing changes that occurred during heating (down arrow) and
cooling (up arrow). Solid lines represent the results of subtracting the initial
ambient temperature spectrum from spectra obtained at 30 °C increasing
temperature increments, whereas dashed lines were obtained by subtracting the
150 °C spectrum from spectra obtained during cooling at 30 °C intervals. For
reference, vertical lines denote band maxima locations in the initial ambient
temperature spectrum. The four hydroxyl stretching vibration band locations agree

with those reported in several previous studies. 150 157, 176-177
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Figure 3.6: (Top) VT-DRIFTS spectra obtained at 30 °C and (Bottom) difference

spectra for (a) O-H stretching vibrations and (b) framework vibrations.

Temperature labels at the base of the up and down arrows denote the
reference temperatures for spectrum subtractions. Individual difference spectrum
labels identify the other spectrum used for subtraction. For example, the 60 °C
solid line difference spectrum was obtained by subtracting the initially measured
30 °C spectrum from the spectrum obtained at 60 °C during sample heating and
the 120 °C dash line was obtained by subtracting the 150 °C spectrum from the
spectrum measured at 120 °C while the sample was cooling. For each difference

spectrum, positive features denote gain of intensity whereas negative features
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reflect intensity loss over the temperature increment associated with subtracted
spectra. When heated, kaolinite structural changes resulted in a shift of the 3698
cm™ band to lower wavenumber and a shift of the 3623 cm™ band to higher
wavenumber (Figure 3.5). This is consistent with a previous study that employed
Raman microprobe measurements to monitor kaolinite as a function of
temperature.’®® Frost et al. reported a blue shift of the inner hydroxyl band and a
red shift of the inner surface hydroxyl band.'%® Figure 6a solid line difference
spectra exhibit negative intensities above 3690 cm ' and smaller positive features
below 3690 cm'. The relative areas of the positive and negative residuals differ
because the overall integrated area for this band decreased when the sample was
heated. In contrast, the 3623 cm™ band integrated area increased slightly with
heating, as indicated by a somewhat greater gain in intensity above 3625 cm"
compared to the intensity lost at lower wavenumbers. In general, the solid and
dash line difference spectra are nearly mirror images, but close inspection reveals
some slight variations. For example, although the difference spectrum maximum
absorbance change for the 3698 cm' band shifted from 3702 to 3700 cm' during
sample heating (solid lines), maxima began at 3696 cm! and ended at 3702 cm"
during cooling. Similar trends with shifts in the opposite direction were exhibited by
the 3623 cm! band. These trends result from variations in hydroxyl group local
environments and are likely caused by temperature-dependent changes in

hydrogen bonding between hydroxyl functionalities and neighboring framework
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oxygens. Intensities for the heavily overlapping 3670 and 3655 cm™ bands
increased slightly due to heating. The approximately mirror image dash line
difference spectrum features for these bands indicate that these changes were
effectively reversed by sample cooling.

Inner hydroxyls (3623 cm) are located between the silica and alumina
sheets.’S” Thermal expansion increases distances between inner hydroxyls and
neighboring apical oxygens. This decreases hydrogen bonding strengths, resulting
in shorter hydroxyl O-H bonds, causing the stretching vibration band to shift to
higher wavenumber. Inner surface hydroxyls are located on the outside of the
octahedral alumina sheets. This configuration results in weak hydrogen bonding
with siloxane sheet oxygens and more freedom of movement of the hydroxyl
groups, resulting in higher O-H stretching vibration band wavenumbers compared
to inner hydroxyls.155 177 When heated, alumina and siloxane sheets move closer
together, strengthening hydrogen bond interactions for inner-surface hydroxyl
groups and lengthening their O-H bonds.'®® Tosoni et al. proposed that shorter
distances between alumina and siloxane sheets result in more linear O-H—O
hydrogen bond angles, causing the observed red shifts of the inner surface
hydroxyl O-H stretching vibration bands.'5°

Figure 3.6b shows difference spectra spanning the 1150-850 cm' range,
which includes Si-O-Si stretching and Al-O-H bending vibrations. The band at 1113

cm'! has been assigned to Si-O-Si symmetrical stretching of equatorial bonds
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whereas the 1029 and 1007 cm™' bands have been assigned to anti-symmetric
stretching motions.'”® The 937 cm-! band is associated with Al-OH bending of inner
surface hydroxyls whereas the 915 cm! band is attributed to the Al-OH bending
vibration of inner hydroxyls.'”” Solid line difference spectra represent changes that
occurred while heating the sample and the dash lines represent subsequent
cooling changes. Like Figure 3.6a, these plots are nearly symmetrical about the
horizontal axis, which is consistent with thermally reversible changes. The
magnitudes and shapes of difference spectra bands reveal subtle details regarding
temperature-dependent local environment changes for these functionalities. The
Si-O-Si stretching vibration bands all exhibited red shifts with increasing
temperatures. Interestingly, the 1113 cm™ band positive difference spectrum
component was broader than the negative component. This indicates that the Si-
O-Si functionalities affected by heating adopted a less uniform structure compared
to their initial ambient temperature configurations. Compared to the 1113 cm™
band, the 1029 cm-! band change was minimal, but the 1007 cm' band changes
were significantly larger. These differences reflect variations in the dipole moment
changes associated with the different vibration modes. Difference spectra show
that temperature-dependent intensity changes near the 937 cm Al-OH bending
vibration band were smaller and confined to a narrower wavenumber range than
the Si-O-Si vibrations. Similarly, very little intensity decrease was detected near

the 915 cm’ band, but a significant, broad intensity increase at lower
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wavenumbers was observed. The shapes of positive difference spectra bands
below 915 cm™! resemble those for the Si-O-Si stretching vibrations, and they are
most likely associated with a red shift and intensity increase for Si-O-Si framework
vibrations that were located near the Al-OH bending vibration bands at ambient
temperature.?47. 156

Figure 3.7a shows the temperature-dependent shifting of the 3698 cm- (at
ambient temperature) band. The band center wavenumber shifted lower by about
8 cm when the sample reached 150 °C, then returned to about the same
wavenumber after cooling. This symmetrical temperature profile is consistent with
a reversible change for the hydroxyl functionalities responsible for this vibration.
The Figure 3.6a plots indicate that band intensity was lost above 3690 cm and
gained below 3690 cm" when the kaolinite sample was heated.

Band area as a function of temperature plots shown in Figure 3.7b were
obtained by integrating VT-DRIFTS spectra over the indicated wavenumber
regions, which corresponded to the positive and negative residuals in difference
spectra. Intensity loss and gain profiles were not well correlated. Intensity loss
above 3690 cm' exhibited a steeper decline whereas the intensity gain was more
gradual. The fact that these plots were not mirror images suggests that the
hydroxyl groups affected by heating adopted more diverse orientations compared

to their ambient temperature configurations.
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Figure 3.8 shows temperature-dependent band center shifting and
integrated band area changes for the 3623 cm-! vibration band. The band center
wavenumber increased by about 3 cm' with heating, but only shifted back 2 cm-
after sample cooling (Figure 3.8a). Figure 3.8b shows that band area changes
were less than for the 3698 cm-! band (Figure 3.7b). In contrast to the 3698 cm-!
band, the 3623 cm-! integrated band area increased with sample heating. Clearly,
structural changes causing the band shift for this hydroxyl functionality were
significantly different from those responsible for the 3698 cm' band changes. This
was expected because the 3623 cm' band is associated with inner hydroxyls
whereas the 3698 cm' band represents inner surface hydroxyls, which occupy

significantly different local environments.
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Figure 3.8: (a) VT-DRIFTS Band maximum location and (b) integrated band area
variations as a function of time for the 3623 cm' (at 30 °C) O-H stretching vibration.

Sample temperatures are denoted by the dash line in (a).

Results described here are consistent with previous vibrational
spectroscopy kaolinite studies, which primarily focused on the hydroxyl stretching
and bending vibration bands. In addition to the previously published temperature-
dependent trends in band locations, intensities, and widths of hydroxyl group
vibrations, the VT-DRIFTS method introduced here provides detailed, high signal-
to-noise ratio difference spectra revealing complex band shape changes with
temperature. As shown in Figure 3.6, the new method also provides information
regarding framework vibration band shape variations. Although framework

difference spectrum features have similar shapes, they vary significantly in
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intensity. The temperature-dependent band shifting and broadening evident in
Figure 3.6 was caused by subtle changes in kaolinite unit cell configurations
caused by heating. By using a sample heating profile that includes controlled
temperature increase and decrease, the reversibility of temperature-dependent
changes was assessed. For example, a small quantity of adsorbed water (< 1 %
w/w) during sample cooling (Figure 3.4) and annealing differences for hydroxyl
groups in different locations (Figures 3.7 and 3.8) were detected.

Unlike the results described here, previous DRIFTS kaolinite studies were
obtained by using diluted samples. For example, Drits, et al. employed a 5% w/w
mixture of kaolinite in KBr for infrared spectroscopic measurements of the clay
heated to various temperatures.'®” Unfortunately, infrared transparent salts can
interact with kaolinite, affecting vibration frequencies and therefore providing
questionable measurement accuracies. For example, Miller et al. found that
grinding kaolinite with KBr drastically altered the intensities of the O-H stretching
vibration bands.'”® They attributed these intensity shifts to prototropy, in which
basal hydroxyl protons were more strongly attracted to apical oxygens than to their
neighboring basal oxygen during the early stages of grinding.’”® They later noted
that increasing the grinding pressure and time in the presence of KBr altered the
relative ratios of the O-H stretching vibration peak intensities.'® Thus, in addition

to providing improved sensitivity, the VT-DRIFTS technique described here likely
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provides greater measurement accuracy by virtue of the fact that sample dilution

in an infrared transparent salt was not required.

