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Abstract

Ionic liquids are low melting salts composed of an organic cation and an inorganic or
organic anion. Ionic liquids are of interest for their wide range of applications and unique
properties, such as the negligible vapor pressure of some types of ionic liquids, and the ability to
modify ionic liquid properties by selection of the cation or anion. It has been hypothesized that
over one million binary ionic liquids (meaning a single cation/anion pair) are possible. Due to the
vast number of potential combinations, it should be possible to design ionic liquids specifically
for an application of interest. One potential application is their use as protein solvents. However
there is little understanding of how ionic liquids affect proteins.

This research examined the solubility and secondary structure of the hydrophobic corn
protein zein in seven ionic liquids and three conventional solvents as a function of temperature
and solvent properties. Zein’s solubility in the solvents was measured gravimetrically from 30 to
60 degrees Celsius. Solubility was then related to solvent properties to gain an understanding of
what solvent properties are important, and how to design an ionic liquid to dissolve zein. It was
found that a good solvent for zein has a small molecular volume, a low polarity, and is a weak
hydrogen bond acceptor.

Infrared spectroscopy with curve fitting was used to examine the secondary structure of
zein as a function of both solvent and temperature from 25 to 95 degrees Celsius. It was found
that most of the ionic liquids change zein’s secondary structure, but those secondary structure
changes were not affected by temperature. Aprotic ionic liquids increase the amount of B-turn
secondary structure through non-polar interactions between the mixed aromatic-alkyl
imidazolium cations and the non-polar portions of the zein. Strong hydrogen bond accepting
molecules were found to increase the amount of B-turn secondary structure.

It is hypothesized from this research that suitable solvents for zein will have a small
molar volume, low polarity, and be poor hydrogen bond acceptors. This combination of
properties will enhance zein’s solubility and limit secondary structure changes that can harm

protein properties.
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Abstract

Ionic liquids are low melting salts composed of an organic cation and an inorganic or
organic anion. Ionic liquids are of interest for their wide range of applications and unique
properties, such as the negligible vapor pressure of some types of ionic liquids, and the ability to
modify ionic liquid properties by selection of the cation or anion. It has been hypothesized that
over one million binary ionic liquids (meaning a single cation/anion pair) are possible. Due to the
vast number of potential combinations, it should be possible to design ionic liquids specifically
for an application of interest. One potential application is their use as protein solvents. However
there is little understanding of how ionic liquids affect proteins.

This research examined the solubility and secondary structure of the hydrophobic corn
protein zein in seven ionic liquids and three conventional solvents as a function of temperature
and solvent properties. Zein’s solubility in the solvents was measured gravimetrically from 30 to
60 degrees Celsius. Solubility was then related to solvent properties to gain an understanding of
what solvent properties are important, and how to design an ionic liquid to dissolve zein. It was
found that a good solvent for zein has a small molecular volume, a low polarity, and is a weak
hydrogen bond acceptor.

Infrared spectroscopy with curve fitting was used to examine the secondary structure of
zein as a function of both solvent and temperature from 25 to 95 degrees Celsius. It was found
that most of the ionic liquids change zein’s secondary structure, but those secondary structure
changes were not affected by temperature. Aprotic ionic liquids increase the amount of B-turn
secondary structure through non-polar interactions between the mixed aromatic-alkyl
imidazolium cations and the non-polar portions of the zein. Strong hydrogen bond accepting
molecules were found to increase the amount of B-turn secondary structure.

It is hypothesized from this research that suitable solvents for zein will have a small
molar volume, low polarity, and be poor hydrogen bond acceptors. This combination of
properties will enhance zein’s solubility and limit secondary structure changes that can harm

protein properties.
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Chapter 1 - Introduction

Ionic liquids are salts composed of an organic cation (such as imidazolium,
pyrrolidinium, or tetraalkylphosphonium) and an organic or inorganic anion (such as ethoxide,
acetate, or bromide).' Tonic liquids are generally defined as having a melting point less than
100°C, and many have a melting point lower than room temperature (room temperature ionic
liquids — RTILs) which makes them useful as solvents.”™ Ionic liquids have received much
interest in the last decade for a variety of tasks due to their unique properties. One unique
advantage over molecular solvents is that aprotic ionic liquids (such as the 1-ethyl-3-
methyimidazolium bromide used in inorganic syntheses) have negligible vapor pressure until
decomposition.” Another advantage over conventional solvents is the huge number of potential
ionic liquids. Over one million different binary ionic liquids (meaning a single cation/anion pair)
are possible by altering the cation and anion compared to the approximately 600 molecular
solvents currently in use.' Therefore it should be feasible to create designer ionic liquids for
particular applications.’

Ionic liquids have been used as solvents for many materials-based applications, from
novel zeolite syntheses to cellulose dissolution.®'* One application is using ionic liquids as
solvents for proteins or enzymes.'>"” Previous research has found that ionic liquids are capable
of stabilizing proteins and that some enzymes are still capable of catalysis when dissolved in
ionic liquids.'® However, there has been no systematic research into what properties control the
solubility or the structure of proteins in the ionic liquid. This research systematically examines
the solubility and secondary structure as functions of temperature of an industrially useful corn
protein (zein) with the goal of understanding solvent property importance to enable the design of
solvents for zein and other hydrophobic proteins. A model is developed to predict solubility and

the relative energy of interaction using common solvent parameters.

Hypothesis
It is hypothesized that ionic liquid properties control the solubility and structure of
solutes, including proteins. Because it is possible to design ionic liquids to possess certain
properties, an understanding of how solvent properties affect the solute is useful for designing

ionic liquids for a particular task. In particular, as protein properties are affected by protein



structures which are in turn affected by solvent properties, an understanding of how solvent

properties affect the secondary structure is necessary to optimize ionic liquid design.

Objective

While it has been found that ionic liquids are capable of dissolving proteins and can even
serve as media for enzymatic catalysis, there has been no systematic research into how ionic
liquids affect protein structure in solution. An understanding of how the protein’s structure is
changed in solution is important as the properties of many proteins are related to its structure.
Understanding what solvent properties are important for protein solubility is also important for
designing ionic liquids, but there is currently only a little research into this important field. How
does temperature affect protein structure and solubility in ionic liquids? What ionic liquid can
dissolve zein most efficiently close to room temperature and pressure, without affecting the
protein’s structure? The purpose of this research is to address these questions about ionic liquids
for a particular protein, zein, which is a useful industrial resource, produced in corn.

This research will answer the above questions through an investigation of the corn
protein zein’s solubility and structure in ionic liquids. Because imidazolium-based ionic liquids
are well characterized, the imidazolium cation will serve as a basis for the ionic liquids
investigated here. The solubility of zein will be investigated gravimetrically, repeated at least in
triplicate, from 30°C to 60°C. The structure of zein will be investigated from 25°C to 95°C using
infrared spectroscopy, a widely used experimental technique for the characterization of protein’s
secondary structure (the arrangement of local protein segments in three dimensions).'**'

Following this introduction, Chapter 2 reviews the background on ionic liquids, protein
structure and its importance, infrared spectroscopy applied to protein structure, the corn protein
zein itself, and finally solvent properties of interest in this research. Chapter 3 details the
experimental methods used in this research. Chapters 4 and 5 present the experimental results for
the solubility and secondary structure of zein, respectively. Chapter 6 examines the importance
of various solvent properties in the interactions with zein. Chapter 7 draws conclusions from this
work and gives recommendations for future investigations.

The appendices detail other work performed as part of my research into material
synthesis. Appendices A and B show how infrared spectroscopy can be used to analyze structural

changes of zeolites. Appendix C examines the impact of ionothermal versus hydrothermal

2



synthesis methods and sublimated versus unsublimated aluminum isopropoxide on the particle
size of aluminophosphate molecular sieves. Appendix D is a tutorial for the peak fitting
performed using the GRAMS/AI software from Thermo Fisher Scientific. Appendix E is a
tutorial for 2-D correlation using the freeware 2Dshige©, and presents the data obtained using 2-
D correlation in the course of this research. Appendix F is a derivation of the van’t Hoff equation
used to find the change in standard Gibbs free energy, enthalpy, and entropy of dissolution of
zein in the solvents examined. Finally, Appendix G is a table of nomenclature for the ionic
liquids and other potentially unfamiliar terms used in this text. Appendix G also includes the

molecular structures of the ionic liquids used.
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Chapter 2 - Background

Ionic liquid introduction

Ionic liquids are ionic compounds composed of an organic cation (such as imidazolium,
pyrrolidinium, or tetraalkylphosphonium) and an anion that can be organic or inorganic (such as
ethoxide, acetate, or bromide)." By current convention ionic liquids have a melting point less
than 100°C, and many have a melting point lower than room temperature (so-called room
temperature ionic liquids — RTILs) making them useful as solvents.*® The first credited ionic
liquid dates from Gabriel and Weiner’s 1888 discovery of what is now known as
ethanolammonium nitrate. > With a melting point of 52°C to 55°C, ethanolammonium nitrate
was the first recorded organic salt with a melting point less than 100°C.> * The first RTIL,
ethylammonium nitrate, was prepared by Walden and reported in 1914.” However, development
of ionic liquids languished until 1992 when air-stable ionic liquids were first published,
facilitating examination of their unique properties.” In 1997 Seddon published an article
identifying ionic liquids as promising tools for clean technology.® The Chemical & Engineering
News article in 1998, “Designer solvents-lonic liquids may boost clean technology
development”, has been cited as the cause of the subsequent eruption in ionic liquid research
because of interest in more environmentally friendly chemical processes.” ' Abbreviations are
often used for ionic liquids as their names can become onerous. Therefore, the ionic liquid 1-
ethyl-3-methylimidazolium bromide, shown in Figure 2.1 (frequently used to in inorganic

syntheses) is abbreviated from 1-Ethyl-3-methylimidazolium Bromide to [Emim] [Br].}

Figure 2.1 Structure of 1-ethyl-3-methylimidazolium bromide
A full description of the ionic liquid names used for this research is provided in Appendix G,
along with the ionic liquid structures.
Because ionic liquids consist of cations and anions, ionic liquids have dual functionality
and the ability, through careful selection and design of each ion, to dissolve disparate materials
in a single solvent.” It has been calculated that over one million different binary ionic liquids,

each with a particular pairing of cation and anion, are possible. Therefore it should be feasible to
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create designer ionic liquid solutions for particular applications by independent selection of the
cation and anion.' By contrast, there are approximately 600 molecular solvents in use." *> The
variety of ionic liquids has led to a wide range of applications taking advantage of their useful
properties.

One unique and important property is that aprotic ionic liquids (such as [Emim][Br]
shown above) have negligible vapor pressure until decomposition, which facilities their handling
and means that aprotic ionic liquids cannot evaporate.> '' Tonic liquids have also received
attention as “green” solvents because they are generally non-flammable and because it is

possible to recycle them.™ '*!*

However ionic liquids are often made from toxic compounds, so
their “greenness” is always discussed with respect to their role and what solvent they may
replace.””"® That being said, much work has been performed to prepare ionic liquids from
environmentally benign compounds such as choline (an ingredient in energy drinks) and amino
acids, which opens the door to non-toxic and potentially truly green ionic liquids.'®*!

Ionic liquid applications
Ionic liquids have been used in a variety of research areas. For example, research into

ionic liquid applications include carbon dioxide capture,”* organometallic catalysis,” unique

25-27 28, 29

roles in electrochemistry,* nanoparticle synthesis, gas chromatography, and even as

solutions for enzyme catalysis.”® The solution thermodynamics of ionic liquids with water and

3133 and gases® *° have also been investigated. BASF performed the first commercial-

alcohols,
scale application of an ionic liquid, using 1-methylimidazole to scavenge unwanted hydrochloric
acid from a reaction stream.’® *’ Another area of research uses ionic liquids as solvents for
aluminophosphate molecular sieve synthesis.’®*® Researchers have successfully prepared both

already known and novel crystal structures in ionic liquids.**”!

The ability of the ionic liquid to
both dissolve reagents and direct the structure of the resulting molecular sieve has proven to be
an important benefit of the ionothermal method.

In the course of the ionothermal molecular sieve research it was recognized that water
plays less of a role in the synthesis of molecular sieves than expected by water’s behavior in
other solvents.** °* The “water deactivating” effect is the lack of chemical activity of water to the
degree expected by its concentration.”® The “water deactivating” effect has been described as the

molecular dispersion of the water because of water’s strong nucleophilic attraction to the ionic
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liquid’s anion.** This dispersion reduces the hydrolysis activity of the water, effectively
deactivating its ability to participate in reactions.*” This phenomenon has been used to prepare
compounds in ionic liquids that would otherwise be unstable in the presence of catalytic amounts
of water, such as phosphorus trichloride.”* **

Research into using ionic liquids for the dissolution and conversion of cellulose for new
materials won the United States’ Environmental Protection Agency’s 2005 Green Chemistry
Challenge’s Academic Award.* ' *> ** Dr. Robin Rogers’ group showed that it is possible to
dissolve cellulose and lignocellulosic material (wood) with ionic liquids, leading to further
research into using ionic liquids as a key step on the path towards cellulosic biofuels and other
bio-based materials.?">"%?

The successful use of ionic liquids with cellulose led to further research using ionic
liquids and other biopolymers. This work has led to research into how ionic liquids dissolve and

6465 For example, starch and a water insoluble yet biodegradable protein,

stabilize biopolymers.
zein, were found to dissolve in 1-butyl-3-methylimidazolium chloride ([Bmim] [CI]).°° The
[Bmim][Cl] solution was also used as a reaction media for the successful acylation of starch and
protein.®® The more environmentally benign ionic liquids N-(2-hydroxyethyl) ammonium
formate and N-(2-hydroxyethyl) ammonium acetate were also found to dissolve zein.%” Research
into using ionic liquids as solvents for enzymes showed that enzymes retain at least some of their
activity in ionic liquid solution.®® ® In 2012 Lozano et al. published research where an
immobilized enzyme was dissolved in an ionic liquid for catalysis to prepare expensive flavor
esters used in commercial products.”” It is the ability to design biocompatibility into the ionic
liquids that has made them of such interest in biochemical applications.64 The search for solvents
other than water for biological applications is important because aqueous solutions can be

hampered by side reactions, hydrolysis, or poor substrate solubility.®* The flexibility of ionic

liquids because of their wide range of cations and anions is important to their versatility.

Ionic liquid syntheses
There are two classes of ionic liquids, aprotic and protic. The synthesis of aprotic ionic
liquids (AIL), the most widely examined type, is based on the reaction of a nucleophile with a
halogen substituted organic compound, shown in Figure 2.2 for the synthesis of 1-butyl-3-

methylimidazolium chloride ([Brnim][Cl]).3
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Figure 2.2 Synthesis of [Bmim][Cl]

The reaction of a nucleophile (1-methylimidazole) with a halogen substituted organic compound
(such as bromobutane) yields 1-butyl-3-methylimidazolium bromide. The bromide or other anion
associates with the mildly acidic hydrogen at the C-2 position on the imidazolium ring.> ® The
anion is changed via salt metathesis reaction.” The synthesis procedure in Figure 2.2 can be
performed for many other types of nucleophilic compounds, such as pyridine, pyrrolidine,
trialkylammonia, and trialkylphosphate.” The reaction is effectively irreversible because of the
covalent bond formed between the substituted nitrogen and the organic compound and the anion
is not a strong enough nucleophile to remove the acidic proton at the C, position.”!

By contrast, protic ionic liquids (PIL) are produced through the reversible combination of

a Bronsted acid and Brensted base, shown in Figure 2.3 for the synthesis of 1-

methylimidazolium acetate ([mim][OAc]).72

HiC. A HO HeC A~ 0

\N\:\/N + O}cH3 — N@N‘H O}CHs

Figure 2.3 Reaction of a Brensted base (1-methylimidazole) with a Brensted acid (acetic
acid) to form a protic ionic liquid ([mim][OAc])
The difference in the pK, of the acid and base is used to quantify the strength of the proton
transfer (the larger the difference, the stronger the proton transfer and the fewer reactants in
solution), and hence the stability of the ionic liquid formed.”” However, because PIL reactions
are reversible, PIL solutions have a vapor pressure from the reactants in the solution (unlike
AlLs). Because the reactants have a vapor pressure, this may limit their appeal in “green”
chemistry applications, despite their easier synthesis than AILs.”> "

Introduction to protein structure analysis

As discussed above, research has been conducted into using ionic liquids as solvents and

media for proteins and other biopolymers. It has already been found that ionic liquids have some
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uniquely beneficial properties, but what has been missing is an understanding of what ionic
liquid properties are important, particularly in respect to understanding how solvent properties
affect protein structure. The Gibbs energy of unfolding (denaturing) from a protein’s native state
to an unfolded state is typically less than 60 kJ/mol. The low stability of proteins reflects the
balance in stabilizing forces (primarily intra-protein hydrogen bonding) and destabilizing forces
(entropically driven protein unfolding). Therefore only moderate changes to a protein’s
environment, such as temperature, pressure, or solvent (of particular interest here), can upset the
balance and significantly alter protein structure.”* As many protein properties are related to
protein structure, such as gas permeability, tensile strength, enzymatic activity, and digestibility,
an understanding of how the protein structure changes in solution is needed when selecting or
designing a solvent.® "7 On the other hand, an understanding of how ionic liquids can stabilize
protein structure and what ionic liquid properties are important in that stabilization will be of
significant benefit to industries such as pharmaceuticals.®*

There are three types of individual protein structure, primary (the sequence of amino
acids that make up the protein), secondary (the arrangement of those amino acids into the
characteristic three dimensional structures of a protein) and tertiary (the three-dimensional

location of its atoms).***

The protein primary structure contains all the information necessary
for the protein to adopt its secondary, and therefore tertiary, configuration, but is of limited
interest in solution because the only way to change the primary structure is through destroying
the original protein.*® The secondary structure, however, is of immense interest because changes
in the secondary structure affect the protein properties listed above.®® *” The four different

protein secondary structures are shown in Figure 2.4 for an example protein.83
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B-sheets

Figure 2.4. Examples of protein secondary structure

All proteins are composed of the secondary structures shown in Figure 2.4, the B-turn, a-helix,
random coil, and B-sheet structures; and the amount of each secondary structure varies for the
same protein depending on such factors as temperature, solvent, pH, or physical stresses.*

Alteration of a protein’s secondary structure is known as denaturing, which can be
reversible or irreversible depending on the extent of denaturing.™® Temperature is a primary
means of denaturing proteins.*®” The cooking of an egg leads to the irreversible denaturing of the
enzyme lysozyme.®™ It has been found that protein solvents affect protein structure, with some,
such as aqueous urea or guanidinium solutions, capable of denaturing proteins without thermal
changes, and others, such as aqueous sodium chloride, capable of stabilizing proteins to higher
denaturing temperatures.® The stabilizing or destabilizing effect of ions was first observed by
Franz Hofmeister and reported in 1888.%*

Protein stabilizing anions are known as kosmotropes (such as acetate or chloride) for
their ability organize water near the protein, and protein destabilizing anions are known as
chaotropes (such as chlorate, thiocyanate, and dicyanamide) for their ability to disrupt water

85, 86

organization near the protein. Kosmotropic anions have stronger interactions with water than

water does with itself, thus kosmotropic anions (the stabilizers) disrupt water-water hydrogen-
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bond networks but stabilize hydrogen-bond networks overall by hydrogen-bonding with water in
solution.® Chaotropic anions have weaker interactions with water than water does with itself, so
water hydrogen-bond networks are more disrupted by the presence of the chaotropic anion.*®
This disruption of the water hydrogen-bond network gives proteins more structural freedom for
entropy-driven denaturing (as the proteins are no longer constrained by a hydrogen-bonded water
network), exposing more of their usually buried non-polar portions for interaction with non-polar
portions of the solvent.**”* This phenomenon is shown and discussed in Chapter 5.

Protein secondary structure can be examined with many tools. A popular method in
biochemistry is dichroism, which uses the difference in absorption of polarized light by chiral
molecules to identify changes in secondary structure (albeit circular dichroism requires curve
fitting to obtain quantitative results).”’ Nuclear magnetic resonance spectroscopy exploits
differences in the magnetic properties of atoms in a molecule depending on their environment to
develop a structure, and is capable of identifying secondary structures without curve fitting.”
Raman spectroscopy examines the vibrational modes of amino acids and can also be used to
examine protein secondary structure.”’ A commonly used tool for examining protein secondary
structure is infrared spectroscopy, which examines the intra-protein hydrogen bonding through

bending and stretching modes, and has been used for decades.’® ***°

An introduction to infrared spectroscopy

The principles of infrared (IR) spectroscopy are readily available so only a brief
introduction is provided here.”” Infrared spectroscopy is the study and characterization of the
vibrational modes of bonds between two atoms in a molecule using electromagnetic radiation
between 10 and 14000 cm™ (700 nm to 1 mm wavelength). The infrared region is subdivided
into three regions, the near (14000 to 4000 cm™ or 750 nm to 2.5 um), the mid (4000 to 400 cm™
or 2.5 to 25 um), and the far (400 to 10 cm™ 25 pm to 1 mm).””” Bonds have particular
vibrational frequencies that correspond to certain energy levels. These energy levels depend on
the atoms in the molecule, not just on each end of the bond, but from neighboring atoms as well,
and thus detailed information can be gathered about molecular structure from the functional
groups identified.””*’

The near-infrared is the region of molecular overtones and combination bands. These low

molar absorptivity bands arise even though they are forbidden by the selection rules of quantum
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mechanics, resulting in weak absorptions.'® '°! The far-infrared region examines molecular
rotations among other vibrations and is generally associated with larger elements that vibrate

102

more slowly than carbon or oxygen. = The most commonly used region is the mid-infrared,

which is the region of the absorptions of the bonds between atoms such as carbon, oxygen, and
nitrogen, and thus is the primary region to see many organic and inorganic functional groups.’’™

Infrared spectroscopy analyzes the absorption of infrared radiation over a range of
wavelengths (700 nm to 1 mm).””* Fourier Transform IR (FTIR) is the most widely used
experimental type because of its ability to examine the entire radiation range of interest

799 The data collected is used to prepare a plot of absorbance or transmittance

simultaneously.
versus wavelength (shown as wavenumber cm™) to show where the molecule absorbed the
infrared radiation. The locations of the absorptions correspond to the bonds between atoms,
which correspond to particular functional groups. This information is then used to determine
what bonds are present to give some understanding of the molecular configuration. A wide range
of IR experimental methods exist including transmission (passing the IR radiation through the
sample); diffuse or specular reflectance, for solid samples; and attenuated total reflectance which
is particularly suitable for liquids.””* Appendices A and B of this dissertation show applications

. : 103-108
of IR for molecular sieve structure analysis, as do selected references.

Attenuated total reflectance IR spectroscopy
First pioneered by N. J. Harrick, Attenuated Total Reflectance (ATR) infrared
spectroscopy uses reflections within high refractive index media in intimate contact to examine
the sample, in contrast to the typical IR method, transmission, which passes the IR radiation
directly through a sample.'® Light striking an interface between two transparent media of
different refractive indexes (a dimensionless quantification of how radiation propagates through
that material) will be partially reflected and partially transmitted. The transmitted beam is

refracted according to Snell’s law:
n;sinf; = n,.sinf, 2.1

In equation 2.1 n; and n, are the refractive indexes of the incident and refractive material

respectively, and 0; and 0, are angles of incidence and refraction, respectively. Total internal
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reflectance occurs when a beam strikes the boundary between two media with different refractive
indexes (where the index of refraction of the refractive media is lower than that of the incident
media) at an angle greater than the critical angle. The critical angle (0.) is obtained from the

refractive indexes of the two media using equation 2.2:
6. = arcsin (ﬂ) 2.2
ng

So long as n; is less than n; and the angle of incidence is greater than 6, the beam will reflect
inside the incident media. Figure 2.5 shows total internal reflectance within a piece of acrylic

plastic.'"

Figure 2.5 Total internal reflectance in a block of acrylic plastic
Figure 2.5 shows there is no refracted radiation visible leaving the sample. However, an
evanescent wave is formed on the surface where the beam reflects within the acrylic plastic.'®
An evanescent wave is a standing wave with an intensity that decays exponentially with distance
from the surface, penetrating into the external media. The penetration depth is typically between
0.5 and 2.0 um, depending on the angles and indexes of refraction of the media.'® The end effect
is that the evanescent wave obtains absorption information about the external media, which is
then transmitted through the crystal to the detector, as with any IR spectroscopic method. There
are single and multiple reflection methods available (this research uses a thirteen reflection
method, seven of those on the sample side). Figure 2.6 shows the interactions between the
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incident radiation and the evanescent wave and a sample mounted on a nine reflection ATR

crystal.'!!

Evanescent wave Sample

N

Incident Reflected
radiation radiation

Figure 2.6 Illustration of attenuated total reflectance spectroscopy
One of the keys of ATR is that the reflection media (the crystal) has to be of a higher index of
refraction than the material being studied. Therefore high index of refection materials such as
diamond, germanium, thallium bromide, or zinc selenide (used in this research) are used. ' 112
One of the benefits of ATR is the consistent, short, path length of the radiation. The
consistent path length is important for Beer’s law, which is used to find the concentration of a
substance in solution (in this case, water). Beer’s law state’s that the absorption of radiation by

the samples is a function of concentration, path length, and molar absorptivity (equation 3).

A = €Pc 2.3

In Beer’s law, equation 2.3, A is absorbance, € is molar absorptivity (how strongly the chemical
species of interest absorbs the radiation at that wavelength, units of L/mol/cm), P is path length
of the light through the sample, and c is the concentration of the chemical species of interest. As
one can see from equation 2.3, the path length of the radiation is important to maintain for
quantitative investigations, and ATR gives consistent, short, path lengths. Short path length is
valuable when examining samples high water concentration because it is possible that the water
will totally absorb the radiation, masking all other absorptions and preventing solvent
subtraction. In this research a thirteen reflection crystal is used, and as seven of those reflections
were on the sample side, and each reflection’s evanescent wave penetrates from 0.5 to 2 pm into
the sample, the path length used in this research is from 6.5 to 26 um. Most importantly, the path

length was the same for all samples examined, facilitating the quantitative research reported in
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Chapters 5 and 6. See Chapter 3, Experimental Methods, for details of the IR spectroscopic

equipment used in this research.

Application of IR spectroscopy to protein secondary structure
As mentioned above, IR spectroscopy has been used for decades to examine proteins and
it is still used extensively today.”” *® Infrared spectroscopy is able to view nine different
characteristic “Amide” bands of the protein, including the important “Amide I” C=0O band

between 1690 and 1600 cm™.”* "' Table 2.1 gives a list of the characteristic infrared bands of

proteins.’* >
Table 2.1 List of Amide bands in mid-infrared region

Designation Approximate frequency (cm™) Description
Amide A 3300 N-H stretching
Amide B 3100 N-H stretching
Amide | 1690 — 1600 C=0 stretching
Amide II 1575 — 1480 C-N stretching, N-H bending
Amide III 1300 — 1230 C-N stretching, N-H bending
Amide IV 770 — 625 O-C-N bending
Amide V 800 — 400 Out-of-plane N-H bending
Amide VI 610—530 Out-of-plane C=0 bending
Amide VII 200 Skeletal torsion

The Amide I band is of particular importance because of its sensitivity to changes in the protein’s
secondary structure. The oxygen of the Amide I band is hydrogen bonded to nearby amide
hydrogens; changes in the secondary structure alter the length of the hydrogen bond, thus
altering the frequency of the absorption.”””® ' These absorptions fall into characteristic regions

for each type of secondary structure, see Table 2.2.739¢ 116117
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Table 2.2 Infrared spectroscopy Amide I locations of secondary structure of proteins

Secondary structure element Band position (cm™)
B-turn 1690-1665
a-helix 1665-1655
Random coil 1655-1645
B-sheet 1645-1610

93-96, 116, 117

Each secondary structure has a different, unique, peak location. For example, a-helix
bonds are visible between 1665 and 1655 cm™, while B-sheet bonds are visible between 1645 and
1610 cm™.”? The B-sheet region is interesting from a quantitative perspective because often more
than one peak is found from 1645 to 1610 cm™, indicating the presence of more than one type of

B-sheet structure.’”

Due to the narrow range of characteristic locations for these bonds, it is
possible to perform detailed analysis of changes in the secondary structure due to solvent,
chemical, or thermal effects.”> *> 113 114 168 B example, in 2004 Lau et al. showed the loss of
enzymatic activity for proteins dissolved in ionic liquids through changes in the enzyme’s
secondary structure using infrared spectroscopy, but without quantification of the secondary
structure changes.”

However, the absorptions overlap in the Amide I region, requiring further analysis before

qualification or quantification can be performed.92'96’ 16

The first step is to find the location of
the bands in the Amide I region. Often the second derivative of the Amide I absorption is used,
which gives the location of each of the bands present and is useful for locating peaks (indicating
the presence and then decline or increase of a particular secondary structure).” #4113 116 119 120
Figure 2.7 is an example of curve fitting analysis applied to a spectrum obtained in the course of
this research, including the original data, the second derivative of the original data, with the

curve fit peaks and the combined peak fit.
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Figure 2.7 Example of peak fitting analysis of Amide I band for zein in 70 vol.% aqueous
ethanol
After finding the second derivative (the dotted line in Figure 2.7) of the Amide I band, curve
fitting is applied (the solid dots within the original data) using the peak locations obtained from
the second derivative (see Chapter 3).”*?% 13- 116 119120 However, each secondary structure has
its own molar absorptivity, how much radiation each type of secondary structure absorbs, and

121

thus the molar absorptivity must be taken into account. © The relative molar absorptivities used

in this research are given in Table 2.3."*!
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Table 2.3 Relative molar absorptivities for secondary structures used in this research

Relative secondary structure molar absorptivity

Secondary structure 121
(L/mol/cm)

B-turn 1.42 +0.83
a-helix 2.96 +£0.20
Random coil 1.61 £0.07
[B-sheet 4.27+0.28

The values in Table 2.3 were obtained by by de Jongh et al. by comparing the infrared radiation
absorbed by 15 globular proteins.'?' These absorptions were then examined with nonlinear least-
square regression to identify each secondary structures’ relative molar absorptivity.'*' Given that
the path length is consistent, the relative molar absorptivities are known, and a consistent internal
standard is used, it is possible to use Beer’s Law (equation 2.3) to find the concentration of that
secondary structure in the protein. Dividing the concentration of each secondary structure by the
sum of all secondary structure concentrations yields the percent of each secondary structure.
Infrared spectroscopy is still widely applied to protein secondary structure analysis. For
example, in 2008, 2010, and 2011 Carbonaro et al. used infrared spectroscopy with curve fitting
to analyze the secondary structure of legume seed flour for differences in secondary structure and

122-124

how those differences affect the flour’s digestibility. The solvent accessibility of proteins in

heart valves was studied in 2012.'*° Interactions of the anti-inflammatory and antioxidant

126

curcumin were studied for its interactions with human serum albumin in 2009. “° Denaturation of

B-lactoglobulin caused by urea was studied in 2009."%’

Infrared spectroscopy also has a long history with the protein zein, examining how its
structure varies according different samples and with temperature.m’ 129 Using IR spectroscopy
to analyze ionic liquid solutions is not a novel idea, IR has been applied to questions of the state

130-134

of water in ionic liquid for years. However, IR has not been used to quantitatively examine

proteins dissolved in ionic liquids.

Introduction to zein
An interesting biopolymer is zein, a prolamin (energy storage) mixture of proteins found

in corn. Zein was first described in 1821, and its solubility in low molecular weight aqueous
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alcohols was first explored in 1897."%> 3¢ Zein is tough, insoluble in water and grease, and
biodegradable, and clear when cast as a film. Zein can be used as a coating for food products (it
was Generally Recognized As Safe by the United States Food and Drug Administration in 1985)

137-139 7ein is a

and in cosmetics, fibers, ceramics, inks, adhesives, and biodegradable plastics.
mixture of different proteins, differentiated by solubilities in mixtures of ethanol and
isopropanol.’**'*” The most common type of zein is a-zein, which is >80% of the zein in corn,
while p makes up ~10% and & and y make up the remainder."*’ The fractions of each type vary
depending on species of corn.”*® The most common type, a-zein, is the only type of zein used
commercially, and all further discussion of zein is focused solely on a-zein. Commercial
production of zein began in the 1930s and peaked in the 1950s at 15 million pounds per year in
the United States. However, the increasing availability and decreasing costs of petroleum-based
polymers diminished the market for zein. Zein has languished commercially since then, despite
the large amount of research invested in zein’s applications and methods to extract zein. 2713 141
Interest in zein is increasing today because of its properties and the desirability of

138, 139, 141

biologically-based chemicals. The solubility of zein has been examined in a variety of

. . . - 1 137-139, 141-14 . .
solvents including aqueous ethanol and acetic acid."””"** ¥ Zein’s structure, properties, and

129, 137-139, 149 d76, 150, 151
3

applications have been examined in solid form, in acetic aci and in

aqueous ethanol.””'">* Figure 2.8 shows an image of a-zein prepared computationally using data

graciously provided by Bugs et al.'™*
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Figure 2.8 Image of a-zein prepared computationally using data provided by Bugs et al.

The primary commercial difficulty with zein is its cost of production and extraction.'**

139141 Corn contains approximately 9-12% protein and approximately half of that is zein."*” '*°
Zein extraction is still expensive because of the limitations of the current methods of zein
production which uses large amounts of aqueous alcohols. The most common current industrial
method uses excesses of either ethanol or isopropanol to extract zein from DDGS or other corn
products. Zein is currently sold for $10 — 40/kg, depending on the purity, compared to
petroleum-based polymers which are sold for less than $2/kg."*® '* %3 Other processes have
been examined for zein production including acetic acid extraction,’® using 100% ethanol at
120°C,'* and chromatography for ultra-high purity zein.'> Zein’s properties of water and grease
insolubility, its biodegradability, and its industrial usefulness in coatings, cosmetics, fibers,

ceramics and other applications warrant increasing its production. However, increasing its

production depends on decreasing its production costs.'*’*° It is hoped that this research into the

21



interactions of zein and ionic liquids will facilitate the design of new solvents and processes for

zein production to make zein more economically competitive with petroleum-based polymers.

Solvent properties

The purpose of this research is to investigate how ionic liquid properties affect zein
solubility and secondary structure. This information will then be used to develop a model for
zein solubility and secondary structure as a function of solvent properties that are either known
or can be estimated. It has been found that a particularly solvent property, hydrogen bond
accepting ability, is important in the cellulose and lignocellulose applications discussed above.>
26-3 Therefore a discussion of relevant solvent properties is in order.

The first solvent properties investigated are the solvent hydrogen bond donating (Lewis
acidity) and hydrogen bond accepting (Lewis basicity) abilities. The hydrogen bond donating
and accepting ability are related to the structure of the solvent and impact the solute by hydrogen
bonding with it as well. The most common method of measuring solvent hydrogen bond
accepting or donating ability is the use of solvatochromic dyes, dyes that alter their UV/vis/near-
IR absorption through hydrogen bonding interactions with a solvent of interest.'>® These
interactions occur through changes in the solvation of the ground- and first- excited state of a
light-absorbing molecule.'”® Kamlet and Taft pioneered the use of these changes in light
absorption to quantify, on an empirical scale, the ability of a solvent to donate or accept
hydrogen bonds, relative to the reference molecule cyclohexane.'”” °® The better the hydrogen
bond donator, the higher the solvent’s a parameter; the better the acceptor, the higher the

solvent’s B-parameter.’”” '®

In the cases referred to above of ionic liquids successfully
dissolving cellulose, it was found that the hydrogen bond accepting ability (or Lewis basicity)
was the most important factor. > >* ® Thus in this research the hydrogen bonding ability of the
solvents has been of prime interest. The effects of hydrogen bonding ability on the solubility and
structure of zein are described in Chapter 6.

In addition to the hydrogen bond donating or accepting ability, the dipolarity or
polarizability of the solvent is also of interest. Dipolarity is the separation of a positive portion of
a molecule from the negative portion of a molecule.'” Polarizability is the ease with which a

molecule’s electron cloud can be displaced from its ordinary position due to an external electric

field."” For example, argon has no permanent dipole moment, but it can develop a momentary
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one when an external electric field moves the argon’s electrons from their ordinary position." It
is possible to measure the combined dipolarity and polarizability of a molecule using the same
techniques pioneered by Kamlet and Taft as the examination of hydrogen bond donating or
accepting ability described above.'*® The dipolarity/polarizability of a molecule is noted by the
n* parameter.' >

The Et(30) scale has gained wide acceptance as a solvatochromic measure of solvent
polarity, the difference in electron density between one part of a molecule and another.''%* The
E1(30) values are an empiricism based on the electron energy level molar transition energies (the
change in energy of an electron from an excited to ground state, in kcal/mol) of the standard
betaine dye number 30, measured at room temperature and normal pressure.'®® '®! Standard
betaine dye number 30 is not soluble in nonpolar solvents, but it has been widely studied for
ionic liquid solutions and is thus used in this research.'®’ The E1(30) scale ranges from 63.1
kcal/mol for water (the most polar conventional solvent) to 30.7 kcal/mol for tetramethylsilane
(the least polar solvent for which E1(30) data is available), with many ionic liquids between 48
and 56 kcal/mol."** 1!