3.4. Conclusions

The design shown in Figure 3.1 offers significantly higher optical throughput
when compared to commercially available environmental chamber designs. The
ability to analyze neat samples with this increased optical throughput provides
greater sensitivity and lower detection limits compared to other designs. The main
tradeoff for these improvements is the temperature range. Sample heating was
limited to 150 °C to avoid oxidation of the stainless-steel sample holder. The button
sample holder used for the studies described here has been employed for
numerous other studies over a period of several years without showing signs of
oxidation. The 150 °C temperature limit was sufficient to facilitate previous zeolite
dehydration studies.'”>174 Because heating occurs in CO2-free dry air
spectrophotometer purge, easily oxidized samples may not be suitable for studies
because of the presence of atmospheric oxygen.

VT-DRIFTS spectra obtained during kaolinite heating from ambient
temperature to 150 °C reveal small reversible structural changes that are
consistent with previously published studies. Although band intensity associated
with the O-H stretching vibration of adsorbed water was obscured by intense
kaolinite hydroxyl group vibrations, the H-O-H bending vibration, which can be

unequivocally attributed to water, could be used to selectively monitor clay thermal
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dehydration and subsequent re-hydration processes with a sensitivity sufficient to
detect nanogram mass changes between successively acquired spectra.
Difference spectrum residuals provided information regarding simultaneous band
shifting and broadening caused by temperature-dependent unit cell variations.
Comparing residuals calculated from spectra obtained during sample heating with
those obtained while cooling provided a means for assessing the reversibility of
these structural changes. For kaolinite silica sheet vibration bands, these small
changes were found to be reversible, resulting in a high degree of symmetry
between positive and negative residual trends. In contrast, positive and negative
residuals for inner and inner surface hydroxyl group stretching vibration band
shapes were somewhat different, likely due to different annealing processes during

sample cooling.

The scan-to-scan reproducibility afforded by the button VT-DRIFTS method
facilitates detection of subtle temperature-dependent sample structure changes —
both reversible and irreversible. When spectra of the same sample at the same
temperature are overlaid, these minute temperature-dependent structural changes
are often imperceivable. However, by using the button VT-DRIFTS system, real-
time sample structural changes that occur over small temperatures can be
detected. Scan-to-scan relative standard deviations for isothermal measurements
at 30 and 150 °C were found to be less than 1.0 % and were slightly higher than

those for ambient temperature reproducibility. These highly reproducible
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measurements enable a more accurate elucidation of temperature-dependent
sample structure changes. Infrared spectrum band location and shape variations
provide information regarding sample structure changes at an atomic level. An
improved interpretation of temperature-dependent kaolinite structure changes may
be obtained by comparing VT-DRIFTS measurements with predicted changes
derived from computational modeling of fundamental vibration modes based on
anticipated structure variations. Nonetheless, the improved VT-DRIFTS sensitivity
and reproducibility demonstrated here should enable detailed analyses of other

minerals and solid-state samples.
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Chapter 4: Diffuse Reflectance Infrared Studies of Minerals

4 1 Introduction

Infrared spectroscopy is one of many analysis tools used to characterize
minerals.'® This non-destructive method is employed to characterize bulk
samples and confirm the presence of specific mineral types in heterogeneous
mixtures.'82-184 This is accomplished by identifying infrared spectrum vibration
bands that are characteristic of the functional groups possessed by mineral
constituents. For example, by using alkali salt pellets of sediments and
transmission spectroscopy, Craddock et al. found that quantitative mineral assays
based on functional group infrared spectroscopy could rival and exceed the
performance of X-ray diffraction analyses.8%

Qualitative and quantitative infrared spectroscopy analyses can be difficult
due to the complexity of the measured spectra. An infrared spectrum contains
information regarding all infrared active sample vibrations within the wavenumber
range scanned. Unfortunately, although spectra typically contain information
related to a wide range of sample properties, functional group specific vibration
bands often overlap, making them difficult to isolate and quantify. In addition,
spectrum variabilities introduced by the inability to prepare samples with the same
absorption and reflection properties diminish the accuracy and precision of
analyses based on calibration curves.'®" These issues are circumvented when

sample perturbation analysis techniques are employed. In these methodologies,
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perturbation is applied that alters the sample properties. The resulting structure
changes cause characteristic infrared spectrum band variations. These variations
are revealed by subtracting a reference spectrum obtained before the sample was
perturbed. Spectrum features that do not change cancel in the subtraction result,
leaving only those vibration bands that were affected by the perturbation. Because
the same sample is employed to obtain the infrared spectra measured before and
after the perturbation, spectral artifacts related to inconsistent sample loadings are
avoided.

Infrared spectra typically contain highly overlapping absorbance bands
representing various sample vibrations and their linear combinations. Often,
specific arrangements of atoms within a molecule (i.e., functional groups) are
responsible for most of the dipole moment fluctuations that occur during infrared
active vibrations. Sample perturbations can alter molecular bond lengths and
angles, resulting in vibration band shape changes. Temperature change is a
commonly employed sample perturbation approach that facilitates energy
transfers between the sample and its environment. Previous variable temperature
infrared spectroscopy studies have been carried out by using a variety of different
spectroscopic methodologies. For example, while uniformly heating thin films and
pellets, transmission spectroscopy measurements have been used to obtain
temperature-dependent infrared spectra.®-187 Infrared spectra for reflective solid

samples were acquired as a function of temperature by using reflectance
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spectroscopy measurements.#4 Variable temperature attenuated total reflectance
(ATR) infrared spectroscopy measurements have been made by adjusting the
temperature of the high refractive index ATR crystal. This is usually accomplished
by placing the crystal in contact with a heating/cooling block.188-189

Recently, variable temperature infrared spectroscopy studies were
demonstrated by using diffuse reflection and a button sample holder.'®° Figure 4.1
shows a photograph of two button sample holders. The conventional button (left)
consists of a stainless-steel base to which stainless-steel wire mesh is welded.'3
The wire mesh contains small cavities into which samples can be loaded. Thin
layers of powders consisting of irregularly shaped particles are placed into these
cavities. The powder effectively scatters infrared radiation, necessitating the use
of diffuse reflection infrared spectroscopy for analyses. The small size, flat bottom,
and high thermal conductivity of the button sample holder make it compatible with
sample heating and cooling by using flat-surface piezoelectric (thermoelectric)
chips. The right button in Figure 4.1 was modified to provide sample temperature
measurements by placing a thermocouple beneath the wire mesh. 74 116.191 When
the modified button was placed on top of stacked thermoelectric chips, sample
heating and cooling rates exceeding 2 °C/s were achieved over a 0-150 °C
temperature range, and isothermal temperatures could be maintained to within

+0.1 o(:_74, 116, 191
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Diffuse reflection infrared Fourier transform spectroscopy (DRIFTS) is
applicable to materials that scatter infrared radiation. It is well suited for mid-
infrared spectroscopic analyses of mineral powders.1%5 192 |n addition to the
scattering coefficient, diffuse reflectivity is determined by wavelength-dependent
sample absorptivity and the cumulative distance that infrared radiation passes
through the irregularly shaped particles.'3-195 When absorptivity is too high, near-
zero reflectance is recorded. The resulting “bottomed-out” reflectance spectrum
bands provide no useful sample information. Wavelength regions of high
absorptivity may also exhibit the Reststrahlen effect,'96-197 wherein band shape
distortions appear near absorbance maxima. Diluting sample powders with non-
absorbing alkali salts can minimize these spectral artifacts. The diluent isolates
particles and reduces the amount of sample material exposed to radiation.
Alternatively, average radiation path lengths can be reduced by employing a button
sample holder and thin powder layers.''® With this approach, spectrum artifacts
caused by interactions between the sample and diluent are avoided. This is
particularly advantageous for temperature perturbation studies because the
addition of a diluent to a sample can significantly alter the thermal properties under
scrutiny.

The International Mineralogical Association (IMA) recognizes over 6000
different minerals that are found throughout the Earth’s lithosphere and mantle.%®

Minerals are defined as “naturally occurring homogenous solids with definite
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chemical compositions and a highly ordered atomic arrangement typically formed
through inorganic processes.” This chapter describes applications of a unique
button sample holder apparatus for mineral studies by temperature perturbation
infrared spectroscopy. Examples of using the variable temperature infrared
spectroscopy apparatus are described for the following: a crystalline mineral (a-
quartz), three minerals that contain removable water bound by different
interactions (silica gel, montmorillonite clay, gypsum), and two low-rank coals

containing different quantities of organic constituents.