The final solvent property to be examined in this research is molecular size. It is expected
that the size of the solvent will affect how it interacts with the solute. While it is easy to find the
size of individual atoms, the peculiar packing and association characteristics of ionic liquids
means that the pure solvent size (expressed as milliliters per mole of solvent) needs to be
identified. The pycnometer method used to find the pure solvent molar volume is described in

Chapter 3.

Linear solvation energy relationship
The effects of solvent parameters can be examined statistically using regression analysis.
Kamlet et al. systematized the use of hydrogen bonding ability and dipolarity/polarizability to
model solvent behavior in 1983.""” The research by Kamlet et al.’s enables the researcher to use
solvent properties to model a measureable reaction parameter, such as solubility at a temperature,
as a function of the chosen solvent properties.'”’ Equation 8 gives the generalized form first

proposed by Kamlet et al."”’

XYZ =XYZy + aa + bB + s(n* + db) + héy, + ec 2.4
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In equation 6.4 XYZ is the measureable reaction property of interest, m* is the solvent
dipolarity/polarizability, 6 is the solvent “polarizability correction term”, a is the solvent
hydrogen bond donating ability, B is the solvent hydrogen bond accepting ability, dy, is the
Hildebrand solubility parameter, and ¢ is the solvent coordinate covalency. The parameter XYZ,
is the regression intercept. The coefficients s, a, b, h, and e are empirical regression parameters
that measure the relative susceptibilities of XYZ to the indicated solvent property scales.'>” '®3
That is, the coefficients quantify the importance of each solvent parameter’s contribution to
XYZ. The larger the magnitude of the coefficient, the more important that solvent property is in
modeling the behavior of the solute. The method to find the coefficients is simple, requiring
multivariate statistical regression of the measureable reaction property as a function of the
solvent parameters of interest. It is important to note that not all six solvent parameters in
equation 2.4 need to be known for this empirical analysis to be performed."’ In this research 8,

On, and € were not available for the solvents of interest and thus were not used, resulting in

equation 2.5.

XYZ =XYZy+ aa + b + sm* 2.5

The LSER method is used in Chapter 6 to quantify the importance of the Kamlet-Taft parameters
in modeling the solubility, and Mz (related to the enthalpy of dissolution of zein found with the

van’t Hoff equation, see below).

Temperature effects on solubility

The effect of temperature on solubility can be quantified by finding the enthalpy of
dissolution. The enthalpy of dissolution of a solute quantifies the energetic favorability of the
dissolution of a solute into a solvent. The enthalpy of dissolution depends on how the solute
interacts with the solvent and is thus a function of the chemical properties of the solute and
solvent. The enthalpy of dissolution can be obtained from temperature dependent solubility data.
The enthalpy of dissolution is the sum of the energy required to break the intra-solute and intra-
solvent bonds (endothermic processes) and the energy released by the formation of solute-

159, 164

solvent bonds (an exothermic process). Thus negative values for the enthalpy of dissolution
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are enthalpically favorable as exothermic processes, but positive values are enthalpically
unfavorable as endothermic processes. The greater the value of the enthalpy of dissolution, the
more energy required to dissolve the solute in the solvent, resulting in lower solubility.

The van’t Hoff equation can be used to find the enthalpy of dissolution, through the
following derivation beginning with the standard state (298 K, 1 atmosphere pressure in

biochemistry) Gibbs free energy (the thermodynamic potential) of a pure system, equation 2.5.%"
159, 165, 166

dG° = dH® — TdS° 2.6

In equation 2.5 dG° is the standard Gibbs free energy of reaction, dH® is the standard reaction
enthalpy, T is absolute temperature, and dS° is standard reaction entropy. The Gibbs free energy

of a different composition, one that is not pure, is written as equation 2.6.

dG = dG° + RTInQ 2.7

In equation 2.6 dG is the Gibbs free energy at temperature T with reaction quotient Q (a
dimensionless quantity that describes the extent of chemical transformation). At equilibrium, dG
= 0 and Q becomes K, the equilibrium coefficient, a dimensionless quantity that is usually the
mole ratio of products versus reactants but can also be the equilibrium mass fraction solubility,

equation 2.7.'6% 167 168

0 =dG° + RTInK 2.8

Substituting equation 2.7 into equation 2.5 and then solving for InK results in equation 4, also

known as the van’t Hoff equation.

InkK = ‘d:° (3)+ d% 2.9
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However, this derivation assumes that the heat capacity (C,) of the solute is not a function of
temperature, which is the case for most solutes. Unfortunately that is not the case when the solute
is a protein. The C,, of a protein is a function of its structure.®’ As the structure of proteins change
with temperature (see Chapter 5) the C, is thus a function of temperature.®' Therefore, in a plot
of the natural log of solubility versus the inverse of temperature, the slope represents a
combination of the enthalpy of dissolution and the enthalpy of denaturing.®' It is impossible
calculate the enthalpy and entropy of dissolution for proteins without detailed knowledge of the
changes of C,, of the protein, which is not available for zein. However, since the solute of interest
(zein) is always the same, it is a reasonable assumption that the temperature influence on zein
denaturing is the same for each of the solute-solvent systems studied. Therefore the relative
changes of slope (defined as Mz) are due solely to the solvent effects on the protein in the form
of dissolution or denaturing. Equation 2.9 shows the equation used for this work, and equation

2.10 shows that Mz is a function of solute-solvent interactions and temperature.

InK = Mz (%) + constant 2.10

Mz = AHgjssomtion (Solute, solvent) + AHgentaruring (T) + AHgenaturing (Solute, solvent)2.11

Although the slope (Mz) cannot provide a quantitative enthalpy as it would if the van’t Hoff
assumptions applied, the relative values still provide a useful comparison of the different

solvents.
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Chapter 3 - Experimental Methods

Ionic liquid synthesis

Full names and chemical structures of all the ionic liquids used are given in Appendix G.
The ionic liquids [Bmim][OAc], [Emim][OAc], and [Emim][DCA] were obtained from IoLiTec
Inc. and used without further purification. Their 'H NMR spectra were obtained to confirm
product identity.

The ionic liquid [Bmim][Cl] was prepared by combining 0.5 mol 1-methylimidazole
(99+%, Aldrich) with 0.51 mol 1-chlorobutane (99+% Fisher) in 50 g methanol. The mixture
was heated and stirred for 48 hours at 50°C. The solution was dried under vacuum at 50°C for 48
hours and then for 6 hours at 75°C to remove the solvent and excess reagents. Proton NMR was
performed to confirm the product synthesis.

The protic ionic liquids [mim][OAc], [mim][HSO4], and 1-methylimidazolium formate
[mim][Fr], were prepared by slowly adding an equimolar amount of the acid (acetic, sulfuric, or
formic) to 1-methylimidazole in an ice water bath. The ionic liquids were subsequently stirred
overnight at room temperature. The ionic liquids were dried under vacuum for 48 hours at 50°C,
then for another 6 hours at 75°C to remove solvent and unreacted reagent. The water content of
each solvent was tested in triplicate with a calibrated coulometric Karl-Fischer titrator and the

results are given in Table 3.1.
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Table 3.1 Karl-Fischer titration water concentration results with one standard deviation of

results
Solvent Mean wt.% water mol% water
Karl-Fischer titration
standard (0.10 wt.%) 0.097 % 0.007
Acetic Acid 0.422 £ 0.002 1.407 +£ 0.007
1-Methylimidazole 0.242 £0.014 1.102 + 0.062
[mim][OAc] 0.283 +0.003 2.232+0.024
[mim][Fr] 0.211+0.018 1.502 £ 0.129
[mim][HSO4] 0.703 + 0.048 7.034+0.476
; _ 0
[Emim][OAC] - 4.0 mol% 0.423 £ 0.068 4.000 + 0.070
water
[Emim][OAc] - 1.1 1.172 £ 0.054 11.079 + 0.507
mol% water
[Bmim][OAc] 0.620 + 0.036 6.833 +0.393
[Bmim][Cl] 0.494 £ 0.012 4,791 +0.119
[Emim][DCA] 0.279 + 0.040 2.741 +0.390

Solvent density and molar volume

Each solvent’s density was measured using a 25 mL pycnometer by my undergraduate
researcher Mayra Lopez. The pycnometer was calibrated with deionized water. Measurements
were taken at least three times for each liquid. The densities were averaged for each solvent, and
the molar volume was calculated by dividing the molecular weight of each solvent by the
average density measured. All data were obtained at 25°C, using a temperature controlled water
bath. The water content of each solvent was tested in triplicate with a calibrated coulometric
Karl-Fischer titrator. The density of the solvent was used to find the pure solvent molar volume
given below (Table 3.2). The values obtained for acetic acid, 1-methylimidazole, and
[Bmim][Cl] match those from the literature.'

Table 3.2 Solvent density and molar volume with one standard deviation of results

Solvent Density (g/cm’) Molar Volume (mL/mol)

Acetic acid 1.045 + 0.0003 57.47 +0.02
1-Methylimidazole 1.032 £ 0.0004 79.57 £0.03
[mim][OAc] 1.070 + 0.0001 132.81 £ 0.01
[mim][Fr] 1.133+ 0.0003 113.13 £ 0.03
[mim][HSO4] 1.480 + 0.0004 121.73 £ 0.07
[Emim][OAc] 1.098 + 0.0002 154.98 + 0.03
[Bmim][OAc] 1.059 + 0.0007 187.28 £0.13
[Emim][DCA] 1.101 + 0.0002 160.93 + 0.04
[Bmim][Cl] 1.052 + 0.0009 165.98 £0.15
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Zein solubility

Commercial food-grade zein (F4000), consisting primarily a-zein, was obtained from Flo
Chemical Corporation, formerly Freeman Industries, of Ashburnham, Massachusetts. Glacial
acetic acid from Fischer Scientific and 1-methylimidazole (99+%) from Aldrich Chemicals were
obtained and used without further purification. Zein solubility in the solvents was measured
using the gravimetric method at 30°C, 40°C, 50°C, and 60°C by my undergraduate research
Christian Kehr for most of the samples.* > A maximum temperature of 60°C was used because of
decomposition concerns with the imidazolium-based ionic liquids held for extended periods of
time above 60°C.° Two grams of solvent were measured into a vial and a small amount of zein
was added. The vial was stirred and held at constant temperature in a water or silicone oil bath.
The solution was monitored until the zein dissolved, whereupon more zein was added. When the
zein no longer dissolved at that temperature within 16 hours, the temperature was increased and
held constant until the zein dissolved. At that point more zein was added. The mass of zein
dissolved before the previous addition, which did not dissolve in 16 hours, was calculated to be
the solubility at that temperature. The gravimetric solubility of zein in each solvent was
reproduced at least three times.

The effect of water concentration on the solubility of zein as a function of temperature
was examined. Water (0.053 g) was added to six grams of [Emim][OAc] to increase the water
concentration from 4.0 mol% to 11.1 mol%. The six grams of [Emim][OAc] with 11.1 mol%
water was divided into three vials of two grams each. The gravimetric solubility of zein was
obtained from 30°C to 60°C in all three samples and compared to the solubility of zein in

[Emim][OAc] with 4.0 mol% water.

Infrared analysis
Infrared (IR) spectroscopy was performed with a Mattson Cygnus IR spectrometer, using
a Harrick Scientific Horizon attenuated total reflectance (ATR) accessory with a zinc selenide
crystal and a temperature-controlled top plate. A DTGS (deuterated triglycine sulfate) detector
and germanium coated potassium bromide beam splitter were used. The iris was set to 50%
open. Each sample and background spectrum was collected with 256 co-added scans at 2 cm™

resolution. The moving mirror velocity was 10 kHz, both forward and reverse. The spectral
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window examined was from 4000 to 900 cm”. The IR spectrometer control software is
WinFIRST, version 3.61, from Mattson Instruments of Madison, Wisconsin.

Spectra were obtained from 25°C to 95°C at 10°C intervals. While the solubility work
stopped at 60°C as a precaution to avoid even minimal decomposition of the imidazolium-based
ionic liquids, the structure studies continued higher because no notable decomposition in the
shorter period of time of 4 total hours for the structure studies, compared to up to 16 hours at a
temperature for solubility measurements. The zein solutions prepared are shown in Table 3.3. As
zein was more soluble in 70 vol% aqueous ethanol, acetic acid, 1-methylimidazole, [mim][OAc]
and [Emim][DCA] at 25°C than in the other solvents, 10 wt.% solutions of zein were prepared,

compared to the other solvents 5 wt.% solutions.

42



Table 3.3 Weight percent zein solutions prepared for analysis with IR spectroscopy

Solvent Weight percent zein solution prepared
70 vol% (41.6 mol%) aqueous ethanol 10
Acetic acid 10
1-Methylimidazole 10
[mim][OAc] 10
[mim][Fr] 5
[Emim][OAc] 5
[Emim][DCA] 10
[Bmim][CI] 5
[Bmim][OAc] 5

The solutions from Table 3.3 were prepared and sufficient time was given to allow the zein to
dissolve. First a spectrum of the pure solvent was obtained. The ATR trough plate was then
cleaned, allowed to dry, and then the dissolved zein mixture from Table 3.3 was poured into the
trough. Spectra were obtained from 25°C to 95°C at 10°C intervals, with each temperature being
held for 20 minutes prior to obtaining the spectra. No infrared analysis of zein in [mim][HSO4]
was performed because so little zein dissolved that it was impossible to detect the protein in
solution.

The pure solvent spectra were subtracted from the mixture spectra in GRAMS/AI
software (Graphic Relational Array Management System Spectroscopy Software Suite, Thermo
Fisher Scientific Inc.) at each temperature to obtain a difference spectrum used for subsequent
analysis.

Curve fitting was performed on the Amide I (1700 to 1600 cm™) region of the difference
spectrum with GRAMS/AI software, using the second derivative of the difference spectra to
determine each peak location, which varied less than 2 cm™ between samples. The Levenberg-
Marquadt algorithm was used with mixed Gaussian-Lorentzian peaks.”"* Appendix D describes
the curve fitting process in detail. Figure 3.1 shows an example of the curve fitting performed,
including the second derivative used to identify peak locations and each secondary structure

peak.
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Figure 3.1 Curve fitting example of the Amide I band for zein dissolved in 25°C aqueous
ethanol

Appendix D details how to perform curve fitting in GRAMS/AI The fraction of each secondary
structure was obtained by dividing the area of each peak by the molar absorptivity of that
secondary structure (discussed in Chapter 2).'* The total Amide I concentration is the sum of the
partial concentrations for each secondary structure. The fraction of each structure was obtained
by dividing its partial concentration by the total concentration of the Amide I band. Three
samples were prepared and examined for each solvent mixture.

To compare the effects of water content in the ionic liquid on the secondary structure of
zein, three new samples of 10 wt.% zein in [Emim][DCA] (water content 2.74 mol%) were
prepared and then the zein secondary structure was analyzed. First [Emim][DCA] was dried
under vacuum at 50°C for two days. This resulted in a water content of 2.1 mol%, as measured

with a columetric Karl-Fischer titrator, repeated in triplicate. Then water was added to two
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different samples of the dried [Emim][DCA], to attain 12.3 mol% and 25.0 mol% water. Ten
weight percent zein was added to these samples and allowed to dissolve overnight before IR
analysis.

For comparison with the secondary structure changes of dissolved zein in each of the
solvents, a solid zein film was prepared and analyzed. A 10 wt.% solution of zein in the 70 vol.%
aqueous ethanol solution was prepared and poured into the ATR trough plate. The solvent
evaporated overnight leaving a film of zein on the ATR crystal. The film was then analyzed
using the IR method described above. This process was repeated in triplicate. The spectrum of
the zein films obtained were found to be identical to zein IR spectra previously reported in the
literature.">"”

Linear solvation energy relationship
The linear solvation energy relationship (LSER) coefficients were calculated using

multivariate least squares linear regression.
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Chapter 4 - Solubility of Zein

Introduction
The solubility and gelation behavior of zein in various solvents has been studied
extensively to facilitate zein’s commercial use.'? Zein is insoluble in water and poorly soluble
in pure alcohols such as ethanol or isopropanol, but zein is soluble in aqueous alcohols.'™ % ?
However, it has been found that gelation occurs irreversibly for zein dissolved in aqueous

1-4, 9, 14
alcohols.'™ *

Indeed, gelation problems for zein used as a shellac replacement during World
War II were so severe that consumers preferred the more expensive shellac ($0.52/1b.) over much
cheaper zein ($0.30/1b.).” To avoid the gelation issue other solvents have been examined, such as
acetic acid.® '> While zein is soluble in acetic acid, it has been found that the properties, such as
tensile strength, of zein precipitated from acetic acid are inferior.'> "> '° Therefore, acetic acid
has not been used as a solvent in industry.'> >

Limited research has been conducted into using ionic liquids as solvents for zein. In 2006
Biswas et al. used the ionic liquids 1-butyl-3-methylimidazolium chloride ([Bmim][CI]) and 1-
butyl-3-methylimidazolium dicyanamide ([Bmim][DCA]) to dissolve zein and corn starch at
80°C and to acylate them in the presence of pyridine.'® In 2011 Choi and Kwon found that two
protic quaternary ammonium-based ionic liquids are capable of dissolving zein at 95°C."
However there has been no systematic examination of zein’s solubility in ionic liquids and, in
particular, no examination of the effects of temperature on solubility in ionic liquids. The
solubility of zein in a family of imidazolium-based ionic liquids from 25°C to 95°C is reported in
this chapter. The solubility of zein in the conventional solvents 1-methylimdiazole (the precursor
to all the ionic liquid cations), and acetic acid (acetate is a common anion for three of the ionic

liquids) is also examined. For comparison, results for zein solubility in aqueous ethanol are also

reported.'’ The full names and structures of all the ionic liquids are given in Appendix G.

Results and Discussion
Table 4.1 gives the mean solubility (in wt.%) and standard deviation for zein dissolved in
all the solvents, using the gravimetric method described in Chapter 3, along with previously

reported solubilities in aqueous ethanol.’
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Table 4.1 Weight percent solubility of zein in solvents at 30°C, 40°C, 50°C, and 60°C with

one standard deviation of results

Solvent Solubility at Solubility at Solubility at Solubility at
30°C (wt.%) | 40°C (wt.%) | 50°C (wt.%) | 60°C (wt.%)
Acetic Acid 23.7+29 314+1.5 39.1+£45 41.4+46
1-Methylimidazole 15.0+4.0 19.0+3.8 219+2.6 24.6+22
[mim][OAc] 18.0+0.9 21.6+1.7 245+18 262 +4.0
[mim][Fr] 48+ 1.1 79+0.7 103 +0.2 123+1.3
[mim][HSO,] <0.2 <0.2 <0.2 <1.0
[Emim][OAc] - 11.1 mol% 3.5+0.6 6.2+0.3 8.9+0.7 12.9+0.3
water
[Emim][OAc] - 4.0 mol% 43403 6.7+0.6 9.0 0.4 11.4+13
water
[Bmim][OAc] 7.6+09 12.4+3.1 17.8£2.8 222+22
[Bmim][Cl] 6.8+2.3 13.1+1.1 16.8 = 1.1 21.1+£08
[Emim][DCA] 155+0.4 20.7+2.0 247+22 253+22
70 vol.% (41.6 moly) 8.7 9.1 9.4 9.7
aqueous ethanol
75 mol% aqueous ethanol’ 4.6 5.7 7.1 8.6
100% ethanol'’ 0.5 1.1 2.5 53

As one can see, zein dissolves readily in many of the ionic liquids examined here (with the
exception of [mim][HSO4], discussed below). These results contrast previous studies that found

16, 18-21

the solubility of proteins in ionic liquid was less than 1 wt.%. However, the previous

studies examined water-soluble proteins (such as hen egg lysozyme and cytochrome c) rather
than a water-insoluble protein such as zein.'® '*2!
The solubility of zein in acetate ionic liquids
Figure 4.1 shows the solubility of zein in acetic acid, 1-methylimidazole, [mim][OAc],
[Emim][OAc] with two different water concentrations, and [Bmim][OAc] (full chemical names
are given in Appendix G), with error bars representing one standard deviation of each result (as
is the case for all figures in this chapter). Previously reported data for the solubility of zein in

. . . 11
aqueous ethanol mixtures are plotted as lines for comparison.
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Figure 4.1 The solubility of zein in the acetate family of solvents, error bars represent one
standard deviation
The differences in solubility for the acetate family of ionic liquids, [mim][OAc], [Emim][OAc],
and [Bmim][OAc], shows the effect of cation size (particularly alkyl chain length) on solubility.
The solubility of zein in [mim][OAc] was the second highest recorded among all solvents. The
solubility of zein in [Bmim][OAc] increased strongly from 30°C to 60°C. The solubility
remained relatively low in [Emim][OAc]. The superior solubility of zein in [mim][OAc]’s
compared to [Emim][OAc] and [Bmim][OAc] is likely due to [mim][OAc]’s lower viscosity, 5.6
cP at 80°C, compared to [Emim][OAc]’s 10 cP at 80°C, and presumably higher (but

22,23 The smaller molecular size and lower

undetermined) viscosity for the larger [Bmim][OAc].
viscosity facilitate conformational changes of the protein, which disrupt the protein’s
intramolecular hydrogen bonding and thus facilitate the dissolution of the protein.”*?® In contrast

to the viscosity effects for the solubility of zein in [mim][OAc], the difference in solubility for
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zein in [Bmim][OAc] compared to [Emim][OAc] is due to stronger intermolecular interactions
between the ionic liquid and the protein, such as van der Waals interactions, between the non-
polar parts of the protein’s amino acids and the larger cation of the ionic liquid.*” It has been
seen that, in addition to van der Waals interactions, aromatic-aromatic interactions between the
solvent and the protein can improve the solubility of the protein.”® Approximately 80% of non-
polar side-chains are buried inside a protein. As the protein warms, the non-polar side-chains
become more accessible for interactions with the solvent because of the increased molecular
motion from higher temperatures, which facilitates the increase in solubility.”” As zein contains
approximately 13% amino acids with aromatic side chains (plus approximately 10% of the
lactam-containing amino acid proline),* 7 the aromatic-aromatic interactions help to explain the
large increase in solubility with temperature.”®

The more rapid increase in the solubility of zein in [Bmim][OAc] compared to zein in
[mim][OAc] also indicates the importance of the interactions between the non-polar parts of the
protein. While the solubility of zein in [mim][OAc] is three times that of zein in [Bmim][OAc] at
30°C because of the lower viscosity of [mim][OAc], zein’s solubility increases 190% by 60°C
(to 22.2 wt.%) in [Bmim][OAc], compared to an increase of only 44% for zein in [mim][OAc]
(to 24.6 wt.%). This change is because of the increase in solvent-solute interactions due to the
higher temperature facilitating dissolution of the zein. From Figure 4.1 it appears possible that
the solubility of zein in [Bmim][OAc] will intersect with the solubility in [mim][OAc] at
approximately 80°C. The increase in temperature reduces solvent viscosity, so the lower
viscosity of [mim][OAc] is less of an advantage, and the stronger interactions between the larger
[Bmim][OAc] cation and zein is able to improve zein’s solubility.

The effect of added water in the ionic liquid solvent is shown as well. The comparison of
zein solubility in [Emim][OAc] with 11.1 mol% and 4.0 mol% water in the ionic liquid shows no
statistically significant difference despite zein’s insolubility in water. Previous research showed
that small increases in water fraction in aqueous alcohols could exponentially increase the upper
critical solution temperature (the temperature above which the compounds in the mixture are
miscible in all proportions), indicating that even small increases in the amount of water would
hamper zein solubility.” This research, in contrast, shows an insensitivity to water concentration,

30-33
2.

likely due to the “water deactivating” effect described in Chapter This result is particularly
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useful because it shows that concentrations as high as 11 mol% have no apparent effect,
facilitating ionic liquid use.

Comparing the conventional molecular solvents, these results show that acetic acid
dissolves the most zein of the solvents examined. However acetic acid has been found to harm
zein’s physical properties because of changes in zein’s secondary structure (see Chapter 5).'% >
Therefore acetic acid is not used as a solvent for commercial zein production.'* "> The molecular
solvent 1-methylimidazole is only slightly inferior to [mim][OAc]. It has been found that other
substituted amines such as pyridine and diethylenetriamine have low (less than -40°C) upper
critical solution temperatures wherein the zein and solvent are fully miscible.® The low upper
critical solution temperature indicates that the substituted amines are well suited to dissolve zein,
so this result for 1-methylimidazole fits in well with what has been described previously.®

The 70 vol.% aqueous ethanol (41.6 mol% aqueous ethanol) is the solvent mixture used

. . . 2.4,6
for commercial zein production.” ™

However, the solubility of zein in 70 vol.% aqueous ethanol
is much inferior to the solubility in [mim][OAc], 1-methylimidazole, and in [Bmim][OAc] above

40°C. 1t is also clear from Figure 4.1 that 100% ethanol is a poor solvent for zein.’

The solubility of zein in other ionic liquids
The solubility of zein in the other ionic liquids examined, [mim][HSO4], [mim][Fr],
[Emim][DCA], [Bmim][Cl] are shown in Figure 4.2. The ionic liquid [mim][OAc] is shown to
directly compare the three protic ionic liquids, and [Bmim][OAc] is shown with [Bmim][Cl] to
compare the effects of different anions. Again the lines showing the solubility of zein in

solutions of aqueous ethanol at three different concentrations of ethanol are provided as well."'
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Figure 4.2 The solubility of zein in other solvents

The solubility of zein in [Emim][DCA] is quite high, nearly matching [mim][OAc]. This
result is surprising because it has not been shown previously that the dicyanamide anion is
particularly useful in aqueous solutions for improving the solubility of proteins. However, it is
well known in aqueous protein chemistry that dicyanamide is a very strong protein-denaturing
anion as discussed in Chapter 2.**° This strong denaturing is also related to the “salting-out”
behavior dicyanamide exhibits, where addition of dicyanamide to aqueous solutions causes the
precipitation of the protein.’* This precipitation is caused by protein denaturing causing the
exposure of the non-polar side chains to water, an energetically unfavorable interaction, which
causes the protein to precipitate. However, in ionic liquids that same denaturing exposure of the
non-polar side chain may improve solubility, because denaturing the protein exposes more of the

non-polar side chains for interactions with the non-polar cation of the ionic liquid.
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The zein has statistically similar solubility in the aprotic ionic liquids [Bmim][CI] and
[Bmim][OAc]. Even though chloride is an inferior anion for cellulose dissolution (and also a
mild protein destabilizer), here the similarity in solubility shows the importance of the [Bmim]
cation over the different anions.***’

The contrast in solubility of zein in the three protic ionic liquids is of interest because it
shows the effect of the anion on the solvent property and thus solubility. Figure 4.3 shows the
chemical structures of the protic ionic liquids and their E(30) scale polarity (discussed in

Chapter 2).**

[mim][HSO,] [mim][Fr] [mim][OACc]

Hs O Hj

C C 0 HaC o
ANZAN _h ANAN N
N7 NN-H 0-8—on N7 \N-H H N7 3N-H —CHs
(O O/ O
E;(30) = 63.6 kcal/mol E.(30) = 56.0 kcal/mol E;(30) = 50.5 kcal/mol

Figure 4.3 Structure and polarity comparison of [mim|[HSOy], [mim][Fr], and [mim][OAc]
Each protic ionic liquid has the same 1-methylimidazolium cation, and yet the zein solubilities
are very different. At 60°C zein solubility is <1.0 wt.% in [mim][HSO4] versus 12.3 wt.% in
[mim][Fr] versus 26.2% wt.% in [mim][OAc]. This difference is due to the different anions, and,
more particularly, the different solvent polarities due to the anions. As discussed above, zein is
insoluble in highly polar water (E1(30) = 63.1 kcal/mol) and yet is soluble in less polar 70 vol%
ethanol (E1(30) = 54.4 kcal/mol).”” * As one can see from the E1(30) polarity values given in
Figure 4.3, the solubility is a function of the solvent polarity when comparing these protic ionic
liquids. The more polar ionic liquids are poor solvents because they interact poorly with the
mostly non-polar zein. This also relates to the previously discussed poor solubility of water-
soluble proteins in ionic liquids. As most ionic liquids are less polar than water (see Chapter 6),
it should not be expected that ionic liquids can dissolve polar proteins effectively. Further

examination of the effect of solvent polarity on zein solubility is provided in Chapter 6.

Temperature effects on solubility
As discussed in Chapter 2 the van’t Hoff equation assumes that the C,, of the solute is not
a function of temperature. Unfortunately, that is not the case for proteins. The C, of a protein is a

function of its structure.*’ As the structure of proteins changes with temperature and solvent (see
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Chapter 5), C, is thus a function of temperature and solvent.! Therefore, it is impossible to
calculate the enthalpy and entropy of dissolution without detailed knowledge of the changes of
C, of the protein, which is not available for zein in ionic liquids. However, the slope from the
plot of the natural log of solubility versus inverse absolute temperature (denoted herein as Mz) is
related to the enthalpy of dissolution (as discussed in Chapter 2) and can be used in the analysis
to give a sense of the relative enthalpies of dissolution as a function of solvents.*' Because the
same source of zein is used for all samples, the temperature dependence of the unfolding process
on zein is expected to be the same for all samples. Therefore, changes in Mz are due solely to
solvent effects, comparison of Mz shows the relative solvent effects on solubility. The lower the
value of Mz, the more energy is required to dissolve the solute in the solvent, resulting in lower

solubility. Figure 4.4 shows the plot for the data reported here.
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Table 4.2 gives the values of Mz (the slope) and the standard deviation for the dissolution of zein
in all the solvents examined in Figure 4.4. The solubility of zein in [mim][HSO4] was so low that

finding Mz was not possible.
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Table 4.2 The slope from the natural log of zein solubility versus 1/T (K), Mz, for solvents

examined with standard deviation

Solvent Mz (dimensionless)
Acetic Acid -1900 + 700
1-Methylimidazole -1700 = 700
[mim][OAc] -1300 + 400
[mim][Fr] -3200 + 800
[Emim][OAc] - 11.1 mol% water -4300 + 600
[Emim][OAc] - 4.0 mol% water -4700 £+ 200
[Bmim][OAc] -3800 + 50
[Bmim][Cl] -3800 + 900
[Emim][DCA] -1700 + 300

The lower the Mz, the more energy is required to dissolve the zein. This explains why the
highest solubility is found for those solvents with the high Mz. The Mz for [Emim][OAc] with
different water concentrations is statistically similar, show again that water has a negligible
effect between 4 and 11 mol%. The temperature dependence of solubility is also important. It
can be seen that the greater the increase in solubility with temperature, the lower the Mz, and the

lower the zein solubility. Figure 4.5 compares Mz as a function of zein solubility at 60°C.
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Figure 4.5 Mz versus zein solubility at 30°C
Figure 4.5 also explains differences in solubility examined above as well. For example it was
shown that [mim][Fr] has a smaller Mz, which is related to the enthalpy of dissolution for the
zein as discussed above, than [mim][OAc], and thus [mim][Fr] cannot dissolve as much zein as
[mim][OAc]. The difference in zein solubility between acetate ionic liquids is also shown,

because for both solubility and Mz [mim][OAc] > [Bmim][OAc] > [Emim][OAc].

Zein gelation observed
As mentioned above, gelation has long been recognized as an issue for zein dissolved in
aqueous alcohols.”* '3 * Gelation is known to be a result of the unfolding and aggregation of
proteins.**** Li et al. identified an “aging effect” wherein the rheological profiles of zein
dissolved in aqueous ethanol changed from Newtonian to a non-Newtonian shear thinning

behavior after 24 hours, and the shear thinning behavior became more pronounced at higher zein
58



concentrations.”> During this research it was observed that some of the room temperature
samples of zein dissolved in ionic liquid (used for the IR analysis of the secondary structure of
the protein) never gelled, remaining apparently Newtonian (meaning that there was no apparent
Bingham plastic behavior), albeit viscous, for months after the initial preparation of the samples.
The samples used for IR analysis of zein’s secondary structure had either 5 wt.% zein
([mim][Fr], [Bmim][OAc], [Bmim][CI] and [Emim][OAc]) or 10 wt.% zein (70 vol.% aqueous
ethanol, acetic acid, 1-methylimidazole, [mim][OAc], and [Emim][DCA]). The notable
exceptions to this behavior were the 5 wt.% zein in [mim][Fr] and 10 wt.% zein in [mim][OAc].
All of the 5 wt.% zein in [mim][Fr] and 10 wt.% zein in [mim][OAc] samples gelled after some
time (approximately 1 month for [mim][Fr] and 2 to 4 weeks for [mim][OAc]). In contrast a
sample of 5 wt.% zein in [mim][OAc] did not gel even after 7 months. Additionally, all of the 10
wt.% zein dissolved in 70 vol.% aqueous ethanol samples gelled within 7 days of preparation,
confirming the previous research about the change from Newtonian to non-Newtonian
behavior."> What is curious about this behavior is that the IR analysis of zein in both 70 vol.%
aqueous ethanol and [mim][OAc] do not show substantial changes in the secondary structure as
zein in [mim][Fr] or any of the aprotic ionic liquids (see Chapter 5). Changes in the secondary
structure of zein in acetic acid and 1-methylimidazole (prepared with the same 10 wt.% zein) are
similar to the changes seen for zein in [mim][OAc] (see Chapter 5). Yet zein in acetic acid or 1-
methylimidzole never gelled. Protein concentration is an important factor in gelation (the higher
the concentration, the faster the gelation); yet both 5 wt.% zein in [mim][Fr] and 10 wt.% zein in
[mim][OAc] and 70 vol.% aqueous ethanol gelled.‘u'44 By contrast 5 wt.% zein in [mim][OAc],
[Bmim][OAc], [Bmim][Cl], and [Emim][OAc], and 10 wt.% zein in acetic acid, I-
methylimidazole, and [Emim][DCA] did not gel. Because of the difference in behavior in
concentration between the 5 wt.% (which did not gel) and 10 wt.% (which did gel) zein in
[mim][OAc], the concentration of zein in solution clearly has an effect, as expected.é‘z'44 More
interesting is the role solvent chemistry plays in the gelation behavior. Zein in aqueous alcohols
have been known to gel for decades.

However, explaining why zein in [mim][Fr] and [mim][OAc] gelled and zein in acetic
acid, 1-methylimidazole and the aprotic ionic liquids did not gel is difficult. Referring to
previous research on solvents for zein it has been found that while pyridine has a low (-40°C)

turbidity temperature, indicating it is a good solvent for zein, aromatic solvents with amines

59



(such as aniline) are poor solvents.® As both [mim][Fr] and [mim][OAc] are 1-
methylimidazolium-based ionic liquids with acidic hydrogens on the 3-position nitrogen, they
exhibit similar amine character to aniline. By contrast acetic acid, 1-methylimidazole, and the
aprotic ionic liquids do not have an amine, and zein does not gel in any of them. Thus the

difference in gelation behavior may be related to the presence or absence of amine-hydrogens.

Conclusions
This research is the first to examine how temperature and solvent affects zein solubility in
ionic liquids. The solubility and gelation behavior of zein in industrial solvents such as aqueous
ethanol has hampered zein’s commercial use. As stated above zein dissolves readily in many of
the ionic liquids examined, in contrast with previous studies that found the solubility of proteins

16, 18-21 oy + . .
> This research found that zein is more soluble in ionic

in ionic liquid was less than 1 wt.%.
liquids such as [mim][OAc] and [Emim][DCA] than in commercially used aqueous ethanol, but
[mim][HSO4] is a very poor solvent for zein because of its high polarity. Water concentration in
the ionic liquid was not found to be an important contributor to zein solubility, at least between
11.1 mol% and 4.0 mol% water in the ionic liquid, likely due to the water deactivating effects of
ionic liquids described above.

Gelation has proven to be less of an issue than in aqueous alcohols, even if the protic
ionic liquid solvents, [mim][OAc] and [mim][Fr], were found to gel after weeks of solubility.