ModifieadButton

-

p—

Figure 4.1: Photograph of a conventional button (left) and the modified button

(right).
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4.2 Apparatus

A button consists of a 0.75 in (19 mm) diameter stainless-steel backing with
stainless-steel wire mesh spot welded to the well indentation at its center (Figure
4.1). Thin layers of powdered samples are formed within the void spaces of the
wire mesh by applying a small amount of sample to the mesh and brushing off the
surface particles. The flat polished bottom of the high-thermal-conductivity metal
button facilitates precise temperature control when it is mounted on a Peltier
thermoelectric device. The modified button incorporating an attached
thermocouple (Figure 4.1 right) was employed for the variable temperature infrared
spectroscopy measurements discussed here. Figure 4.2 shows the modified
button mounted on the Peltier thermoelectric stack heating and cooling apparatus.
The construction and performance of this apparatus are described in detail in
Chapter 2.199-200 Rapid heating and cooling rates were achieved by using two
stacked thermoelectric chips (TECs), which were tightly encased inside the metal
housing shown in Figure 4.2.177-11® Sample temperatures were adjusted by

controlling the heat transferred between the upper and lower TECs.
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Modified
Button

Figure 4.2: Top view of the sample heating/cooling apparatus.

A Mattson Instruments Inc. (Madison, WI, USA) Nova Cygni 120 Fourier
transform infrared spectrophotometer (FTIR) and a Harrick Scientific Inc.
(Pleasantville, NY, USA) praying mantis diffuse reflection accessory'% were used
for variable temperature diffuse reflection infrared spectroscopy (VT-DRIFTS)
measurements. Spectra were measured under a dry air instrument purge that
provided a 0.16 kPa p(H20) humidity environment. Spectra were obtained over the
4000-650 cm~' range at 8 cm~! resolution by signal averaging 64 interferograms,
requiring about 30 seconds, for both sample and background single beam

measurements. Background spectra were obtained with the empty modified button
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prior to sample loading. Although measurements were made at 8 cm~' resolution,
interferogram zero filling prior to processing yielded a 0.97 cm-! spectrum
digitization interval. This was found to provide reproducible infrared band shapes
and yielded a superior signal-to-noise ratio compared to measurements made at
4 cm-' resolution.'”® Reflectance spectrum baseline offsets and slopes were
removed by using macro programs to apply the same correction methodologies to
all of the spectra acquired during the VT-DRIFTS analyses.’® Spectra were
converted to a form that was proportional to the analyte concentration by using the

Kubelka—Munk transformation.12®

4.3 Temperature versus Time Profiles

The precise sample temperature control and rapid heating and cooling
afforded by the apparatus in Figure 2 facilitated the application of different
temperature versus time programs during temperature perturbation analyses
(Figure 4.3). The plot in Figure 4.3a shows a linear sample heating ramp
immediately followed by an optional linear cooling ramp. Infrared spectra are
continuously collected while the sample temperature is constantly changing. This
profile is useful for accurately determining the temperatures at which specific
sample changes occur. Each spectrum is measured over a sample temperature
range determined by the heating/cooling rates and the number of signal-averaged
interferograms acquired for each spectrum. Typically, sample temperatures are

increased or decreased at 1-2 °C/min while repeatedly signal averaging
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interferograms for 30 seconds per spectrum acquisition. When 2 °C/min sample
heating and cooling rates are employed, successively measured infrared spectra

are acquired at 1 °C intervals.

d
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Figure 4.3: (a) Linear heating/cooling ramp, (b) stair-step, and (c) step-up/down

temperature programs.

Figure 4.3b shows a “stair-step” temperature program. Like the linear ramp
shown in Figure 4.3a, heating and cooling segments can be applied to the sample
in a single temperature program. This program is employed when isothermal
spectrum measurements are required. Rapid heating (or cooling) is employed
between isothermal interferogram collection periods to quickly adjust the sample
temperature to the next isothermal step. High heating and cooling rates are used
to maximize the fraction of the total analysis time devoted to spectrum
measurements. An optional isothermal delay can be inserted prior to spectrum
measurements after each step temperature increase (or decrease if cooling).

Unlike the linear ramp temperature program, spectra are acquired at constant
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sample temperatures. This sample heating profile is useful for acquiring spectra at
pre-selected temperatures. Customized programs with small temperature
increments spread over multiple temperature ranges can be programmed. By
using this approach, spectrum measurements can be restricted to select sample
temperature ranges, providing a means to “target” only those temperature range(s)
that are of particular interest. Compared to the linear ramp program, the stair-step
profile can significantly reduce the total time required for temperature-dependent
spectral measurements as well as quickly evaluating whether further thermal
studies are warranted.

Figure 4.3c illustrates a “step-up/down” temperature versus time program.
Sample temperatures are returned to the starting temperature after each heating
step. Information regarding the reversibility of vibration band intensity changes
caused by sample heating can be derived from the infrared spectra acquired by
using this program.201-202 As shown in Figure 4.3c, a TLow(n) spectrum is measured
prior to each step temperature increase, and a TLow(n+1) spectrum is obtained after
cooling the sample from the Trigh(n) temperature. Reversible changes are defined
as those detected in spectra acquired at Trigh(n) that disappear in the subsequently
measured Tiow(n+1) spectrum, whereas irreversible changes persist in the
TLow(n+1) spectrum. The Trow(n+1) spectrum will differ from the Tiow(n) spectrum
if irreversible sample changes occurred while heating the sample. Thus, a

TLow(n+1) — TLow(n) spectrum subtraction reveals irreversible changes. Because
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infrared spectrum features associated with irreversible sample changes are
present in both the TLow(n+1) and Thigh(n) spectra, they cancel in the Thignh(n) —
TLow(n+1) subtraction, leaving only reversible spectrum changes. It should be
noted that the “reversible” and “irreversible” classifications depend on the spectrum
measurement conditions. For example, negative difference spectrum features
representing water loss would be classified as irreversible if samples were heated
under vacuum because the water vapor released from the sample by heating
would be continuously removed. However, when infrared spectrum measurements
are made in an atmospheric environment with humidity, water may re-adsorb on
dehydrated samples as they cool. In this case, water loss by heating would be
classified as “reversible” because the intensity for the infrared spectrum bands
associated with the lost water would return after cooling the sample. The relative
amount of reversible water loss would depend on the sample cooling rate and the

ambient humidity.

4.4 Sample Mineral Thermal Properties

Minerals have traditionally been identified, characterized, and quantified
using X-ray Diffraction (XRD). This technique, however, can be time consuming
and is largely limited to minerals with high crystallinity.!64 203-204 |nfrared
spectroscopy is an alternative analytical technique that allows for investigation of
minerals.?05-206 |ndeed, infrared spectroscopy has been successfully applied to

mineral identification, elucidation of complex clay mineral structures,?%’
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paleoenvironmental reconstruction studies,?%8-20° gemology research,'?> and the
honing of technological mineral processing.?’® Button-IR further expands the

possibilities of infrared spectroscopic study of minerals.

4.4 1 Silica

Silica gel (CAS: 112926-00-8) and a-quartz (CAS: 14808-60-7) powders
were obtained from Sigma-Aldrich (St Louis, MO, USA). The silica gel was Dauvisil
grade 634 and was 99% pure with a 74—-149 um particle size distribution, 60 A
pore diameters, and a 480 m? g-' surface area. All chemicals were used as
received without additional purification. Received powders were ground until
uniform particles with low micron diameters were obtained. Sample powders were
placed on the modified button wire mesh with a spatula and manipulated into the
voids using an artist brush to form thin layers at the base of the mesh.

Silicon is ubiquitous throughout the environment, making up approximately
27.7% of the earth’s crust.?!! Found in rocks, sand, and clays, it is primarily bound
as silicon dioxide (SiOz) due to reactions with atmospheric oxygen.2'? Silica can
be crystalline, such as quartz, or non-crystalline in structures like silica gel or
diatomaceous earth. The silica form is largely determined by the temperature and
pressure conditions it is formed under. This means, that while they often appear
physically similar when pure, solid and white at room temperature, their properties

and structures are not the same.
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Quartz is a common form of crystalline SiOz2 that can be obtained with high
purity.213 It exists in two forms: alpha- which is trigonal in formula unit structure and
stable up to 573°C, and beta- which is hexagonal in structure and stable above
573°C. Alpha-quartz (a-quartz), examined in this study, belongs to the hexagonal
crystal family, the trigonal crystal system, and the hexagonal lattice system. It is
classified as a tectosilicate, a mineral type in which silicate tetrahedra (SiOa4)
formula units are interconnected with each other forming a rigid and repeating
structure. Alpha quartz has a trigonal motif meaning that three silicate tetrahedrons

make up the basic structural building block.
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Figure 4.4: (a) a-quartz structure crystal lattice model from Rosa et al.2'# (b) X-ray
diffraction determined crystal structure from Glinnemann et al.?’® Structural
modelling was accomplished by using the VESTA software.'®% (c) Left - profile
depiction of an ideal hexagonal prismatic crystal. Middle — Realistic view from top
of a-quartz pyramid (top) with offset prismatic faces (bottom). Right — hexagonal

unit cell of a-quartz.
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The silicon oxygen bonds in quartz are polar and covalent, thus neither
element can move freely within the crystal, and there are no interstitial cations.
This macromolecular structure is shown in Figure 4.4. Figure 4.4a and Figure 4.4b
show a unit cell of silicate tetrahedra (SiO4) and the interconnection pattern of the
silicate tetrahedra units in a-quartz, where O% are shared between tetrahedra.
Lattice parameters in Figure 4.4a were derived through computation models.
Lattice parameters in Figure 4.4b were observed via X-ray diffraction. The Si-O-Si
bond forms an angle of 144° resulting in a complex structure overall.2'® Oxygen
atoms on the surface of the crystal are often bonded to hydrogens.

Figure 4.4C is a rendering of the macro structure of a-quartz crystal. a-
quartz is part of the hexagonal family with a hexagonal crystal unit cell but
crystallizes in a way to produce trigonal symmetry. The image on the left shows
the typical depiction of a hexagonal crystal — the quintessential prismatic crystal
shape that first comes to mind for the hexagonal crystal family. In reality, however,
a-quartz is not a perfect hexagonal crystal. When closely examined from the top
as in the middle-top diagram, it becomes apparent that the pyramid portion is not
a perfect hexagon. It has two sets of roughly triangular faces and offset prismatic
sides (middle-bottom). The diagram on the right is a hexagonal lattice. In a-quartz
the slightly distorted hexagonal lattice has three-fold rotational symmetry (trigonal

crystal system) whereas $-quartz has six-fold symmetry.
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Silica gel is a precipitated amorphous (i.e. less crystallinity) silica formed by
reactions between water and quartz.?'” It is commonly used in chromatography
columns, bioactive glasses, carbon sequestration, catalysis, and as a commercial
desiccant.?18-220 The hydrated silica gel three-dimensional structure consists of
polymerized hydrated silicon dioxide units (mSiO2-nH20). Silica gel is typically hard
and translucent to white in color. It has a higher porosity and is softer than its
crystalline counterpart quartz.?? Water can penetrate the sponge-like structure

and reside within the interconnected unevenly sized pore spaces.

H,0

Figure 4.5: Representation of amorphous silica gel containing hydrogen bonded

water molecules.

114



Hydrogen bonds between silica gel surface hydroxyl groups and oxygen
atoms in water molecules (Figure 4.5) make silica gel an efficient desiccant. Silica
gel is typically classified in one of three colloquial categories based on what is
present in its pores: aquagel, xerogel, and aerogel. Aquagel pores are filled with
water, xerogels often used in commercial desiccant packets have had water
removed from its pores via evaporation, and the solvent in aerogel pores was
removed by supercritical extraction.??! Its efficient dehydration and rehydration
make it an effective and reusable desiccant and filtration packing.

Figure 4.6a shows an overlay of a-quartz (red) and silica gel (blue) infrared
spectra obtained by using the sample temperature perturbation apparatus
described here. These spectra were obtained at room temperature and were
normalized by scaling the most intense band to 100%. The intense band above
1000 cm-! in each spectrum is assigned to asymmetric Si-O-Si stretching
vibrations, whereas lower intensity bands near 800 cm-" result from symmetric Si-
O-Si stretching vibrations. The silica gel infrared spectrum contains a broad band
above 3000 cm~' associated with O-H stretching vibrations. This band can be
attributed to Si-OH functionalities and adsorbed water, which are far less abundant
in a-quartz. The more uniform Si-O-Si bonds within the a-quartz structure results
in narrower wavenumber ranges for the corresponding infrared spectrum vibration
bands. The a-quartz Si-O-Si vibration bands are therefore sharper than the

corresponding silica gel bands. Figure 4.6b shows infrared spectra obtained at 150
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°C for the same two silica samples. The a-quartz 150 °C spectrum appears to be
nearly identical to the room temperature spectrum in Figure 4.6a, whereas the
silica gel spectrum contains less intensity above 3000 cm-' due to partial sample

dehydration.
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Figure 4.6: Infrared spectra for a-quartz (red) and silica gel (blue) (a) before

heating and (b) at 150 °C.

By using a step-up/down temperature program, the spectral changes in the
150 °C spectrum that were reversed upon cooling were differentiated from those
attributed to irreversible sample variations. The step-up/down temperature
program consisted of 10 °C step increments beginning at 30 °C. Sample
temperatures were returned to 30 °C after each step temperature increase.
Although the 30 and 150 °C a-quartz infrared spectra in Figure 4.6 appear to be
identical, small differences were revealed when these spectra were subtracted.

Figure 4.7 shows that the subtraction results reveal reversible (green) and
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irreversible (black) changes. The largest reversible intensity increase occurred at
1056 cm-1, and the largest reversible intensity loss was detected at 1208 cm-.
The negative reversible (green) band between 3500 and 3000 cm-' is indicative of
a small amount of water loss, resulting in a change of less than 0.25%. Reversible
changes represented at most 6% intensity variations and were much larger than
the irreversible changes. The sharp reversible change peaks below 1500 cm-!
were caused by variations in Si-O-Si stretching vibrations. The shapes of the
difference spectrum residuals between 1500 and 700 cm-' suggest that several
overlapping Si-O-Si vibration bands were impacted when the sample was heated.
The magnitudes of these changes were temperature dependent. Figure 4.8 shows
variations in the 1056 and 1208 cm- intensities as a function of step temperature.
Solid lines depict intensity changes in spectra acquired at each step temperature,
whereas dashed lines denote intensities after subsequent cooling to the Tiow (30
°C) temperature. Figure 4.8 shows that intensity changes at 1056 cm-' (circles)
and 1208 cm-! (triangles) were in opposite directions and approximately linear with
respect to the step temperature. The dashed line plots indicate that intensities at
these wavenumbers returned to their initial 30 °C spectrum levels after cooling.
Thus, the plot trends in Figure 4.8 confirm that these temperature-dependent
infrared spectrum changes were reversed after the sample perturbation was

removed.
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Figure 4.7: Reversible (green) and irreversible (black) spectrum changes resulting

from heating a-quartz to 150 °C.

The silica gel infrared spectrum changes in Figure 4.6 are largely
associated with loss of intensity above 3000 cm-' due to sample dehydration. The
reversible (green) and irreversible (black) changes to the silica gel spectrum are
shown in Figure 4.9. Both curves exhibit broad negative bands above 3000 cm-?
that are indicative of water loss. The shapes of these broad bands differ, and the
reversible band area exceeds the irreversible band area. Small positive peaks near
3700 cm-! result from Si-OH functionalities that have lost hydrogen bonding
interactions due to water removal, which caused the Si-OH vibration band to shift
to higher wavenumbers. Below 2000 cm-', reversible spectrum changes were

mostly positive, and irreversible intensity changes were mostly negative. Both
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curves exhibited negative intensities near 1630 cm~', which corresponded to the
H-O-H bending vibration. This indicates that both reversible and irreversible water

losses were detected in the 0.16 kPa p(H20) dry air purge environment.
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Figure 4.8: Intensity versus step temperature (red) trends at 1208 cm-" (triangles)
and 1056 cm-" (circles). Dashed lines denote intensities after cooling (blue) back

to 30 °C.

120



12 1

S o

‘_‘>‘ -

2 6

o)

£

3 3

N -

©

£ o ~—

(@]

S |

< 5
-6 Y Y Y T Y T
4000 3000 2000 1000

Wavenumber (cm'1)

Figure 4.9: Reversible (green) and irreversible (black) spectrum changes resulting

from heating silica gel from 30 to 150 °C.

Figure 4.10 shows the H-O-H bending vibration band area (1700-1600
cm-") as a function of temperature. Areas were normalized by dividing them by the
initial 30 °C area. The dashed line in Figure 4.10 is a plot of the sample
temperatures measured during the 2 °C/min heating and cooling ramps. The
exponential decrease in the bending vibration band area during sample heating
reflects the temperature-dependence of sample dehydration mechanisms. About
45% of the initial band area remained after heating the sample to 150 °C. Some of

the water lost by heating to 150 °C was regained by the sample during cooling,
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resulting in an intensity increase after 60 min. Because the H-O-H bending
vibration band area only returned to 80% of its initial value, about 20% of the water

originally contained in the sample was irreversibly lost under these experimental

conditions.
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Figure 4.10: Integrated band area between 1700 and 1600 cm-' (solid line) and

sample temperature (dashed line) for silica gel plotted as a function of time.

4.4.2 Montmorillonite Clay

Montmorillonite (K-10) (CAS: 1318-93-0) was obtained from Sigma-Aldrich
(St Louis, MO, USA). The K-10 clay was characterized by a 269 m? g-! surface

area, 0.8 meqg g-' cation exchange capacity, and its elemental composition has
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been reported elsewhere.???> The montmorillonite clay consisted of fine particles
and was loaded into button meshes as received. Montmorillonite clays enriched
with K* and Ca?* interlayer cations were prepared by following previously
described ion exchange procedures.??3

Clays are common soil constituents. Like silica gel, clays absorb and hold
water in their pores. Montmorillonite is a member of the smectite 2:1 three layered
sheet silicate category. One octahedral aluminum-oxygen-hydroxyl layer is
sandwiched between two negatively charged SiOs tetrahedral sheets.??* This

structure is shown in Figure 4.11.

C‘L

!
?

Figure 4.11: Schematic of montmorillonite structure from Gournis et al.??®

Structural modelling was accomplished by using the VESTA software.6°

Interlayer cations, such as Al, Mg and Fe balance out the negative sheet
charges and influence montmorillonite clay characteristics. In particular, they

determine the quantity of water retained by the clay.??® The interlayer water content
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is also a function of ambient humidity because montmorillonite can absorb water
from the surrounding air. Ultimately, the nature of the interlayer cation and
atmospheric humidity determine the basal spacing, which is the distance between
inorganic oxide sheets. Typical basal spacings for dehydrated montmorillonite
clays are about one nm. After exposure to water, montmorillonite clay basal
spacings increase in discrete steps that roughly correspond to water
monolayers.2?4 227

Montmorillonite infrared spectra were similar to the silica gel spectrum in
Figure 4.6a. Overlapping high-intensity bands near 1050 cm-' correspond to
inorganic oxide vibrations. Spectra also contain broad bands due to O-H stretching
vibrations.’®® The O-H stretching vibration band includes contributions from
inorganic oxide hydroxyl groups and interlayer water.??® Vibrations of inorganic
oxide Al-OH functionalities occur over the 3750-3550 cm~' range and maximize
near 3630 cm~1.228 nterlayer water molecule stretching and bending vibrations are
affected by interactions with other water molecules, cations, and inorganic oxide
surfaces. These interactions are responsible for broad bands that extend from
3700 to about 2500 cm-.