However zein never gelled in any of the aprotic ionic liquids after months, indicating that these

aprotic solvents are superior long term solvents for zein.
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Chapter 5 - Zein Secondary Structure as a Function of Solvent

Introduction
Protein secondary structure is the arrangement of local segments of amino acids into the
characteristic three dimensional portions of a protein as discussed in Chapter 2. The secondary
structure is of interest to researchers because it has been found that protein and enzyme
properties, such as gas permeability, tensile strength, or enzymatic activity, are related to protein

1-3, 4
secondary structure.'™

The secondary structure of zein has been examined with both infrared
and far-ultraviolet circular dichroism spec‘[roscopy.S'8 Cabra et al. showed, for zein dissolved in
70 vol% aqueous ethanol using far-UV circular dichroism, that a-helix decreases while the other
secondary structures all increase with increasing temperature.® In their analysis of the secondary
structure of zein from six different sources, Forato et al. showed, using transmission IR
spectroscopy and singular value decomposition, that the secondary structure of solid zein and
zein dissolved in aqueous ethanol are the same.” This demonstration of the secondary structure
similarity between solid and dissolved states means that the secondary structure of solid zein can
be compared to zein dissolved in other solvents using IR spectroscopy thus enabling the in situ
examination of solvent and temperature effects on protein secondary structure. The results
obtained by Forato et al. for their zein samples show that the secondary structure of zein depends
on source and method of production. Figure 5.1 compares the six secondary structures obtained
by Forato for solid zein produced from various methods, and the secondary structure of the solid
zein examined here with an error bar representing one standard deviation of the result (as is the

case for all figures in this chapter).’
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Figure 5.1 Comparison of zein secondary structures obtained from different zein sources,
with the 25°C secondary structure obtained for this research
In Figure 5.1 the a-helix and B-sheet secondary structures were the most affected by zein’s
source and preparation method.” The variation between samples means that one should be
cautious when quantitatively comparing protein secondary structure from different sources and
references. In this research the same source of zein was used for all samples, relieving concerns
about sample variability.

While it has been found that ionic liquids can dissolve zein, no research has been
performed examining the secondary structure of zein in ionic liquids.” '° Because it has been
shown that some solvents, such as acetic acid, can dissolve zein but alter its secondary structure,
it is important to know how ionic liquids affect the secondary structure of the protein.” ' This
chapter will examine the secondary structure of zein as a solid film, dissolved in the industrial

zein solvent 70 vol% aqueous ethanol, a family of imidazolium-based ionic liquids, and in the
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related molecular solvents acetic acid and 1-methylimidazole. The secondary structure of zein
dissolved in [mim][HSO4] was not examined because insufficient zein dissolved to be visible
with IR spectroscopy. The full names and structures of all the ionic liquids are given in

Appendix G.
Results and Discussion

Zein as a film
To compare solvent effects on the temperature behavior of the secondary structure of
zein, a zein film was prepared (see Chapter 3). The change in secondary structure as a function
of temperature was examined, see Figure 5.2, including selected representative error bars (each

showing the standard deviation of that value) for ease of viewing.
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Figure 5.2 Secondary structures of solid zein versus temperature. Representative error
bars shown for ease of viewing.

66



Statistically significant temperature dependence was found for a-helix (decrease), random coil
(increase), and P-sheet (increase) secondary structures using single variable least squares
regression, with a 95% confidence interval. Approximately 0.2% a-helix secondary structure is
lost per degree Celsius, and approximately 0.2% B-sheet and random coil secondary structure is
gained per degree Celsius. No statistically significant temperature dependence was found for -
turn secondary structure. The changes of the a-helix and B-sheet secondary structures are similar
to previously reported literature for zein in aqueous ethanol solution and as a solid, which shows
that as zein is heated, the secondary structure changes from a-helix to B-sheet.'*'* This behavior
has been explained that as the temperature increases, the hydrogen bonds that maintain the
stability of the a-helix are destroyed. Then the P-sheet, which is more stable at higher
temperatures in solid zein and zein dissolved in aqueous ethanol, is formed from the destroyed -
helix.'* > A similar decrease in o-helix and increase in B-sheet as functions of temperature have

been reported for other globular proteins.® '* 3

Zein in 70 vol% aqueous ethanol
The secondary structure changes with temperature for zein in 70 vol% aqueous ethanol

are shown in Figure 5.3.
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Figure 5.3 Secondary structures of zein dissolved in 70 vol% aqueous ethanol versus
temperature. Representative error bars shown for ease of viewing.
Similar to the behavior seen in Figure 5.2 for the solid zein, as the temperature increases the a-
helix declines at 0.2% per degree Celsius and B-sheet increases at 0.2% per degree Celsius. As
discussed above, this behavior has been seen before by Cabra et al. using deconvolution of far-
ultraviolet circular dichroism data.® However, unlike the zein film presented in Figure 5.2, no
temperature dependence is seen for random coil from 25°C to 95°C. Comparing the secondary
structures present at each temperature between Figures 5.2 and 5.3, one can see similarities in the
fraction of a-helix, B-turn, and B-sheet, indicating, as Forato et al. reported, the secondary

structure of zein in aqueous ethanol and solid zein is similar.’

Zein in acetic acid
Acetic acid, although a good solvent for zein (see Chapter 4), is not used for commercial

zein production because it has been found to harm protein properties such as tensile strength,
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compared to zein produced from aqueous alcohol.  '® Figure 5.4 shows that the secondary
structure of zein in acetic acid changes with increasing temperature, showing greater deviation
from the structure of pure zein film (see Figure 5.2) than zein dissolved in aqueous ethanol

(Figure 5.3).
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Figure 5.4 Secondary structures of zein in acetic acid versus temperature. Representative
error bars shown for ease of viewing.
Comparing Figures 5.2 and 5.3 to Figure 5.4, one can see more [-sheet and less B-turn is present
in acetic acid with increasing temperature, and approximately equal amounts of a-helix and
random coil compared to the zein film or zein in aqueous ethanol. The differences in the percent
of each secondary structure between zein in 70 vol% aqueous ethanol (Figure 5.3) and zein in
acetic acid (Figure 5.4) may help to explain previous research that showed zein extracted with
acetic acid has less tensile strength than zein extracted with aqueous ethanol.’ The research

presented here shows that while zein has similar fractions of a-helix and B-turn secondary
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structures in aqueous ethanol and acetic acid, the fraction B-sheet and random coil in aqueous
ethanol and acetic acid are different. Zein in acetic acid has significantly more random coil above
55°C, indicating zein is more denatured in acetic acid than in aqueous ethanol. In 2008 Selling
and Woods found that films made from zein extracted with acetic acid have approximately 60%
less tensile strength than films made from zein extracted with aqueous ethanol.’ The decrease in
zein’s tensile strength relates to differences in the protein’s secondary structure in solution.
Analysis of covariance for zein as a film and dissolved in aqueous ethanol and acetic acid
shows that the functional dependence of the behavior of a-helix and B-sheet on temperature is
statistically similar in all cases. Despite differences in the state of the zein (solid or dissolved) or
solvent (aqueous ethanol or acetic acid), the decline of the a-helix (0.2% per degree Celsius) and
increase of the B-sheet (0.2% per degree Celsius) are statistically similar. This means that
temperature affects the secondary structure of solid zein similarly to dissolved zein in aqueous

ethanol or acetic acid.

Zein in 1-methylimidzole
The secondary structure of zein in 1-methylimidazole is of interest because the ionic
liquids examined are based on the 1-methylimidazole ring. Of note is that there is more a-helix
and less random coil secondary structures than is seen in the previous figures. No significant

temperature dependence of any secondary structure is seen in Figure 5.5.
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Figure 5.5 Secondary structures of zein in 1-methylimidzole versus temperature.
Representative error bars shown for ease of viewing.
The lack of statistically significant secondary structure change with increasing temperature,
compared to previous figures, indicates that 1-methylimidazole thermally stabilizes zein’s
secondary structure, even if zein’s structure is different at 25°C from what is shown in the

: 17,1
previous figures.'”'®

Zein in [mim][OAc]
At 25°C zein in [mim][OAc] has a similar secondary structure to zein in 70 vol%
aqueous ethanol and solid zein. Similar to zein in 70 vol% aqueous ethanol, Figure 5.6 shows

some secondary structure change with temperature for zein in [mim][OAc].
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Figure 5.6 Secondary structure of zein in [mim][OAc] versus temperature. Representative
error bars shown for ease of viewing.

Figure 5.6 does not show a statistically significant dependence of changes in B-turn, a-helix, or
B-sheet on temperature from 25°C to 95°C. However, random coil is a function of temperature,
increasing approximately 0.2% per degree Celsius. This change in protein secondary structure,
demonstrated by the increase in random coil, indicates that the protein is denaturing with
increasing temperature, unlike zein dissolved in 1-methylimidazole, which has no significant
secondary structure dependence on temperature. This shows that despite the similar structure
between the cation with 1-methylimidazole, the anion plays a role and the ionic liquid does not

thermally stabilize the zein.
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Zein in [mim][Fr]
Figure 5.7 shows the changes in the secondary structure of zein in [mim][Fr] as a
function of temperature, showing a different secondary structure from solid zein or zein in

[mim][OAc].
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Figure 5.7 Secondary structure of zein in [mim][Fr] versus temperature. Representative
error bars shown for ease of viewing.
The B-turn, a-helix, and random coil of zein in [mim][Fr] have no statistically significant
dependence on temperature, but B-sheet does, with an increase of approximately 0.3% per degree
Celsius. This increase in B-sheet, similar to zein in [mim][OAc]’s increase in random coil,
indicates that the protein is denaturing with increasing temperature, as seen for solid zein and
zein dissolved in 70 vol% aqueous ethanol and acetic acid. As discussed in Chapter 4, the

differences in the zein’s behavior in protic ionic liquids are likely related to the different
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polarizabilities of the solvents. The more polar [mim][Fr] causes greater structural disruption

than the less polar [mim][OAc].

Zein in [Emim][OAc]
Zein in [Emim][OAc] can be seen in Figure 5.8 to have a much different secondary
structure than solid zein, with more B-turn and less B-sheet secondary structure similar to zein in
[mim][Fr]. The dependence of the secondary structure of zein in [Emim][OAc] on temperature is

shown in Figure 5.8.
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Figure 5.8 Secondary structures of zein in [Emim][OAc] versus temperature.
Representative error bars shown for ease of viewing.
The higher B-turn and lower B-sheet compared to solid zein or zein in aqueous ethanol or acetic
acid is maintained throughout the temperature range. The decrease in a-helix is a statistically

significant function of temperature over the whole temperature range from 25°C to 95°C. There
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is also, beginning at 65°C, a statistically significant increase in random coil. The decreasing
amount of o-helix and increasing amount of random coil recalls the behavior of zein with
temperature shown in Figures 5.3 for zein as a film or for zein dissolved in either aqueous
ethanol or acetic acid (Figures 5.4 and 5.5). The previous examples of secondary structure
change have been credited to the change from a-helix to the more thermally stable B-sheet by a
disruption of the hydrogen bonds that maintain the protein’s secondary structure.'*"> In Figure
5.8 however, the increase does not occur in the B-sheet but rather in the random coil. In
comparison to zein in the protic [mim][OAc], zein in [Emim][OAc] has a substantially denatured
structure. Larger cations are known to destabilize proteins through their non-hydrogen bonding
interactions with the non-polar parts of the protein, explaining why [Emim][OAc] denatures zein

more than [mim][OAc]."”**

Zein in [Bmim[[OAc]

Zein in [Bmim][OAc] has substantially different secondary structure changes compared
to solid zein, shown in Figure 5.2, including more B-turn and less a-helix secondary structure.
Unlike zein in [Emim][OAc] (Figure 5.8) with the decrease in a-helix observed, zein in
[Bmim][OAc] shows no temperature dependence of any secondary structure between 25°C and

95°C, see Figure 5.9.
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Figure 5.9 Secondary structure of zein in [Bmim][OAc]| versus temperature. Representative
error bars shown for ease of viewing.

However, there is more random coil and less a-helix secondary structure than has heretofore

been seen. This indicates more changes to zein’s secondary structure by [Bmim][OAc] than were

seen for zein in [Emim][OAc]. As mentioned above, larger cations are known to destabilize

native protein structure; this result fits with what has been previously discussed in the

. 20-22
literature.?’

Zein in [Bmim][Cl]
By comparing zein in [Bmim][Cl] in Figure 5.10 to zein in [Bmim][OAc] in Figure 5.9 it
can be seen that zein has more o-helix and less random coil in [Bmim][Cl] than in
[Bmim][OAc]. Figure 5.10 also shows that the secondary structure of zein in [Bmim][Cl] is not a

function of temperature.
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Figure 5.10 Secondary structures of zein in [Bmim][Cl] versus temperature. Representative
error bars shown for ease of viewing.

The dissimilarity compared to [Bmim][OAc] shows the importance of the anion in controlling

the secondary structure of zein. Significantly more a-helix and less random coil secondary

structure is observed for zein dissolved in [Bmim][CI] than for zein dissolved in [Bmim][OAc].

As it 1s usually thought that the acetate anion is more stabilizing for proteins (a kosmotropic

anion, see Chapter 2) than the chloride anion, this difference is unexpected.

Zein in [Emim[[DCA]
As discussed in Chapter 4 [Emim][DCA] exhibits unusual behavior due to its protein
destabilizing dicyanamide anion. In Figure 5.11 zein in [Emim][DCA] is seen to have the most
B-turn and the least a-helix secondary structure of zein in any solvent. As seen for zein in the

other aprotic ionic liquids, there is no secondary structure change with temperature.
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Figure 5.11 Secondary structures of zein in [Emim][DCA] versus temperature.
Representative error bars shown for ease of viewing.
This indicates that, while the protein is strongly denatured by the ionic liquid, more so than is
seen for any other solvent, there are no statistically significant apparent thermal effects on the

secondary structure from 25°C to 95°C.

Comparison of zein secondary structures at 25°C
Comparing the secondary structure of zein in the solvents at 25°C and as a film shows
how the solvent affects the secondary structure irrespective of temperature effects, shown in
Figure 5.12. For comparison purposes Figure 5.12 also includes previous literature values for

zein secondary structure found for solid zein and in aqueous ethanol.>°

78



AN
o
]

w
o
]

Percent secondary structure

Solid Zein

[zein film
[_Forato

Aqueous ethanol

I 70 vol% Aqueous Ethanol
[JCabra
Conventional solvents
I Acetic acid

™ 1-Methylimidazole
Protic ionic liquids
I [mim][OAC]

I [mim][Fr]

Aprotic ionic liquids
I [Emim][OACc]
[ [Bmim][OAC]
I (Bmim][CI]

N [Emim][DCA]

p-turn a-helix

Random caoill

Secondary structure

Figure 5.12 Comparison of secondary structure at 25°C in different solvents.

79

B-sheet



For example, Figure 5.12 shows that the solid zein film has 26.1 + 4.2% B-turn, 35.9 = 2.8% a-
helix, 8.0 = 5.1% random coil, and 30.0 + 6.3% B-sheet secondary structure at 25°C. Figure 5.12
shows that the secondary structure obtained for the solid zein film and the aqueous ethanol are
similar to the literature work from Forato et al.” and Cabra et al..° respectively.

As one can see from Figure 5.12, the secondary structure at 25°C varies widely between
the solvents. It can be seen that zein in 1-methylimidazole and [mim][OAc] show similar
secondary structures, which have more a-helix than solid zein. In contrast, the aprotic ionic
liquids and [mim][Fr] show more B-turn and less B-sheet secondary structure than pure zein. The
changes in zein’s secondary structure show that the protein is denaturing in solution but resulting
in different denatured conformations. These results are in contrast to previous research which
found that denaturing zein with aqueous urea showed a decrease -turn and increases a-helix and
random coil secondary structures, in direct contrast to what is seen in Figure 5.12 for the aprotic
ionic liquids.” Other research has shown that thermal denaturing of zein results in more -sheet
at the expense of a-helix, so the denaturing of zein caused by the aprotic ionic liquids results in
an unusual new conformation.'* '° As even the small changes caused by acetic acid change
zein’s physical properties, these 25°C results show that, while some ionic liquids may be suitable
to dissolve zein, careful examination of the solvent effects on secondary structure is necessary to

ensure the zein maintains the secondary structure desired.

Effect of water concentration on zein secondary structure in [Emim[[DCA]
To compare the effects of the amount of water in ionic liquid on the secondary structure
of dissolve zein, three samples of zein in [Emim][DCA] were prepared (see Chapter 3) and

examined. The results are given in Figure 5.13.
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Figure 5.13 Comparison of the effects of water content on the secondary structures of zein
dissolved in [Emim][DCA].

Figure 5.13 shows that there is no secondary structure dependence on the fraction of water in the
ionic liquid solvent from 2.0 mol% to 25.0 mol%. In addition, the apparent solubility of zein in
[Emim][DCA] did not vary with the different water fractions. In all cases zein was dissolved the
following morning. Sample viscosities were apparently similar as well. It is surprising that 25
mol% water has so little effect on the secondary structure of zein, and no apparent effect on the
solubility and viscosity of the solutions, compared to 2.7 mol% water [Emim][DCA].

Previous research using ionic liquids for inorganic materials synthesis has discovered a

so-called “water deactivating” effect (see Chapter 2).>**’

The “water deactivating” effect is the
lack of chemical activity of water to the degree expected by its concentration. The “water
deactivating” effect has been described as molecular dispersion of the water in solution, so water
is not present in many-molecule micelles. This dispersion is due to water’s strong nucleophilic

attraction to the ionic liquid’s anion, even the chaotropic bromide anion which interacts poorly
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with water.”* This dispersion thus reduces the hydrolysis activity of water, effectively

deactivating its ability to participate in reactions.**

Temperature effects on solution
Table 5.1 is a reproduction of Table 4.2, giving the Mz from the solubility of zein in each
of the solvents examined.?® As discussed in Chapter 2 and applied in Chapter 4, the value of Mz
is related to solvent effects on the zein. The lower the value of Mz, the more energy required to
dissolve the solute in the solvent, resulting in lower solubility.

Table 5.1 The slope from the natural log of zein solubility versus 1/T (K), Mz, for solvents

examined.