Figure 4.12 shows room temperature infrared spectra of montmorillonite
clays enriched in K+ (red) and Ca?* (blue). These spectra are similar except for the
O-H stretching and H-O-H bending vibration band intensities. Because the clay

with Ca?* interlayer ions contained more water, the O-H stretching and H-O-H
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bending vibration bands had greater intensity. These clays were subjected to a
temperature program consisting of heating at 2 °C/min from 30 to 150 °C followed
by cooling back to 30 °C at 2 °C/min.

1057
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Figure 4.12: Infrared spectra for montmorillonite clays enriched in K* (red) and

Ca?* (blue).

Irreversible spectrum changes associated with this heating and cooling
program were revealed by subtracting the initial 30 °C spectrum from the spectrum
acquired after cooling from 150 °C to 30 °C. The results of these spectral
subtractions are shown in Figure 4.13 for the K* (red) and Ca?* (blue)
montmorillonite clays. As expected, intensity losses for bands attributed to O-H

stretching and H-O-H bending vibrations were greater for the clay containing Ca?*
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ions. Subtraction residuals for the two clays differ below 1600 cm-'. The K* clay
exhibited mostly intensity losses, whereas intensity increased for the Ca?*-
enriched clay. The O-H stretching vibration band included Si-OH and Al-OH
contributions in addition to water molecule stretching vibrations. Thus, the
temperature dependence of this band does not accurately represent water loss
trends during dehydration. Alternatively, the H-O-H bending vibration band near

1630 cm~' can be uniquely attributed to water bending vibrations.
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Figure 4.13: Irreversible spectrum changes resulting from heating to 150 °C for the

K+ (red) and Ca?* (blue) enriched montmorillonite samples.
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Figure 4.14 shows plots of 17700—1600 cm-! normalized band areas as a
function of time for the K+ (red) and Ca?* (blue) clays. The dashed line shows
measured sample temperatures as a function of time. The two band area plots
have different profiles. Initially, the water content diminished more rapidly for the
K*-enriched clay when the sample was heated. The K* clay band area dropped to
a minimum of 18%, whereas the Ca?* clay band area was reduced to 10% at 150
°C. After cooling from 150 to 30 °C, the K+ clay band area increased to about 50%

of its initial area, and the Ca?* clay band area increased to about 30% of its starting

value.
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Figure 4.14: Band intensity area between 1700 and 1600 cm-' versus time plots
for the K+ (red) and Ca?* (blue) montmorillonite clay samples. The dashed line

represents measured sample temperatures.
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Differences in Figure 4.14 plots can be attributed to cation size and charge
differences. Because these two clay samples were derived from the same
inorganic starting material, the stacked layer structures should have been the
same. However, there should have been roughly twice as many K* ions than Ca?*
ions within the respective enriched clay interlayer spaces. Although the room
temperature infrared spectrum for montmorillonite clay appears to be similar to the

silica gel spectrum, temperature-dependent spectral changes were quite different.

4.4.3 Gypsum

Calcium sulfate dihydrate (CAS: 1010-4-4) was obtained from Mallinckrodt
(St Louis, MO, USA). It was used as received without additional purification.
Samples were ground until uniform particles with low micron diameters were
obtained. Sample powders were placed on the modified button wire mesh with a
spatula and manipulated into the voids using an artist brush to form thin layers at
the base of the mesh.

Calcium sulfate dihydrate (gypsum, CaSO4-2H20) is an abundant mineral
with wide-ranging applicability.?2°-231 Naturally occurring gypsum can form several
meters thick stratified beds that also contain limestone, red clays, halite and other
evaporite minerals.?3?> CaS04-2H20 is roughly 23.3% calcium and 18.5 % sulfur.
Gypsum also exists in a refined anhydrite form which is approximately 29.4%

calcium and 23.5% sulfur. The hemihydrate form CaS04-0.5H20 is often referred
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to as plaster of paris or bassanite. The solid-state structure includes sulfate anion

sheets linked together by calcium ions to form double sheet layers (Figure 4.15).

Figure 4.15: Schematic of the gypsum structure from Schofield et al.23® Structural

modelling was accomplished by using the VESTA software. 65

Gypsum contains water layers interspaced between calcium sulfate
layers.?34 Each water molecule oxygen is bound to a calcium ion, and water O-H
groups form hydrogen bonds with sulfate oxygens from different double sheet
layers.?35 In contrast to silica gel and montmorillonite clay, the more regular water
molecule configurations in gypsum results in distinct infrared spectrum bands for
the O-H stretching (3550 and 3410 cm-') and H-O-H bending (1685 and 1620
cm-') vibrations.?%¢ Because its properties depend heavily on water content, the

dehydration mechanisms for this substance have been studied extensively.237-241
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A temperature step-up/down perturbation methodology was employed to
characterize calcium sulfate dihydrate dehydration processes by acquiring infrared
spectra while heating the neat powder from 30 to 150 °C in 10 °C step increments.
Two-minute isothermal periods were inserted prior to spectrum measurements at
each step temperature. Figure 4.16 shows the initial 30 °C infrared spectrum, the
spectrum obtained when the sample temperature was 150 °C, and the spectrum
measured after cooling the sample from 150 to 30 °C. These spectra can be
distinguished by their O-H stretching vibration band intensity shapes. The initial 30
°C spectrum is consistent with previously published spectra of calcium sulfate
dihydrate.?*> The 150 °C spectrum is representative of anhydrous calcium
sulfate.?43-244 The final 30 °C spectrum is consistent with calcium sulfate
hemihydrate.?*4 As shown in Figure 4.17, the temperature dependencies of sample
dehydration processes can be characterized by plotting 3800-3000 cm-" infrared
spectrum integrated intensities as a function of sample temperature. The circles in
Figure 4.17 represent integrated intensities derived from infrared spectra
measured at 10 °C step temperature increments, and the squares denote
intensities derived from spectra obtained after cooling the sample to 30 °C from
those temperatures. The single step transition exhibited by the circles in Figure
4.17 is consistent with a recent study that found that calcium sulfate dihydrate
dehydration depended on water vapor partial pressure [p(H20)].2%” That study

found that when p(H20) was below 0.2 kPa, slowly heating calcium sulfate
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dihydrate resulted in direct conversion to anhydrous calcium sulfate without
forming the hemihydrate intermediate. Furthermore, when a 1 °C/min heating rate
and 0.18 kPa p(H20) were employed, this conversion was essentially complete
after the sample temperature reached 100 °C. Because the FTIR dry air purge
resulted in a 0.16 kPa p(H20) environment, the formation of hemihydrate during

sample heating was minimized.
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Figure 4.16: Gypsum infrared spectra obtained at 30 °C, after heating to 150 °C,

and after cooling back to 30 °C.
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The integrated intensities for both plots in Figure 4.17 began to decrease
above 50 °C and continued to decrease until 100 °C. The overlap of the circles
and squares below 60 °C in Figure 4.17 (region |) indicates that infrared spectrum
changes at these temperatures were minimal. These changes are characterized
by Figure 4.18a, which shows the results of subtracting the initial 30 °C spectrum
from the spectrum obtained at 50 °C (solid line) and by subtracting the 50 °C
spectrum from the spectrum obtained after cooling the sample from 50 to 30 °C
(dotted line). The solid and dotted line difference spectra are nearly mirror images.
When the sample was heated to 50 °C, the solid line shows that spectrum changes
were dominated by O-H stretching (3000 cm-') and H-O-H bending (1685 and
1620 cm-") vibration band intensity losses. The 0.0015 intensity loss at 3550 cm™!
in Figure 4.18a represents 3.75% of the O-H stretching vibration band intensity in
the initial 30 °C spectrum, confirming that intensity loss was minimal. In addition,
intensity variations were detected for sulfate anion vibrations over the 1200-1000
cm~' range and at 670 cm~'. The intensity loss between 2300 and 2000 cm-! is
associated with the loss of sulfate vibration overtone and combination bands.?36
Intensity increases in the dotted line plot at the same wavenumbers as the negative
solid line features indicate that the spectrum changes that occurred due to sample
heating were reversed when the sample was cooled. The broad 3400-3000 cm-!
features in the two difference spectra represent hydrogen-bonded water

molecules. Intensity in this region increased when the sample was heated to 50 °C
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and then decreased when the sample was cooled back to 30 °C. This suggests
that some of the water molecules responsible for the 3550 and 3400 cm-' bands
in the initial 30 °C spectrum remained in the solid state when the sample was
heated but adopted orientations that provided more diverse hydrogen bonding
interactions. Loss of broad band intensity over the 3400—-3000 cm-'! range after
cooling likely resulted from these water molecules returning to their 30 °C
configurations.

The plots in Figure 4.17 exhibit decreased 3800-3000 cm~' band areas for
all measurements obtained after the sample had been heated to 60 °C (region II).
The diminished intensities in spectra acquired at 30 °C after cooling (squares)
indicate that irreversible sample changes (i.e., water loss) occurred at these
temperatures. Interestingly, band areas for the spectra obtained at the step
temperatures within region Il (circles) were larger than those derived from the
spectra obtained after the sample cooled to 30 °C (squares). This indicates that
the 3800-3000 cm~' spectrum areas continued to decline while the sample was
cooling from these incremental step temperatures. Figure 4.18b compares
difference spectra representing the changes that occurred by heating the sample
from 30 to 80 °C (solid line) and after cooling back to 30 °C (dotted line). Unlike
Figure 4.18a, both plots in Figure 14.8b exhibit intensity losses in the O-H
stretching vibration band region. The 3700-3300 cm-' expanded plot in Figure

4.18b shows that the dotted line difference spectrum contained positive deviations
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near 3550 and 3410 cm-'. This indicates that some water molecules adopted
configurations that were similar to those that existed prior to the temperature step.
Apparently, heating the dihydrate to temperatures within region |l disrupted the
layer structure, resulting in water release, and this process continued as the

sample cooled back to 30 °C.
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Figure 4.17: Integrated band intensity (area) spanning the O-H stretching vibration

range (3800—3000 cm-') as a function of step temperature. Circles represent band

areas from spectra obtained at the step temperatures and squares represent areas

in spectra measured after cooling from those temperatures.
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The Figure 4.17 plots in region lll show that the band areas for the spectra
measured over this temperature step range were relatively constant, and that the
areas in the spectra obtained after cooling to 30 °C were also relatively constant
but consistently greater. The gap between the two plots in region Ill can be
attributed to water absorption during sample cooling. Figure 4.18c shows
difference spectra computed in the same manner as described for the Figure 4.18a
spectra but derived from the 150 °C temperature step measurements. The
subtraction residuals in Figure 4.18c were similar to those observed for the 100—
140 °C temperature step spectra. When the sample was heated to 150 °C,
spectrum variations were associated with a loss of water and changes to sulfate
anion vibrations. When the sample was cooled from 150 to 30 °C, these
temperature-dependent changes were largely reversed due to sample re-
hydration. The shape of the Figure 4.18c dotted line in the O-H stretching vibration
region and the appearance of the 1620 cm-' H-O-H bending vibration band
indicate that cooling anhydrous calcium sulfate from 150 to 30 °C resulted in the
formation of calcium sulfate hemihydrate. The mirror image relationship between
the solid and dotted line plots in Figure 4.18c confirms that heating the sample to
temperatures above 90 °C (region Ill) resulted in the conversion of calcium sulfate

hemihydrate to anhydrous calcium sulfate.
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Figure 4.18: Gypsum infrared spectrum differences calculated by subtracting (a)
the initial 30 °C spectrum from the 50 °C spectrum (solid) and the 50 °C spectrum
from the subsequent 30 °C spectrum (dotted), (b) the 30 °C spectrum from the 80
°C spectrum (solid) and the 80 °C spectrum from the subsequent 30 °C spectrum
(dotted), and (c) the 30 °C spectrum from the 150 °C spectrum (solid) and the 150

°C spectrum from the subsequent 30 °C spectrum (dotted).

The spectra in Figure 4.18 reveal variations in sulfate vibration bands as
well as those associated with water molecules. The magnitudes of the difference
spectrum features attributed to sulfate anions were found to correlate with water

molecule vibration band variations. Thus, when water molecule vibration band
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changes were reversible, sulfate vibration band changes were also reversible
(Figure 4.18a). Complicated difference spectrum intensity profiles reflected sulfate
anion symmetry changes at different stages of dehydration. A more complete
interpretation of the temperature-dependent infrared spectrum changes attributed
to sulfate anion and water molecule motions would likely necessitate additional
studies and comparisons with results derived from molecular modeling

calculations.

4.4.4 Coal
Lignite and bituminous coals (CAS: 12952-66-0) were obtained from Ward’s

Natural Science (Rochester, NY, USA). Coal samples were used as received
without additional purification. Received powders were ground until uniform
particles with low micron diameters were obtained. Sample powders were placed
on the modified button wire mesh with a spatula and manipulated into the voids
using an artist brush to form thin layers at the base of the mesh.

Coals consist of complex mixtures that are produced by the long-term
effects of heat and pressure on organic matter though a process known as
“coalification”.?24®> More than 200 different minerals have been identified in coals.?46
These impurities impact coal properties and can affect energy content. Coals are
‘ranked” based on carbon content, volatile matter, moisture, and the amount of
heat energy they yield. The infrared spectra of lignite and bituminous coals contain

infrared spectrum bands associated with organic functionalities and water.
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Lignite coal is a soft, brown, and combustible sedimentary rock formed from
compressed peat. The lignite stage of coalification is characterized by physical
compaction of peat, dehydration, and biogeochemical gelification — the biological
and chemical transformation of carbon molecules.?4-24¢ Lignite coals are the
lowest rank of coal because they have a low carbon content (25-25%), high
moisture content, and yield low heat energies.?49-250

Bituminous coals have undergone a greater transformation to carbon than
lignite and are categorized as medium-rank with roughly 45-86% carbon content,
volatile matter below 14%, and a sub-20% moisture content. Coalification from
lignite to bituminous coal results in enlarged aromatic core sizes, increased
aliphatic structures, and decreased oxygen containing functional groups.2>' With
high heating values, bituminous coals have been commonly used for electricity
generation and steel making in the United States.

A lignite coal sample was analyzed by subjecting it to a step-up/down
temperature program starting with Tow at 25 °C and 25 °C step intervals to 150
°C. Five-minute isothermal periods were inserted prior to each Tuigh spectrum
measurement. Figure 4.19a shows the infrared spectra of the lignite coal sample

obtained at 25 °C (blue) and 150 °C (red).
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Figure 4.19: (a) Infrared spectra of a lignite coal sample obtained at 25 °C (blue)

and 150 (red) °C. (b) Reversible (blue) and irreversible (red) spectrum changes

resulting from heating the lignite from 25 to 150 °C.
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Both spectra have similar band profiles but with different relative intensities. The
broad feature extending from 3600 to 2200 cm-'! can be assigned to overlapping
O-H stretching vibration bands. In general, band intensity at a lower wavenumber
represents the hydroxyl groups involved in stronger hydrogen bonding.?%2 The
narrow bands at 2925 and 2850 cm~' superimposed on the broad O-H stretching
vibration band are representative of asymmetric and symmetric CH2 stretching
vibrations, respectively.?®®> Band intensity below 2000 cm-! characterizes the
organic constituents of the coal sample and likely consists of several overlapping
C-C and C-O stretching and C-C-H, H-C-H, C-O-C, and C-O-H bending
vibrations.2%* The 1600 cm-' band has been assigned to aromatic ring C-C
stretching vibrations, and the 1282 cm-! band is associated with C-O stretching
vibrations.2%5

Figure 4.19a reveals that the O-H stretching vibration band intensity
decreased and intensities for overlapping bands below 2000 cm-! increased after
the lignite coal sample was heated to 150 °C. Figure 4.19b shows that the
cumulative reversible spectrum changes (blue) were smaller than the irreversible
(red) changes. Most of the irreversible changes can be attributed to sample
dehydration. In addition to dehydration, the loss of organic volatiles containing
hydroxyl groups and oxidations of hydroxyl groups to carbonyl! functionalities likely

contributed to the reduction in the O-H stretching vibration band intensity. The
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spectrum variations below 2000 cm-' suggest that loss of substances containing
hydroxyl groups was correlated with band intensity increases for a variety of
organic functionalities. This intensity increase may have been caused by loss of
hydrogen bonding between polar organic functionalities and the desorbed water.
The positive peak at 1743 cm-! likely represents carbonyl functional groups in the
coal sample.

The step-up/down temperature perturbation program employed 25 °C step
increments, making it possible to generate difference spectra representing the
incremental sample changes resulting from heating the sample successively from
25 °C to 50, 75, 100, 125, and 150 °C (Figure 4.20). Incremental reversible
spectrum changes (Figure 4.20a) exhibited similar intensity profiles that grew
larger with increasing step temperature. In contrast, the largest irreversible
spectrum changes were detected after heating the sample from 25 to 50 °C (Figure
4.20b). In fact, the shape of the 50 °C irreversible difference spectrum (gray) was
similar to the cumulative irreversible difference spectrum in Figure 4.19b (blue).
This suggests that most of the lignite coal hydroxyl group loss occurred below 50
°C. This is confirmed by the band area versus step temperature plots in Figure
4.21. Red lines denote 2000-700 cm-"' areas, whereas the blue lines represent
3600—2000 cm-' areas. Squares denote areas derived from spectra measured at
25 °C Tww(n+1) temperatures, whereas triangles represent areas in spectra

measured at Trigh(n) temperatures. The 2000-700 cm-' band areas gradually
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increased with temperature, whereas the 3600—2000 cm-' areas decreased. The
largest decrease in the 3600—2000 cm~' area occurred after heating the sample
from 25 to 50 °C, which is consistent with the incremental irreversible changes
depicted in Figure 4.20b. Differences between areas derived from spectra
measured at Thigh(n) and TLow(n+1) can be attributed to reversible changes. These
area differences were likely due to the re-adsorption of water while cooling the
sample after the heating steps. Notably, the 125 and 150 °C irreversible difference
spectra contained positive peaks near 1772 cm-' that were not present in the other
Figure 4.20b spectra. These intensity increases are evidence of the formation of

ester functionalities by sample oxidation.2%¢
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Figure 4.20: Incremental (a) reversible and (b) irreversible spectrum changes
resulting from heating the lignite coal sample sequentially from 25 °C to each of

the designated step temperatures.
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Figure 4.21: Infrared band areas for the 2000—700 cm-' (red) and 3600-2000 cm-?