Solvent Mz (dimensionless)
Acetic Acid -1900 + 700
1-Methylimidazole -1700 + 700
[mim][OAc] -1300 + 400
[mim][Fr] -3200 + 800
[Emim][OAc] - 11.1 mol% water -4300 £+ 600
[Emim][OAc] - 4.0 mol% water -4700 = 200
[Bmim][OAc] -3800 + 50
[Bmim][Cl] -3800 + 900
[Emim][DCA] -1700 + 300

The Mz from solubility is related to the change in secondary structure of zein (compared to solid
zein) in most solvents. Figure 5.14 shows the percent change in the percent B-turn secondary

structure versus Mz.
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As one can see from Figure 5.14, low Mz results yields more B-turn structure. The exception to
this is [Emim][DCA] which has both a high secondary structure change and a high Mz. The high
Mz seen for zein in acetic acid (-1900 £ 700), 1-methylimidazole (-1700 + 700), and
[mim][OAc] (-1300 = 400) is reflected in the minor structural disruption, compared to the zein
film, seen for zein in those solvents in Figure 5.12.

By contrast, zein in [Emim][DCA] has a similarly high Mz (-1700 = 300), but the
structure is very different, with far more -sheet than zein in any other solvent and less of the
other secondary structures. This peculiar behavior is likely related to the dicyanamide ([DCA])
anion’s strong protein destabilizing abilities, as well as its poor hydrogen-bonding ability
compared to chloride or acetate.” ?° These characteristics limit [Emim][DCA]’s ability to form

intra-solvent hydrogen bond networks (thus requiring less energy to overcome solvent-solvent
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interactions compared to the other aprotic ionic liquids).?"** This effect is discussed in Chapter
2. This chaotropic anion effect can be seen in Figure 5.12 for the strongly denatured zein in
[Emim][DCA], as well as the high Mz in Table 5.1. The protein destabilizing behavior of
dicyanamide ionic liquids (including [Emim][DCA]) has been reported in the literature, albeit as
aqueous organic salts, not as the primarily ionic liquid solutions reported here.'” *"#*? It has
also been found that chaotropic anions, because of their weaker interactions with water, are
poorly hydrated, thus allowing the chaotropic anions to interact preferentially with the protein,
forming the new bonds that may help to explain [Emim][DCA]’s high Mz."** Because the other
aprotic ionic liquids have strongly interacting kosmotropic anions, the energy required to
overcome their solvent-solvent bonding is higher. While above it was discussed that
dicyanamide’s weak interactions with water account for the high Mz of zein, it has still been
found that even anions that interact poorly with water are able to deactivate water in solution.”**’

The other aprotic ionic liquids [Emim][OAc], [Bmim][OAc], and [Bmim][Cl], and protic
[mim][Fr] all have low Mz, and increase B-turn and decrease B-sheet secondary structures in the
zein compared to the zein film. The lower Mz for these solvents means that relatively more
energy is required to dissolve the zein, and that energy also affects the secondary structure.
Therefore, solvents to maintain zein, or another hydrophobic protein, secondary structure should
be designed to have a high Mz, which corresponds to a low temperature dependence of zein

solubility (as discussed in Chapter 4).

Conclusions

Zein’s secondary structure in 1-methylimidazole compared to the secondary structure in
the 1onic liquids studied gives insight into how solvent chemical differences affect the solute. As
could be seen from the temperature dependent analysis of zein’s secondary structure, zein’s
secondary structure was less dependent on temperature in 1-methylimidazole and the ionic
liquids than as a solid film or dissolved in either acetic acid or aqueous ethanol. Therefore 1-
methylimidazole and its ionic liquid derivatives reduce the secondary structure dependence on
temperature, meaning that, if thermal stability is desired, the ionic liquids examined here are
suitable.

However the aprotic ionic liquids ([Emim][DCA], [Emim][OAc], [Bmim][OAc], and

[Bmim][Cl]) affect the secondary structure of zein more than conventional solvents or
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[mim][OAc] due to their protein destabilizing kosmotropic cations. Aprotic ionic liquids also
tend to have lower Mz than conventional solvents or [mim][OAc]. However, [Emim][DCA]
changed the secondary structure of zein even with its high Mz. The effect of [Emim][DCA] on
zein secondary structure is likely related to the dicyanamide anion’s strong chaotropic properties,
that is, dicyanamide’s ability to disrupt protein secondary structure. The difference in the
secondary structure (and solubility shown in Chapter 4) of zein in [mim][OAc] compared to zein
in [mim][Fr] shows the effect of anions, even of anions that may be expected to behave similarly

given their similar chemical structure.
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Chapter 6 - Solvent Properties

Introduction

Ionic liquids can dissolve zein, and zein’s secondary structure changes when dissolved in
some but not all ionic liquids. These results raise the question of what solvent properties control
the dissolution or structural changes of zein. Previous research into protein behavior in ionic
liquids has been primarily concerned with proteins that have already been extensively studied in
aqueous solution, such as hen egg-white lysozyme, bovine ribonuclease A, or the enzyme
Candida antarctica lipase B (CALB)."”” However, it has been found that the solubility of these
proteins in neat ionic liquids is usually poor (1.0 wt.% or less).” > 77 As the previously studied
proteins dissolve well in water, it might be expected that their solubility in organic solvents or
imidazolium-based ionic liquids would be poor. Research has shown that zein is soluble in
[Bmim][Cl] and protic quaternary ammonium ionic liquids but without discussion as to why
those ionic liquids dissolved zein or what structure changes may have occurred in the protein.'®
' The research into the solubility of cellulose and wood in ionic liquids, discussed in Chapter 2,
found that [Emim][OAc]’s ability to disrupt the cellulose hydrogen bond network by accepting
hydrogen bonds is what enables [Emim][OAc] to dissolve woody material.'> " The hydrogen
bonding ability of solvents is characterized by the Kamlet-Taft method, which uses
solvatochromic dyes to quantify the ability of a solvent to donate hydrogen bonds (o parameter),
accept hydrogen bonds (B parameter), and the solvent’s polarizability/dipolarity (n* parameter),
as described in Chapter 2."*

This research uses single and multivariate regression for identifying and quantifying
which solvent properties are important for controlling zein’s solubility and secondary structure in
solution. The parameters include Kamlet-Taft solvatochromic parameters, the pure solvent molar
volume, and the Er(30) scale polarity from Chapter 2. This is the first work to specifically
examine these effects for a protein in ionic liquid, and this is also the first report modeling a
hydrophobic protein’s solubility in ionic liquids.

The changes in zein secondary structure reported in this chapter are at 25°C and are
relative to the percent of that secondary structure found from the solid zein film (see Chapter 5).
This percent change quantifies the changes in zein secondary structure due to the solvent. The

percent secondary structure change is calculated using equation 6.1.
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Yzein in solution—Yzein film x 100% 6.1

Yzein film

%structure change =

In equation 6.1, y is the fraction of that secondary structure in solution or in the solid zein film.

The full names and structures of all the ionic liquids are given in Appendix G.
Results and Discussion

Solubility
To examine what solvent properties are important for solubility, zein’s solubility at 30°C
was examined as a function of the following properties: Mz from Chapter 4, pure solvent molar
volume from Chapter 2, and the Kamlet-Taft parameters of each solvent obtained from the

literature (discussed in Chapter 2). Table 6.1 gives the values of the solvent parameters

examined.

Table 6.1 Mz, pure solvent molar volume, and Kamlet-Taft parameters for solvents

examined
Pure solvent Kamlet-Taft Kamlet-Taft Kamlet-Taft
Mz (from hydrogen bond hydrogen bond dipolarity/
Solvent molar volume at
Chapter 4) 25°C (mL/mol) donating ability | accepting ability polarizability
() ®) (n*)
Acetic Acid -1900 £ 700 57.47+0.02 1.12" 0.45" 0.64"
1- 16 16 16
Methylimidazole -1700 + 700 79.57 £ 0.03 0.232 0.712 0.961
[mim][OAc] -1300 + 400 132.8+0.01 0.506" 0.85" 1.03"
[mim][Fr] -3200 + 800 113.13 £ 0.03 0.812" 0.81" 1.17
[Emlm] [OAC] - 18 18 18
111 mol% water | ~3300% 600 0.53 1.06 0.97
[Emim][OAc] - | 4700 1 500 154.98 + 0.03 0.53'% 106" 0.97'%
4.0 mol% water
[Bmim][OAc] -3800 + 50 187.30 £ 0.14 0.57" 1.18" 0.89'*
[Bmim][C]] -3800 + 900 165.98 +0.03 0.47" 0.87" 1.1"%
[Emim][DCA] -1700 + 300 160.93 + 0.04 0.53% 0.35% 1.08%

As hydrogen bond accepting ability has been credited with [Emim][OAc]’s ability to dissolve

cellulose and wood, Figure 6.1 shows the solubility (and error bars representing one standard
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deviation) of zein at 30°C from Chapter 3 versus the Kamlet-Taft hydrogen bond accepting
ability (B) of the solvents.
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Figure 6.1 Solubility at 30°C versus solvent hydrogen bond accepting ability
Figure 6.1 shows an inverse correlation between B zein’s solubility at 30°C. This indicates that
strong hydrogen bond accepting ability is not desirable for a zein solvent. Single variable
correlation between zein solubility at 30°C and the other Kamlet-Taft parameters shows that
correlation (R?) is largest with B at 0.49, 0.34 for the Kamlet-Taft dipolarity/polarizability (*),
and only 0.09 for the Kamlet-Taft hydrogen-bond donating ability (). This indicates that 3 is the
most important solvatochromic parameter in single variable regression and that smaller values

are desired to increase zein solubility.
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Figure 6.2 shows the relationship between the hydrogen bond accepting ability of the
solvent and Mz (Table 4.2), which is related to the enthalpy of dissolution of zein (see Chapter
2).
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Figure 6.2 Mz versus solvent hydrogen bond accepting ability
Figure 6.2 shows a linear correlation between Mz and . The value of Mz is related to the
enthalpy of dissolution for zein. Relating Mz to f means that the better the hydrogen bond
acceptor, the greater the magnitude of the enthalpy of dissolution (R? = 0.517). That is, the better
the hydrogen bond acceptor, the greater the relative energy hurdle to dissolve zein. This means
that more energy is required to dissolve zein in [Emim][OAc] than to dissolve zein in
[mim][OAc]. It is interesting to note that the ionic liquid with the best solubility of zein,
[mim][OAc], does not fit the trend. Removal of the [mim][OAc] point increases the correlation

R? from 0.517 to 0.724, showing that [mim][OAc]’s Mz is poorly modeled by B, while the other
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solvents’ Mz are well modeled by B. This indicates that there is some other solvent parameter
that increases the Mz of only zein in [mim][OAc], which thus facilitates zein’s solubility.

In contrast, it has been found that cellulose solubility improves with stronger hydrogen
bond accepting solvents. This difference in zein solubility compared to cellulose solubility in
ionic liquids is likely because cellulose is a polymer of many repeating D-glucose molecules, and
cellulose forms fibrils in solution.?' Each fibril is composed of polar D-glucose molecules which
give the fibril opportunities for hydrogen bonding with the solvent.”’ By contrast zein is not
separated into hydrogen bonding fibrils upon dissolution, and thus it is more difficult to solvate
because the zein does not create as many new solvent-solute hydrogen bonds, an exothermic
process, to lower the energy of dissolution.*

The pure solvent molar volume is also related to the solubility of zein, as shown by

Figure 6.3.
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Figure 6.3 Percent solubility at 30°C versus the pure solvent molar volume (mL/mol)
Figure 6.3 shows that solvents with smaller pure solvent molar volumes are superior for
dissolving zein. However, the correlation is poor (R? of 0.295) even between similar sized
molecules compared to the correlation for B discussed above, indicating that it is the chemical
nature (such as ), not the structure that is more important for protein solubility. This is similar to
results for zein’s solubility in aqueous alcohols, where zein was found to be more soluble in the

smaller alcohols (methanol and ethanol) than in larger alcohols (propanol and t-butanol).”

Linear solvation energy relationship applied to solubility
Applying the LSER regression model discussed in Chapter 2 with a, B, and ©* to model
the solubility of zein at 30°C and 60°C results in the following Figures 6.4 and 6.5 and Table 6.2,
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showing how well LSER models the solubility. The solid black line showing x = y is included
help guide the eye.

LSER predicted solubility at 30°C (wt.%)

I
0 10 20
Experimental solubility at 30°C (wt.%)

Figure 6.4 Comparison of LSER calculated and experimentally obtained zein solubilities at
30°C
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Figure 6.5 Comparison of LSER calculated and experimentally obtained zein solubilities at

60°C

Table 6.2 LSER results for zein solubility at 30°C and 60°C as a function of a, §, and t* -
XYZ =XYZy+ ao + bp + sw*

Parameter Value at 30°C Value at 60°C
XYZ, (intercept) 65.4 103.2
a (coefficient for o) -10.8 -15.4
b (coefficient for 3) -19.1 -20.5
s (coefficient for *) -33.5 -57.5
R? 0.800 0.811
Model standard error from regression 4.2 59

96




In Table 6.2 it is seen that m* of the solvent is the most important parameter in the multivariate
analysis because of the large magnitude of its coefficient, and that n*’s importance increases at
higher temperature. The overall model fit is good with an R? of 0.800 at 30°C and 0.811 at 60°C,
indicating that 80% of the solubility in this system can be modeled by a, , and ©* parameters.
Comparing the plots of predicted solubility at 30°C and 60°C to the experimental values in
Figure 6.4 reflects the good correlation reflected by the R? values. The experimental solubility of
zein in [mim][OAc] at 30°C (18.0 = 0.9 wt.%) is nearly twice than the predicted solubility (9.1
wt.%), but at 60°C the difference is only 40% (experimental solubility of 26.2 + 4.0 wt.% versus
predicted solubility of 18.7 wt.%). This shows that [mim][OAc] behavior is poorly modeled at
lower temperatures.

Figures 6.4 and 6.5 and Table 6.2 show that an estimation of the solubility of zein is
possible using only the solvent a, B, and n* values. The decrease in the coefficient of both o and
B at 60°C compared to m* shows the decreased importance of hydrogen bonds at higher
temperatures. The LSER analysis indicates that an ionic liquid designed for zein dissolution will
have low hydrogen bonding accepting ability (B) and have a low dipolarity/polarizability (z*),
but be a weak hydrogen bond donor (o).

Analyzing Mz, related to the enthalpy of dissolution, with multivariate regression as a

function of a, B, and ©*, results in Figure 6.6 and Table 6.3.
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Figure 6.6 Comparison of Mz modeled by LSER versus experimental Mz.
Similar to the behavior seen for Mz as a function of B (Figure 6.2), Figure 6.6 shows that
[mim][OAc] does not quite fit on the trend, with a much higher LSER-predicted Mz than the
value obtained experimentally. This again shows that [mim][OAc]’s behavior is poorly modeled
at low temperatures. If the [mim][OAc] point is removed, the R? value increases to 0.833,

showing good modeling for the Mz based on the LSER coefficients from Table 6.2.
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Table 6.3 LSER results for Mz as a function of a, B, and n* - XYZ = XYZ, + aa + bp + sm*.

Parameter Value

XYZ, (intercept) -2670

a (coefficient for a) -1630

b (coefficient for ) 3800

s (coefficient for *) 1580

R? 0.618

Model standard error from regression 1000

Table 6.3 shows that B of the solvent is more important than either o or ©* of the solvent because
of the higher coefficient. The R? value of 0.618 says that approximately 62% of Mz can be

modeled by these parameters.

Structure
The change in zein’s secondary structure at 30°C was examined using equation 6.1 as a
function of pure solvent molar volume, solvent polarity, hydrogen bond donating or accepting

ability, and dipolarity/polarizability.

Pure solvent molar volume (mL/mol)

As discussed in Chapter 5 the secondary structure of zein in aqueous ethanol, acetic acid,
I-methylimidazole, and [mim][OAc] was similar to that of solid zein, whereas zein in the other
ionic liquid solvents had a different secondary structure, despite the larger pure solvent molar
volume of the structure-changing solvents. Comparing the secondary structure change observed
for zein in the solvents versus the pure solvent molar volume in Figure 6.7 and Table 6.4, one

can see the effect of pure solvent molar volume on B-turn and a-helix secondary structures.
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Figure 6.7 Percent change in zein secondary structures versus pure solvent molar volume.

Table 6.4 Pure solvent molar volume versus percent change in secondary structures for

dissolved zein compared to solid zein at 30°C.

Pure solvent

Solvent molar volume B-turn A-helix Random coil B-sheet
(mL/mol)

Acetic Acid 57.47+£0.02 24 £27 9+ 31 16 £54 -4+14
Methylilrr-lidazole 79.57 £ 0.03 -12+£26 61 £28 25+ 54 27+14
[mim][OACc] 132.8 £0.01 28 £26 45+ 30 -8+£54 -12+14
[mim][Fr] 113.13 £0.03 40 £ 27 -25+31 7+55 -18+£ 15
[Emim][OAc] 154.98 £0.03 55+£26 0+29 -4 £55 -46 £ 15
[Bmim][OAc] 187.27+0.14 74 £ 26 -524+29 24 + 54 -39+ 14
[Bmim][CI] 165.98 +£0.03 77 £27 -1+29 -17+ 54 51+ 14
[Emim][DCA] 160.93 £ 0.04 110 £26 -65 £ 28 14 £ 54 -48 £ 14
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Figure 6.7 shows that there is an influence on B-turn (increase) and a-helix (decrease) secondary
structure with increased pure solvent molar volume, in contrast to the results described above
where organic solvents were seen to prevent conformational changes.** Solvents with larger pure
solvent molar volume result in more B-turn and less a-helix secondary structure in zein compared
to solid zein’s secondary structure. The solvents with larger molar volume are the aprotic ionic
liquids, [Emim][DCA], [Emim][OAc], [Bmim][OAc], and [Bmim][CI]. As seen in Chapter 5,
these aprotic ionic liquids result in more B-turn and less a-helix secondary structure.

Previous research has shown that proteins are more denatured in aqueous-organic
mixtures than in pure organic solvents (such as acetonitrile or tetrahydrofuran), even though it is
known that acetonitrile and tetrahydrofuran denature proteins.** This behavior was described as
the balancing of two simultaneous effects. The first is the tendency of the protein to denature in
the organic solvent. The second is that the conformational mobility of the protein declines in
organic solvents compared to aqueous solutions (that the proteins are “kinetically trapped”) in
the larger organic solvents which prevent the denaturing of the protein.** In contrast to the
previous research, the zein secondary structure changes seen in Chapter 5 show that in the
aprotic ionic liquids (with their larger pure solvent molar volumes) zein undergoes more

secondary structure change than in the smaller conventional solvents and [mim][OAc].

Pure solvent polarity using the E1(30) (kcal/mol) scale

The polarity of solvents is a well-known descriptor for how solvents interact with solutes.
Polar solvents better dissolve polar solutes, and nonpolar solvents better dissolve nonpolar
solutes. In zein the amino acids proline (8.9 wt.%), tyrosine (4.3 wt.%), and phenylalanine (6.0
wt.%) all contain nonpolar structural elements such as lactam (on proline) or phenyl rings
(tyrosine and phenylalanine) that can interact with the aromatic imidazolium ring or the aliphatic
butyl or ethyl substitutions.” **” Thus a change in the secondary structure might be expected as
a function of the polarity of the solvent. In particular, less polar ionic liquid would be expected to
increase a specific type of secondary structure that favors nonpolar interactions. To examine that
hypothesis, the E(30) polarity scale is used.*®>° The E1(30) scale is widely used to describe the
polarity of solvents (in units of kcal/mol), and the E1(30) values of the ionic liquids used in this

research are presented in Table 6.5.
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Figure 6.8 Percent change in zein secondary structure as a function of polarity, per the
E1(30) scale.

Table 6.5 Polarity of solvents measured with E1(30) scale versus percent change in

secondary structures for dissolved zein compared to solid zein at 30°C.

Solvent Ex(30) polarity B-turn A-helix Random coil B-sheet
(kcal/mol)
Acetic Acid N/A 24 £27 9+ 31 16 £ 54 4+ 14
Methyliln'li dazole 44.9'° -12+26 61 +28 25+ 54 27+ 14
[mim][OAc] 50.5"7 28 £26 45 + 30 8+ 54 -12+ 14
[mim][Fr] 56.0"7 40 +27 25+ 3] 7+55 -18+ 15
[Emim][OAc] 49.8'8 55+26 0+29 4+55 46+ 15
[Bmim][OAc] 50.5%! 74 +26 -52+29 24 + 54 39+ 14
[Bmim][C]] 48.1" 77 £27 -1+29 -17 + 54 51+14
[Emim][DCA] 51.7%° 110 +26 -65+28 14 + 54 48 + 14
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Figure 6.8 shows how changes to each of the secondary structure elements of zein are a function
of the solvent polarity. Similar to the importance of pure solvent molar volume on secondary
structure, only the B-turn and a-helix portions of the secondary structure seem to be affected by
the polarity of the solvent. More polar solvents result in more B-turn and less a-helix, while the

amount of random coil and B-sheet secondary structures remain roughly unchanged.

Kamlet-Taft hydrogen bond accepting ability (f§)

The effect of the solvent B parameter on secondary structure is similar to the effect of the
pure solvent molar volume seen in Figure 6.7, except for [Emim][DCA], which is shown as a
circle in each plot.
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Table 6.6 Solvent hydrogen bond accepting ability (Kamlet-Taft § parameter) versus

percent change in secondary structures for dissolved zein compared to solid zein at 30°C.

Kamlet-Taft

hydrogen bond . .

Solvent : . B-turn A-helix Random coil B-sheet
accepting ability
®
Acetic Acid 0.45" 24 £27 9+31 16 + 54 4+ 14
1- 16

Methylimidazole 0.712 -12+£26 61 +28 25+ 54 27+ 14
[mim][OAc] 0.85" 28 +26 45+ 30 -8+ 54 -12+14
[mim][Fr] 0.81"7 40 +27 25+31 7+55 -18+15
[Emim][OAc] 1.06" 55+26 0+29 -4 +55 46+ 15
[Bmim][OAc] 1.18" 74 +26 -52+29 24 + 54 -39+ 14
[Bmim][CI] 0.87" 77 £27 1429 -17 +54 51+ 14
[Emim][DCA] 0.35% 110 +26 -65 + 28 14 + 54 48 + 14

Figure 6.9 shows that most of the solvents show similar trends with increasing . The aprotic
ionic liquid solvents show more B-turn and less a-helix, similar to Figure 6.6 showing the effect
of the pure solvent molar volume. However, unlike Figure 6.7 showing the effect of solvent size,
[Emim][DCA] stands apart when examined as a hydrogen bond donating solvent in its effects on
B-turn and o-helix secondary structures. This may be due to the dicyanamide anion’s strong
protein destabilizing ability as a chaotropic anion, despite its poor hydrogen bond accepting
ability.’> ** As discussed in Chapter 5 it has been found that aqueous solutions with the
dicyanamide anion strongly destabilizes proteins.” ¥ **>> By contrast the acetate, formate, and
chloride are weakly stabilizing (kosmotropic anions).” Therefore, the unexpectedly large change
in zein secondary structure from [Emim][DCA] despite the anion’s weak hydrogen-bond
accepting ability is due to its ability, unique among the anions examined here, to form weak

solvent-solvent hydrogen bonds but strongly interact with the protein.’* >

Kamlet-Taft hydrogen bond donating ability (a)

It has been found that the hydrogen attached at the C-2 position of the imidazole ring is
weakly acidic, so all of the ionic liquids’ cations have some hydrogen bond donating character.*®
37 Thus differences in a for each solvent are dependent on the ionic liquids’ anions. Comparing
the effect of a on the secondary structure of zein, shown in Table 6.7 and Figure 6.10, one sees

less correlation than is seen for secondary structure changes as a function of f.
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Figure 6.10 Percent change in zein secondary structure versus solvent hydrogen bond

donating ability (Kamlet-Taft a).

Table 6.7 Solvent hydrogen bond donating ability (Kamlet-Taft o parameter) versus

percent change in secondary structures for dissolved zein compared to solid zein at 30°C.

Kamlet-Taft

hydrogen bond . .

Solvent . o B-turn A-helix Random coil B-sheet
donating ability
()

Acetic Acid 1.12" 24 +27 9+3] 16 + 54 4+ 14
Me thyliln'li dazole 0.232'¢ -12+26 61 +28 25+ 54 27+ 14
[mim][OAc] 0.506"7 28 +26 45+ 30 -8 + 54 12+ 14
[mim][Fr] 0.812"7 40 +27 25+31 7+55 -18+15
[Emim][OAc] 0.53'8 55+26 0+29 4+55 46+ 15
[Bmim][OAc] 0.57' 74 +26 -52+29 24 + 54 39+ 14
[Bmim][C]] 0.47" 77 £27 -1+29 -17 + 54 51+14
[Emim][DCA] 0.53% 110 +26 -65+28 14 + 54 48 + 14
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The lack of systematic change in secondary structure over the range of hydrogen bond donating
abilities shows that o has only a limited effect on the secondary structure of zein. However,
Figure 6.10 shows a maximum in B-turn change and a minimum in a-helix change at an o of
approximately 0.5. From Table 6.7 it can be seen that the maximum and minimum are clusters of
the aprotic ionic liquids, including [Emim][DCA], which stood out in Figure 6.8. This indicates
the effects of the aprotic ionic liquids on secondary structure are controlled by some other

solvent property.

Kamlet-Taft dipolarity/polarizability (r*)

In addition to the affect hydrogen bonding interactions are known to have on solvent
secondary structure, it has been found that dipolarity/polarizability (x*) is important to protein
stability and structure in other solvents due to the non-hydrogen bonding portions of amino

38-40 P
These aromatic rings can

acids, such as the aromatic rings on tyrosine and phenylalanine.
also interact with the solvent through the “aromatic interactions” with the delocalized n electrons
in the aromatic molecules.”® As aromatic compounds are more polarizable because of their
delocalized © electron networks, it reasonable to expect that n* can serve as a measure of a
solvent’s ability to participate in “aromatic interactions.”>**! Table 6.8 and Figure 6.11 shows

that B-turn and a-helix secondary structures of zein are related to the solvent’s m*.
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Figure 6.11 Percent change in zein secondary structure versus solvent

dipolarity/polarizability (Kamlet-Taft *).

Table 6.8 Solvent dipolarity/polarizability (Kamlet-Taft n* parameter) versus percent

change in secondary structures for dissolved zein compared to solid zein at 30°C.

Kamlet-Taft

Solvent dipolarity/ B-turn A-helix Random coil B-sheet

polarizability (n*)
Acetic Acid 0.64" 24 +27 9+3] 16 + 54 4414
Me thyliln'li dazole 0.961' -12+26 61 +28 25+ 54 27+ 14
[mim][OAc] 1.03" 28 £26 45 + 30 8+ 54 -12+ 14
[mim][Fr] 1.17 40 +27 25+31 7455 -18+15
[Emim][OAc] 0.97' 55+26 0+29 4+55 46+ 15
[Bmim][OAc] 0.89'8 74+ 26 252429 24 + 54 39+ 14
[Bmim][C]] 1.1" 77 +27 -1+29 17 +54 51+ 14
[Emim][DCA] 1.08% 110 26 -65+28 14 + 54 48 + 14
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Figure 6.11 shows that, in general, greater n* solvents have more B-turn and less a-helix
secondary structure, similar to the impact of hydrogen bond accepting ability shown in Figure
6.8. However, [Emim][DCA] does not stand out from the rest of the solvents because the

dicyanamide anion has poor dipolar or polarizable character.

Conclusions

It is intuitive that the properties of solvents are important for controlling protein solubility
and secondary structure. This chapter has examined what properties and combination of
properties are important in the solubility and thermodynamics of zein dissolution. In particular it
has been shown that the hydrogen bond accepting character of the solvent (B) is important, as has
been seen in previous cellulose and ionic liquid research, but in the reverse of that previous
research. The superior solvents for zein are weaker hydrogen bond acceptors. It was also shown
that the magnitude of Mz (related to the enthalpy of dissolution) is related to . Using
multivariate correlation, it was found that the n* of the solvent is more important than single
variable regression establishes. The dipolarity/polarizability (n*) becomes more important and
hydrogen bond accepting strength becomes less important at higher temperatures. It also showed
that hydrogen bond donating strength (o) has only a small effect on zein solubility. It can be
concluded from this work that better imidazolium-based solvents for zein will have lower B and
n* character but some weak a character.

The analysis of the secondary structure effects of the solvents on zein is more
complicated. From Figures 6.7, 6.9, 6.10, and 6.11, it appears that the aprotic ionic liquids
promote the formation of B-turn at the expense of a-helix conformations. This may be due to the
“hydrophobic interactions” that are commonly discussed in aqueous protein literature. * ***°
The “hydrophobic” interactions are important in ionic liquids-protein interactions because
nonpolar groups no longer need to aggregate to limit their interactions with water. Instead these
nonpolar portions of the protein can associate with the nonpolar portions of the ionic liquids, or
in the case of [Emim][DCA], the dicyanamide which is known to strongly interact with

. 4
protelns.s’ 8.3

This may result in the greater amount of B-turn and less a-helix seen in the aprotic
ionic liquids because of the greater surface area afforded by the B-turn compared to the a-helix.
The larger surface area allows more non-polar interactions between the aromatic and aliphatic

portions of the ionic liquid with the similarly aromatic or aliphatic portions of the protein.** ***

108



The changes in the secondary structure of zein in the aprotic ionic liquids differs from previous
research into the denaturing of zein using aqueous urea, which showed that urea decreases -turn
and increases a-helix and random coil secondary structures.*® Thermal denaturing of zein has
been shown to result in more B-sheet at the expense of a-helix, so the denaturing of zein caused
by the protic ionic liquids results in unusual new denatured secondary structure.*”> * These
results indicate a different set of interactions than has previously been reported for the denaturing
of process of zein.

It has been shown that to retain the secondary structure of zein, a solvent should be
smaller (contrary to previous research which showed that larger solvents better stabilize protein
structure) and have intermediate values for a, B, and n*. However, it was seen that the strong
protein destabilizer dicyanamide affects zein structure more than its hydrogen bond accepting
ability would indicate. It is also likely that the ability of the larger aprotic ionic liquids to interact
with the nonpolar parts of zein that are most exposed in the B-turn conformation explain why
zein shows more B-turn secondary structure in the aprotic ionic liquids than in the less

conformation-change-hindering smaller solvents.
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Chapter 7 - Conclusions and recommendations

Conclusions

Zein solubility

The solubility and secondary structure of zein in seven imidazolium-based ionic liquids
and the conventional solvents acetic acid and 1-methylimidazole have been reported as a
function of temperature. This is the first work to systematically report the solubility of zein (a
hydrophobic protein) in ionic liquids. Zein is most soluble in acetic acid, the ionic liquids
[mim][OAc] and [Emim][DCA], and 1-methylimidazole. Both cation and anion were found to be
important in zein solubility. Larger cations can interact more effectively through non-polar
interactions with the non-polar portions of the protein, shown in the comparison of [Emim]
versus [Bmim] cations. Anions were also found to be important, particularly for protic ionic
liquids, because of the anion contribution to the ionic liquid’s polarity. Highly polar ionic liquids
were found to be poor solvents for zein, as expected, because zein is insoluble in highly polar
water. Pure solvent molar volume was also found to play a role, because smaller solvents had
generally superior zein solubility.

Gelation, a common problem for zein dissolved in aqueous alcohols, was found only for
zein dissolved in [mim][Fr] and [mim][OAc], and then only after weeks had elapsed. Gelation
never occurred for zein dissolved in the aprotic ionic liquids, indicating that the aprotic ionic
liquids are superior long-term solvents for zein.

The water concentration in the ionic liquid solvents was not found to be an important
component in controlling zein solubility. This lack of sensitivity to water concentration is likely
due to the water deactivating effect of ionic liquids described in previous literature. This is
important because all ionic liquids adsorb some water (even hydrophobic ionic liquids are
hygroscopic). The ability to use ionic liquids with a wide range of water concentration without a
loss of zein solubility or an effect on zein secondary structure is an important attribute for

commercial applications as drying ionic liquids is an time and cost intensive process.

Zein structure
The secondary structure as a function of temperature of the protein zein as a solid film

and dissolved in seven imidazolium-based ionic liquids and the conventional solvents acetic
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acid, l-methylimidazole, and 70 vol% aqueous ethanol have been reported. Infrared
spectroscopy and curve-fitting were used to quantify the secondary structure. Aprotic ionic
liquids affect the secondary structure of zein more than the conventional solvents or
[mim][OAc]. As protein properties such as tensile strength and gas permeability are related to
secondary structure, this research has implications for the commercial application of ionic liquids
as zein solvents because of the need to balance solubility with changes to secondary structure.
Temperature was found to have only a small effect on the secondary structure of the protein due
to the apparent thermal stabilization by the ionic liquids. Most secondary structures were
changed during zein dissolution at room temperature. Water concentration was not found to
affect the secondary structure of zein dissolved in [Emim][DCA], even up to 25 mol%. Similar
to the results for the effect of water on the solubility of zein, this is beneficial as it means
secondary structure is insensitive to water content, at least below 25 mol%.

While aprotic ionic liquids strongly affect protein secondary structure, primarily by
increasing the fraction of B-turn, the two protic ionic liquids affect secondary structure
differently. It was found that zein in [mim][OAc] has a broadly similar secondary structure of
zein in 70 vol% aqueous ethanol or acetic acid, but zein in [mim][Fr] has a secondary structure
much more similar to zein in the aprotic ionic liquids.

Infrared spectroscopy has been a valuable tool for protein analysis, and this research has
shown that quantitative IR spectroscopy is just as useful for ionic liquid solutions. The lack of
ionic liquid absorbance in the Amide I region means solvent subtraction (a key issue in aqueous
protein IR spectroscopy) is less critical. The promising in situ techniques used here can be
applied for other materials in ionic liquids as well, such as examining inorganic zeolite synthesis

for information regarding precursor formation and the effects of water on product formation.

Solvent properties
One of the principal goals for this project was to identify what solvent properties are
important for dissolving zein. It was found that the pure solvent molar volume and hydrogen
bond accepting ability (Kamlet-Taft f parameter) are important parameters for the solubility of
zein. Smaller solvents dissolve more zein. Solvents with lower B also dissolve more zein, in
contrast to previous research which showed that higher B solvents are better for dissolving

cellulose. It was also shown that the dipolarity/polarizability (n*) of the solvent becomes
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important at higher temperatures. Thus better solvents for zein will be smaller and have lower 3
and ©* but some weak o character. The modeling of zein solubility was performed and it was
found that an adequate model (with R? => 0.75) could be prepared using the a, B, and ©* solvent
parameters.

The solvent’s size, hydrogen bond accepting and donating abilities (Kamlet-Taft f and
a), and the solvent’s dipolarity/polarizability (Kamlet-Taft n*) were all found to affect the
secondary structure of zein. Smaller and lower B and o solvents all had less effect on the
secondary structure of zein, which makes those properties useful when designing a solvent as
changes in the secondary structure affect protein properties.

This direct comparison of protic and aprotic ionic liquids (with [mim][OAc],
[Emim][OAc], and [Bmim][OAc]) is also unusual, and it highlights the advantages and
disadvantages of both types of ionic liquids. The protic [mim][OAc]’s lower viscosity promoted
the solubility of zein at low temperatures, and the smaller cation has less effect on zein’s
secondary structure, which can be beneficial in some applications. By contrast, the larger
[Bmim][OAc] had a large increase in solubility at higher temperature and the denaturing effect
could also be helpful depending on the application.

Examination of the anion effect on protein solubility and structure was also insightful, as
the polarity of the protic ionic liquids was controlled by the anion (as the cations were the same).
The more polar the ionic liquid, the worse the solubility and the greater the secondary structure

change.

Recommendations

Further research into using ionic liquids with hydrophobic proteins is recommended. The
proteins primarily studied are hydrophilic and have poor solubility in ionic liquids, requiring
ionic liquid and protein interactions to be studied in aqueous solution. The research examined in
this work will promote the study of proteins in ionic liquids because it has been identified that
hydrophobic proteins are soluble in primarily ionic liquid solvents.

While it was found that a change in concentration from 4.0 mol% to 11.1 mol% had no
effect on solubility, and from 2.1 mol% to 25.0 mol% had no effect on secondary structure, the
impact of water should be further investigated. Water caused the precipitation of zein from ionic

liquid solutions, forming an opaque film, but the concentration required is unknown.
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Infrared spectroscopy again proved its worth as a tool to examine protein secondary
structure in situ and as a function of temperature. Further research should continue to use IR
spectroscopy as a tool for the characterization of proteins, particularly as ionic liquid solutions
are capable of avoiding the solvent-subtraction issues that plague aqueous protein analysis.