(blue) ranges plotted as a function of lignite coal step temperature.

The cumulative reversible infrared spectrum changes in Figure 4.19b (blue
line) and the stepwise reversible changes in Figure 4.20 reveal that at 2925 and
2850 cm-1, the C-H stretching vibration band intensities changed in opposite
directions when the sample temperature increased. Figure 4.22 shows plots of the
intensities at these wavenumbers as a function of step temperature. Like Figure
4.21, squares represent intensities in spectra measured at 25 °C and triangles
denote intensities in spectra obtained at each of the step temperatures. The plot
trends confirm that the 2925 cm~' band intensity increased, whereas the 2850 cm-?

band intensity decreased with increasing sample temperature. The increasing
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divergence of the TLow(n+1) (i.€., 25 °C) spectrum intensities from their initial values
after heating the sample to higher step temperatures indicates that some of this
intensity variation was irreversible on the time frame of the spectrum
measurements. Apparently, the lignite coal sample was altered by temperature
changes in a manner that caused the magnitudes of the vibration dipole moment
oscillations for the asymmetric CH2 vibration to increase while the symmetric CHz
vibration dipole moment changes decreased. Additional information is needed to

better understand this trend.
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Figure 4.22: Normalized infrared spectrum intensities at 2850 cm-! (red) and
2925 cm-! (blue) as a function of lignite coal step temperature. Triangles
represent intensities in spectra measured at the step temperatures and squares

represent intensities in spectra obtained after subsequently cooling to 25 °C.
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Figure 4.23a shows bituminous coal infrared spectra obtained initially (blue)
and after heating the sample to 150 °C (red). Compared to the lignite results, the
bituminous coal spectra exhibited a much lower O-H stretching vibration band
intensity. Vibration bands below 2000 cm~' associated with organic functionalities
were sharper and better resolved. Differences between the bituminous and lignite
coal spectra are consistent with a lower organic material content for the higher
rank bituminous coal sample. Unlike the lignite spectra, the bituminous coal
spectra contained sharp peaks above 3600 cm-' that can be assigned to hydroxyl
groups that are not involved in significant hydrogen bonding interactions.?>? These
hydroxyl groups are likely associated with clay mineral impurities.?*¢ The ca. 8%
intensity at 3690 cm-' in Figure 4.23a suggests that these impurities represent
minor components of the coal sample. Figure 4.23b is an overlay of the cumulative
reversible (blue) and irreversible (red) spectrum differences resulting from heating
the bituminous coal to 150 °C. Reversible changes included O-H stretching
vibration band intensity loss at 3697 cm-! and gain at 3682 cm-', a broad O-H
stretching vibration band intensity loss with minimum at 3272 cm-', and various
intensity gains and losses below 2000 cm-'. The sharp peaks at 3697 and 3682
cm-' in the blue difference spectrum in Figure 4.23b represent changes to narrow

regions of the 3690 cm~' O-H stretching vibration band in Figure 4.23a.
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Figure 4.23: (a) Infrared spectra of bituminous coal obtained at 25 °C (blue) and

150 (red) °C. (b) Reversible (blue) and irreversible (red) spectrum changes

resulting from heating bituminous coal from 25 to 150 °C.
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Figure 4.24 shows plots of the band maximum wavenumber for this peak in
the measured spectra as a function of sample temperature. The triangles show
that the band maximum gradually shifted to lower wavenumbers with increasing
sample temperature. This shift was a consequence of the increasing intensity loss
at 3697 and gain at 3682 cm-! with increasing temperature, causing the peak
maximum to gradually shift to lower wavenumbers. After cooling from each Tign(n)
step, the trend for the TLow(n+1) spectra (squares) in Figure 4.24 reveals that the
band maximum at 25 °C increased slightly after successive heating steps,
indicating that the structure change responsible for this wavenumber shift was not
completely reversible.
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Figure 4.24: Bituminous coal 3690 cm-! band maximum variations in spectra

obtained at each step temperature (triangles) and after cooling to 25 °C (squares).
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Figure 4.25 shows the incremental reversible and irreversible spectrum
changes detected after applying the step-up/down temperature program. The
reversible intensity decrease at 1627 cm~' was most likely associated with loss of
water at 150 °C that returned to the sample after cooling. The remaining reversible
spectrum changes were either due to loss of interactions with the water that was
removed by dehydration or bands arising from vibrations for which the dipole
moment change was temperature-dependent. The reversible difference spectrum
in Figure 4.23b exhibits a broad-band intensity loss that was slightly greater than
in the reversible spectrum. Like the lignite coal cumulative irreversible spectrum,
the mainly positive difference spectrum residuals below 2000 cm-! were likely the
result of loss of hydrogen bonding interactions between water and polar organic

groups.
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Figure 4.25: Incremental (a) reversible and (b) irreversible spectrum changes

resulting from heating the bituminous coal sample to each step temperature.

4.5 Summary and Conclusions

The experimental results derived from the mineral studies described here
illustrate the utility of temperature perturbation infrared spectroscopy. The high
thermal conductivity of the button sample holder facilitates efficient heat transfer
to and from the thermoelectric devices used for heating and cooling, permitting
rapid temperature adjustments. This facilitates temperature step programming with
minimal “dead time” between spectrum measurements. The sample temperature

measurement accuracy and the inherent reproducibility of the FTIR interferometer

151



scanning results in successive infrared spectrum measurements with high
reproducibility.

The temperature perturbation infrared spectroscopy results for crystalline
minerals would be expected to follow trends like those exhibited by a-quartz. The
150 °C maximum sample temperature should be insufficient to permanently alter
the crystal structures of most minerals. Consequently, infrared difference spectra
would contain mostly reversible residuals that provide information regarding unit
cell distortions caused by crystal structure thermal expansions and contractions.

Many IMA designated minerals contain water.'%® Water molecules can be
incorporated as part of the mineral crystal structure, trapped within void spaces, or
adsorbed to mineral surfaces. The temperature perturbation infrared spectroscopy
results described here for the silica gel, montmorillonite clay, and gypsum samples
exemplify what may be expected for analyses of other hydrated minerals. Infrared
difference spectrum features attributed to water loss should be irreversible if
measurements are made in a dry (e.g., 0% humidity) atmosphere. Band shapes
and intensity versus temperature trends should be related to water molecule
binding interactions.

Samples can contain inorganic minerals mixed with organic substances.
For example, the 8% relative intensity O-H stretching vibration band at 3690 cm-"
in bituminous coal spectra was indicative of small quantities of inorganic oxides

present in this heterogeneous material. Temperature perturbation infrared
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spectroscopy measurements provided sufficient infrared spectrum measurement
sensitivity to reveal the temperature-dependent trends for this low intensity band
(Figure 4.24). In general, the analysis results obtained for the low-rank coals
described here should be characteristic of those expected for heterogeneous
mixtures of minerals and organics, such as soils. Temperature perturbation
infrared spectroscopy should readily detect organic material oxidations after
prolonged exposures to high temperature in a dry air environment.

Variable temperature infrared spectroscopy provides structure-specific
sample information that is not readily apparent in isothermal spectrum
measurements. For crystalline minerals, changing the sample temperature
induces bond length and angle changes in the structure of the material. These
changes result in subtle infrared spectrum functional group vibration band
wavenumber shifts and/or band intensity variations. As shown here, a sample
temperature perturbation methodology can be employed to detect these small
infrared spectrum variations. When minerals consist of multiple components bound
together by intermolecular interactions, temperature changes can alter the
strengths of these interactions. Like bond length and/or angle changes, variations
in constituent interaction strengths can alter sample vibrations, which can be
detected by infrared spectroscopy. Thus, variable temperature infrared
spectroscopy can provide information regarding temperature-dependent changes

to constituent binding interactions. If sufficient energy is provided by sample

153



heating, constituent binding interactions can be overcome completely, resulting in
sample mass losses. The resulting sample composition variations would be
identified as irreversible changes in measured infrared spectra.

The minerals selected for the studies described here have been extensively
studied by infrared spectroscopy. Consequently, infrared spectrum band
assignments for these substances are readily available. These band assignments
are used to associate infrared spectrum variations with specific atomic motions in
the sample structure. To maximize the sample-dependent information that can be
extracted from variable temperature difference spectra, the dependencies of
infrared vibration band intensities on temperature must be investigated in greater
detail for a wide variety of materials. The development of new molecular modeling
tools to aid in predicting temperature-dependent infrared spectrum band shape

variations and wavenumber shifts would also be helpful.
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Chapter 5: Conclusions and Looking Forward

Infrared (IR) spectroscopy is a swift and non-destructive method allowing
researchers to probe molecular structures via the interactions between infrared
radiation and polarizable bonds within samples. Despite its widespread popularity
in commercial, regulatory, and academic research spaces, innovations of the
technique have largely stagnated since the 1960’s. This body of work describes a
new methodological approach to infrared spectroscopic investigation of materials:
Button-IR. Button sample holder design, analytical capabilities, working principle,
sampling optimizations and considerations, and mineralogical applications of this
sampling method for mid-IR spectroscopy are addressed here.

The Button-IR technique is compatible with solid, liquid, and paste samples.
It is capable of both qualitative and quantitative analysis. This technique requires
minimal sample processing and is user friendly. The stainless-steel construction
and low fabrication costs for button sample holders provide a robust, durable, and
“green” alternative to salt windows and ATR-IR crystals, which can be costly and
difficult to maintain. They permit neat sample analyses, thus alleviating concerns
about chemically reactive samples or spectral artifacts due to sample
preprocessing with infrared transparent salts. Button sample holders are easily
cleaned with mild soap solutions and ultrasonication yet are durable enough to

withstand harsher cleaning methods with mild acids if needed.

155



It is important to align and maintain alignment of instrument optics
throughout diffuse reflection spectra data acquisition to reproducibly obtain
accurate spectra. Proper alignment assures that the sample is in the focus of the
infrared source radiation beam and avoids spectral artifacts. The maximum depth
of the button mesh, alignment pins, standard and rotation slides, and adjustable
slide positioner (screw) allow for consistent placement of samples along both the
x and y planes.

The best quality VT-DRIFTS spectra were obtained after the button sample
holder was adjusted respective to all optical system components in order to
achieve the largest interferogram detector signal. Thus, the same components that
allow for reproducible placement: the variability of mesh sizes, button rotation
angle, slide positioner, and sample loading depth, allow for tunable alignment for
maximum single beam emissivity. Additional studies of how the rotation angle
affects the amount of radiation collected and delivered to the detector are needed
but may require different optical components. In fact, a further exploration of how
this tunability impacts spectral features is warranted.

The mesh component of the button sample holder is uniquely suited for
direct sample collection through abrasion and affords safe sample storage and
transport. Additionally, the mesh serves a dual purpose as a particle sieve,
preferentially selecting sample particles that fit within the void spaces, thus

eliminating the need for time consuming sample homogenization. This capability
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is not possible with other infrared sampling methods and can be tuned by the
choice of mesh for each button. Additional sample loading techniques, such as
sputter coating, may provide thinner and more uniform layers.

The ability of the button mesh to collect, trap, and store nanogram quantities
of sample material make it particularly useful for samples where preservation and
repeated analyses are desired. For example, Button-IR would be uniquely suited
for characterization of archaeological residues in museum collections. Tiny
amounts of sample could be collected inconspicuously, thus maintaining the
cultural integrity of the objects. These samples could then be analyzed repeatedly
for future studies without need for re-sampling.

Button-IR also shows great promise for in-situ studies. The small size and
durability of the button sample holders could be adapted for use with compact
portable infrared spectrometers for field-based research. They could provide rapid
on-site characterization of forensic samples as well as repeated assays of the
same sample later in a laboratory setting, which is not possible with ATR-IR or
other currently used methods. Investigators would simply need to collect and store
the sample on a single sterilized button. The rigidity and durability of the button
sample holder also allows transport and long-term storage under cold or anaerobic
conditions, preventing sample degradation. This has the potential to improve

forensic cold case outcomes.

157



As demonstrated in this dissertation, Button-IR can be used for both
traditional (DRIFTS) and variable temperature (VT-DRIFTS) diffuse reflectance
infrared Fourier transform spectroscopy. Two heating techniques were employed
with button sample holders for variable temperature studies — heating the button
and sample through contact with heated purge gas and direct heating of the button
and sample with thermoelectric cooling (TEC) chips. The latter method yielded
similar high quality spectral results but offered enhanced temperature control. The
TEC heating and cooling apparatus provided localized heating of the sample with
little adverse optical alignment effects due to thermal expansion of the sample
chamber. Indeed, the heating was so localized that no heat could be felt when
placing a finger directly above a 150 °C button. This attribute, combined with a
closed sample chamber, may allow for a unique method of probing band gap
energy of neat semiconductor materials. The TEC chips also enabled unique
heating and cooling profiles, permitting rapid targeted investigations of reversible
and irreversible temperature-dependent structural changes in samples.

The TEC stack heating and cooling block controls isothermal sample
temperatures to within + 0.1 °C. Heating and cooling rates exceeding 2 °C/s could
be sustained between 0 and 150 °C allowing sample temperature to be changed
between -40 °C and 150 °C in a matter of seconds. This rate of sample temperature
change has not been achievable in traditional VT-DRIFTS and theoretically

provides more refined and accurate temperature measurements at which
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structural changes are detected. Results obtained when using the dual stack TEC
block are limited to -55 °C due to the cooling capacity afforded by the individual
chips. Excessively high temperatures (> 150 °C) were purposely avoided in the
studies outlined here to prevent oxidation of the stainless-steel button under dry
air purge. Multi-stack blocks, TEC chips with enhanced component durability, high
temperature button materials, and properly designed evacuated environments
could expand the VT-DRIFTS temperature range and facilitate studies at higher
temperatures. The VT-DRIFTS apparatus could be connected to evolved gas
analysis methods such as mass spectrometry to provide complementary
information regarding gaseous chemical reaction products. It may also be possible
to combine thermogravimetric analysis with VT-DRIFTS. Extending the upper
temperature limit for VT-DRIFTS would be of great utility in green chemistry
processing research and materials engineering explorations.

Additional sample perturbations should be explored with the Button-IR
technique. For example, purge gas compositions could be slowly varied to
investigate specific gas/solid chemical reactions. Infrared spectra could be
measured while exposing samples to other radiation sources, such as UV light to
study organic pigment degradation or resin curing. Additionally, hyphenated
analyses are possible with Button-IR. Real-time infrared monitoring of dissolved
solids or liquid compositions could be implemented by combining liquid

chromatography with collecting fractions on button sample holders that could be
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employed for subsequent infrared analyses. Such applications may result in more
rapid response times in water treatment, medical diagnostics, materials research,
and fundamental sample preparation and extraction applications. Coupling Button-
IR with laser ablation may be used to generate new volatiles that can be used to
probe sample structure and reactivity.

Button sample holders show potential for high throughput and chemical
mapping applications. The choice of mesh size determines the number of voids,
or sample wells per square inch. Thus, by pressing the mesh into a sample, rather
than abrading the surface, it is theoretically possible to collect discreet samples
isolated in each well. By using microscopic imaging and nano-FTIR, spatially
resolved images that map the distribution of different chemical compounds or
functional groups within a sample could be derived. This visualization of chemical
composition and heterogeneity would be particularly useful in biochemical tissue
research studies, such as mapping the locations of cancer cells in biopsy samples.

Although the studies described here were performed in the mid-infrared
region, button sample holders should be applicable in most wavelength regions.
For example, after optimizing the button material or overall shape, it may be
compatible with scanning electron microscopy (SEM), focused ion beam (FIB), and
scanning transmission electron microscopy (STEM) analyses.

Kubelka-Munk units were used to represent powdered sample spectra. The

Kubelka-Munk theory predicts a linear relationship between spectral output and
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sample concentration with an assumed constant scattering coefficient, sample
dilution in a non-absorbing matrix, and an infinitely thick sample layer. The highest
quality spectra obtained by using Button-IR, however, were obtained when
samples consisted of neat particles with diameters of a few microns organized in
thin layers. Further studies are warranted to discover why the Kubelka-Munk
function, which is derived assuming sample properties that differ significantly from
those employed here, has been found to yield more accurate results than apparent
absorbance (-log(R)).

Button-IR offers an appealing alternative to commercially available
methods. These sample holders are low cost, durable, and damage resistant after
repeated analyses and cleaning cycles, making them an affordable and
environmentally friendly option. Minimal sample preparation is required, making it
competitive with the ATR-IR method. Samples that may damage or permanently
contaminate ATR crystals could be analyzed by Button-IR instead. lts utility has
been extensively demonstrated for powder samples. However, little has been done
to explore its applicability for studies of liquids, pastes, and greases. Based on the
results described here, the Button-IR method may provide significant
improvements compared to current methods for infrared analyses of these
materials. Therefore, benchmark studies for these types of samples should be

considered.
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Appendix A — Mesh Photos and Laser Scattering Properties
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Appendix B — Crystal Modeling Parameters

Montmorillonite Crystal Lattice Parameters
Si3.9 Al.86 Li.08 Fe.1 Mg.14 O10 H

Space Group: C 2/m (#12-1)

a= 5.17500 A a=90.0000°

b= 889600 A p=99.6900°

c=12.45000 A y=90.0000°

V = 564.9808 A73

Gypsum Crystal Lattice Parameters
Ca S 06 D4

Space Group: | 2/c (#15-12)

a= 5.67400 A a=90.0000°
b=15.10490 A B =118.5130°

c= 6.49090 A y=90.0000°

V = 488.8291 A73

Kaolinite Crystal Lattice Parameters
AlI2 Si2 09 H4

Space Group: C 1 (#1-4)

a= 5.15350 A a=91.9260°

b= 894190 A B =105.0460°

c= 7.39060 A y=289.7970°

V = 328.7081 A73

Alpha Quartz Crystal Lattice Parameters Measured
Si 02

Space Group: Custom (#1-1)

a= 492100 A a=90.0000°

b= 492100 A B =90.0000°

c= 5.41630 A y=120.0000°

V = 113.5900 A3

Alpha Quartz Crystal Lattice Parameters Modelled
Si 02

Space Group: Custom (#1-1)

a= 498000 A a=90.0000°

b= 4.98000 A B =90.0000°

c= 5.46000 A y=120.0000°

V =117.2687 AA3
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