This research used well-characterized imidazolium-based ionic liquids, but it is
recommended that research into using more environmentally benign ionic liquids be conducted.
For example, it is possible to prepare ionic liquids using choline, guanidine, or amino acids,
which can have less harmful environmental impacts than imidazole. The thermal stability of
proteins has been increased by dissolving them in ionic liquids. However, hydrophilic protein
solubility has been poor in previous research. As proteins are composed of amino acids, it may
be possible to improve the solubility of proteins by using an ionic liquid composed of amino
acids present in that protein, and yet maintain the improved thermal stability.

More broadly this work into using ionic liquids for hydrophobic protein solubility
continues the expansion of knowledge as to where these versatile solvents can be applied. For
example, a hydrophobic protein dissolved in a benign ionic liquid could be applied to a wound
and then the 1onic liquid could be washed off with water, precipitating a film of protein to protect
the wound.

A worthy goal is to create a bio-refinery that uses biological materials to make chemical
products. Using ionic liquids is a promising step because of their proven ability to dissolve a
wide variety of biological products (such as wood). This research into the solubility and
secondary structure effects of hydrophobic proteins in ionic liquids opens up other cereal
products for use. For example, zein is closely related to gliadin in wheat and kafirin in sorghum,

but those have not yet been studied for their applications with ionic liquids.
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Appendix A - Infrared Spectroscopic Examination of CIT-6, and a
Family of *"BEA Zeolites

Sean R. Tomlinson, Tyler McGown, John R. Schlup, and Jennifer L. Anthony

Abstract

Infrared spectroscopy is a useful complimentary tool for identifying local structure
changes in zeolites that occur from chemical treatment, which are difficult to see using X-ray
diffraction alone. Structural changes in zeolite CIT-6 and its zeolite beta (*BEA) analogs upon
chemical treatment have been identified with mid- and far-infrared spectroscopy. Changes
resulting from calcination, altering the framework composition, and ion-exchange are examined
and discussed. Differences in the local structure of the sample were observed in the mid- and far-
infrared spectra, including changes in the intratetrahedral asymmetric stretch, the double ring
mode, and the intratetrahedral bending mode regions. The far-infrared spectra indicated that
calcination or acetic acid extraction changed the structure of the CIT-6 to the structure of zeolite
beta (*BEA) while ion exchange with Zn or substitution of aluminum into the framework

structure of acetic acid extracted samples retained the CIT-6 structure.
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Introduction

Microporous molecular sieves are of great scientific and commercial interest.'” Zeolites
are a category of microporous molecular sieves and are often used in catalysis, ion exchange, and
adsorption/separation processes.” The term zeolite refers specifically to aluminosilicate
microporous molecular sieves. However, the term is often applied to all compounds having
similar crystalline structures. Zeolites are of interest because of their small uniform pores (less
than 2 nm), their channel configuration, and their void space organization.

Because of the many potential applications of zeolites, the characterization of their
chemical composition, their structure, and the bonding of zeolites is important, and various
analytical techniques have been employed to obtain such data. The chemical composition of
zeolites can be obtained with atomic absorption spectroscopy (AAS), atomic emission
spectrometry (ICP-AES) and X-ray fluorescence spectrometry (XRF ).> Both *Si and ?’Al NMR
have proven to be valuable tools in understanding the local environments around the atoms in the
lattice. When NMR data are coupled with density functional theory (DFT) calculations, these
data have resulted in valuable insight into the crystalline structure of zeolites.® From XRD data it
is possible to determine the crystalline structure of zeolitic materials using Rietveld refinement.
These XRD data permit identification of samples by comparison with XRD results of known
samples.””

Vibrational spectroscopy, including both Raman and infrared (IR), is often employed to
investigate short-range order in zeolites. The structures of zeolites, examination of zeolite
functional groups, and examinations of zeolite chemistry with probe molecules have been
examined with Fourier transform infrared spectroscopy (FTIR).'*'® In the 1970s Flanigen et al.
proposed functional group assignments for the absorption bands between 1250 and 300 cm™.'"'®
The assignments divide the spectra into regions which are classified with respect to intra- or
intertetrahedral vibrations. Intratetrahedral vibrations are the stretches associated with
movements within the TO,4 tetrahedra. These movements can be the O-T-O bending, or the
symmetric or asymmetric stretches of the O-T-O bonds. The intertetrahedral (between adjacent
tetrahedra) vibrations include pore-opening (also known as breathing) modes. These guidelines
have become the primary tool for assignment of the absorptions in the infrared spectra of
zeolites.'® ' Far-infrared spectroscopy (FIR), less than 400 cm™, has been used to examine the

local environment of zeolites with cation probes.”* In addition to being able to probe the local
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cation environment,24 FIR also provides structural information on the zeolite network, such as
the pore-breathing and intra-tetrahedral bending modes."”

The present study of experimental work performed by a previous graduate student
examines the infrared peaks of the zincosilicate molecular sieve CIT-6 and modified versions of
CIT-6.%° CIT-6 was first synthesized and characterized in 1999.?” CIT-6 has since been examined
for its chemical properties,” the mechanism of its crystallization,”® and its ability to catalyze
propane dehydrogenation.” CIT-6 is of interest in this study as it can be changed from the
original zincosilicate to a pure silicate without changing the XRD spectra of the sample.’ This
pure silicate can subsequently be modified, without changing the XRD spectra, to an
aluminosilicate with the insertion of aluminum into the T-atom locations formerly occupied by
zinc.”

CIT-6 has the framework structure of zeolite Beta (International Zeolite Association
designation *BEA),” which is of particular interest because it is an in-growth of two
polyrnorphs.29 It is also useful in industrial applications such as gas separation and the reforming

of industrial naphtha.’® *'

Zeolite *BEA has been analyzed for long-range order in the
development of its polymorphs;** short-range order with NMR *’Si chemical shifts to identify its
structure;’ the effects of partial replacement of silicon with tin or titanium atoms;* and the
development of connectivity-defect-free zeolite *BEA.** The structural'® *> *® and chemical

properties " >*

of pure silica zeolite *BEA have been investigated using infrared spectroscopy.
However, there have been no reported attempts to analyze the structure or chemical properties of
CIT-6 and the modified versions listed above with infrared spectroscopy. Of particular interest is
to demonstrate that IR, and especially FIR, can be used to view short-range changes made to the
structure that are otherwise difficult to see using XRD alone.

In this work, the vibrational spectra of CIT-6 and its derivatives are reported over the
spectral range from 4000 cm™ to 200 cm™. Seven samples are included in this report: 1. the as-
synthesized sample, prior to any treatments (As-made CIT-6); 2. the as-synthesized sample after
calcination at 550°C (Calcined); 3. a low temperature (60°C) acetic acid structural-zinc-extracted
(Low-T Si *BEA); 4. a high temperature (135°C) acetic acid structural-zinc-extracted sample

(High-T Si *BEA); 5. the low temperature acetic acid sample with aluminum inserted into the T-

atoms structural locations where the zinc was extracted (Aluminum); 6. the as-synthesized
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sample that has been ion-exchanged to substitute zinc for the original lithium cation (Zn CIT-6);

and 7. a pure silica *BEA sample (Pure Si *BEA).”***

Experimental
CIT-6 was synthesized following the procedure from Takewaki et al.” The reactants were
mixed at a molar composition of 0.05 moles LiOH: 0.03 moles Zn(OAc), (zinc acetate): 0.65
moles TEAOH (tetracthylammonium hydroxide): 1 mole SiO;: 30 moles H,O and heated for
four days at 150°C in a Teflon-lined autoclave. The product was recovered via filtration, washed
with water, and dried at 100°C overnight in air. This “As-made CIT-6" is a zincosilicate zeolite

with lithium cations present to balance the framework charge. It also contains residual TEAOH

in the pores that served as the structure-directing agent (SDA).

Figure A.1 Flowchart of synthesis procedures
The As-made CIT-6 was then exposed to five treatments to modify the framework
composition while maintaining the bulk *BEA structure.” Figure A.1 shows the treatments and
the resulting samples. The “Calcined” sample was obtained by heating the As-made CIT-6 at
550°C for ten hours to remove the remaining SDA.” The “Zn CIT-6" was prepared by ion-
exchanging the lithium cations in the As-made CIT-6 with zinc cations through exposure to a 1

molar Zn(NOs), solution for ten hours at 80°C.” In both the “High-T Si *BEA” and the “Low-T
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Si *BEA,” the intra-tetrahedral zinc atoms were extracted from the As-made CIT-6 zincosilicate
framework with acetic acid, leaving behind a pure silica zeolite with the *BEA framework.’ The
High-T Si *BEA resulted from exposing the As-made CIT-6 to acetic acid at 135°C for two
days, where the higher temperature is expected to anneal the extracted zinc sites.” The Low-T Si
*BEA was made by exposing As-made CIT-6 to acetic acid at 60°C for three days, which is
reported to result in exposed silanol groups at the sites of the extracted zinc.” Contacting the
Low-T Si *BEA with aluminum nitrate nonahydrate at a 1:2.50 weight ratio of zeolite to
Al(NO3)3;*9H,0 at 80°C for 1 day inserted an aluminum atom into the tetrahedral framework.’
This treatment results in the aluminosilicate form of zeolite *BEA is referred to here as
“Aluminum”.

The “Pure Si *BEA”, a pure silica zeolite *BEA, was synthesized following the

procedure from Camblor et al.*

This is the only sample studied in this work that did not
originate from post-synthesis treatments of As-made CIT-6. The Pure Si *BEA was synthesized
using hydrofluoric acid and resulted in the formation of zeolite *BEA without connectivity
defects and with enhanced crystallinity.** This is an excellent model of the *BEA structure for
comparison with the other samples in this study.**

After synthesis the samples were analyzed by x-ray diffraction, either a Bruker AXS D8
Advance or Rigaku MiniFlex II X-ray diffractometer, using copper Ka radiation to confirm their
crystal structures.

The infrared spectroscopic data were obtained with a Mattson Instruments Cygnus 100
FTIR spectrometer (Madison Instruments, Madison, WI). All the data were obtained via diffuse
reflection utilizing a SpectraTech "COLLECTOR" diffuse reflection accessory.

In the mid-infrared (MIR) region, a high temperature ceramic source and a germanium-
coated potassium bromide (KBr) beam splitter were employed. The detector was a deuterated
triglyceride sulfate (DTGS) detector with a KBr window, and the mirror velocity was 0.6 cm/sec.
The iris setting was 50%. Resolution was set at two cm™. 1,024 scans were co-added for each
spectrum.

In the far-infrared (FIR) region, a high temperature ceramic source was employed. The
beam splitter was a three-micron Mylar film. The detector was a DTGS detector with a
polyethylene window. The mirror velocity was 0.3 cm/sec, and the iris was 50% open. The

resolution was two cm™ . Each spectrum was the result of co-adding 1,024 scans.
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Due to the requirements of the diffuse reflection technique, all samples were mixed with
cesium iodide powder at an approximate ratio of 1:5 (zeolite:Csl). A mortar and pestle was used
to reduce the particle size of the solids and to mix the cesium iodide powder and the sample. Csl

was used for the background spectra.
Results and Discussion

XRD Patterns
As reported in the literature,” the XRD patterns of the samples did not change
significantly upon treatment. Figure A.2 shows the similarities between As-made CIT-6,
Calcined, and Aluminum samples with the defect-free Pure Si *BEA as a representative pattern
for comparison.” All patterns exhibit strong similarities, the only difference between the spectra
is the appearance of peaks at 13.4° and 14.4° 20 in the Calcined sample versus the aluminum and
As-made samples. These differences are consistent with the results reported in the literature and

are similar to peaks seen in the XRD of the Pure Si *BEA sample.’
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Figure A.2 XRD results of Pure Si *“BEA, Aluminum, Calcined, and As-made CIT-6
samples

MIR Analysis

The mid-infrared peak assignments are given in Table A.1; the MIR spectra for all seven

samples can be seen in Figures A.3 and A 4.
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Table A.1 Mid-IR peaks for CIT-6 and its derivatives

As-made . Pure Si High-T Si Low-T Si . .
CIT-6 Calcined Zn CIT-6 *BEA *BEA *BEA Aluminum Assignment
3655 w 3742 w 3739 vw 3734 w 3743 w v, OHY
3270 br, w | 3407 br, w | 3362 br, vw 3360 br, vw | 3336 w,br | 3336br,st | v,OH ---H”
2983 m 2986 w 2991 w
Vs C-H”
2952 w 2958 w
2002 vw 1995 vw 1971 w Si-0 vibration
40, 41
1836 w 1874w | 1853br,w | 1881w 1878 w 1874 w 1865 w overtones
1712 m 1706 w 1714 w 1710 w 1708 m 1702 w
5 water?
1669 w 1679 w 1643 w
1484 m 1484 m 1484 w 1484 w
1454 w 1455 w 1459 m
5 C-H**% and
1441 w 1438 m NO; (for
1393 m 1394 w 1394 w 1394 m Aluminum
sample only)
1367 w 1369 w 1366 w 1366 w 1367 w 1366 m
1352 m
1225's 1230's 1231's 1220 s
1212's 1198 s 1202's
1171s 1168 sh, s 1166 s 1103 sh,s | 1165 sh, s 1169 sh, s 1167 s
1093 vs 1092 vs 1086 vs 1086 vs | v, (O-T-0)'" '
1065 vs 1065 vs 1078 vs
1036 s
997 s 1010 sh, s
acetic acid
961 sh, m 952 m 949 m from extraction
process45
825 sh, m 826 m 824 m 823 sh, m
783 m 799 m 788 m 805 m 804 m 799 m 795 m vs (O-T-0)'":1®
725 w 728 729 w 738 w 737 m 738 m
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Figure A.3 Mid-infrared spectra of Pure Si *BEA, Zn CIT-6, Calcined, and As-made CIT-6
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Figure A.4 Mid-infrared of Aluminum, Low-T Si *BEA, High-T Si *BEA, and As-made
CIT-6

It can be seen in Table A.1 that most of the samples have absorptions characteristic of
isolated and hydrogen-bonded hydroxide stretches, with the exception of the hydrophobic Pure
Si *BEA.*** In Figure A.4 it can be seen in the region from ~3600 to 3000 cm™ that the Low-T
and High-T Si *BEA samples have different concentrations of retained hydroxide, even though
both are hydrophobic due to their pure silica nature.” This is consistent with previous literature
which states that the vacancies in the crystal structure from the extraction of the zinc T-atoms are
expected to anneal at high temperatures, but at lower temperatures the terminal hydroxide groups
remain, resulting in the hydroxides observed with IR.” All of the samples have weak absorptions

between 2000 and 1800 cm™ indicative of Si-O vibration overtones.*> *!

The peak present in the
spectra between 1712 and 1644 cm™ is indicative of water bending modes, and this shift from its
normal position around 1650 cm™ is consistent with other reported examples of adsorbed water

424 The slightly greater intensity of the hydroxide bending mode at 1710 cm™ in the

on zeolites.
Low-T Si *BEA when compared with the High-T Si *BEA is expected based on the discussion

above of the different amounts of hydroxide.’
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Carbon-hydrogen bonds are seen in the absorptions between 3000 to 2900 cm™ and 1500
to 1350 cm™ (Figures A.3 and A.4). These figures show that the As-made CIT-6, Zn CIT-6 and
Aluminum samples have absorptions between 3000 and 2900 cm™ that indicate residual SDA.*
In the aliphatic C-H bending mode region from 1500 to 1350 cm™, all samples (except for the
Pure Si *BEA sample that is prepared without SDA) show some absorptions characteristic of
leftover SDA, even after calcination or acetic acid extraction.” *> * The presence of leftover
SDA is consistent with the report that 24% of the SDA remains after acetic acid extraction in
CIT-6.”

The Aluminum sample is unique with its much greater absorbances in the region from
1500 to 1250 cm™. The greater absorbances are due to retained acetic acid and nitrate from the
aluminum insertion process, which combine absorptions in this region to give the medium
intensity, broad peak from 1500 to 1250 cm™.** ** Additionally, the High-T and Low-T Si
*BEA, and the Aluminum samples have small peaks at approximately 950 cm™', which indicates
some remaining adsorbed acetic acid.*’

Differences between the spectra in the region from 1230 cm™ to 725 cm™ indicate short-
range structural changes due to chemical treatments (Figures A.3 and A.4)."'® The zinc present
as T-atoms in the crystal structure of the As-made CIT-6, Calcined, and Zn CIT-6 samples does
not yield different absorbances when compared to the pure silica (Pure Si *BEA, Low-T and
High-T Si *BEA) or aluminosilicate (Aluminum) samples. This is because zinc is only 3% of the
T-atom sites in the structure.” The As-made CIT-6 has four distinct peaks between 1210 and 997
cm™, the region previously identified in the literature as intratetrahedral asymmetric O-T-O

16-19
stretches.

The As-made CIT-6 sample spectrum matches other CIT-6 mid-infrared spectra
reported in the literature,” and the Pure Si *BEA sample also matches the spectrum reported in
the literature.*® The other spectra maintain similar shape and features, including the weaker peak
or shoulder at approximately 1168 cm™, except for the Pure Si *BEA sample.28 A notable
difference is the change in the strongest of the absorbances from approximately 1065 cm™ for the
As-made CIT-6 and the Pure Si *BEA samples to 1036 cm™ for the Zn CIT-6 and approximately
1090 cm™ for the rest of the samples. The Pure Si *BEA sample has a shoulder at 1103 cm™,
which has been reported in the literature.*® The shoulder appears to be absent from the other

spectra, but may be hidden by the broader absorbance in those spectra. The Zn CIT-6 sample has

a shoulder at 1010 cm™ which is absent from the other samples and is likely due to ion-exchange
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modifying the intratetrahedral structure slightly. The As-made CIT-6 has a smaller peak at 997
cm” which is not seen on any other spectra.

As can be seen in Figure A.4, the High-T and Low-T Si *BEA and the Calcined samples
are very similar in the region from 1250 to 720 cm™. However, the Aluminum sample has a
distinct peak at 1167 cm'l, which is similar to the As-made CIT-6, rather than the shoulders
present in the High-T and Low-T samples. This indicates an intratetrahedral environment similar
to the original As-made CIT-6, rather than its predecessor the Low-T Si *BEA.

All the samples have a peak at approximately 800 cm™ and a smaller peak or shoulder at
approximately 735 cm™ identified by Flanigen et al. as symmetric intertetrahedral O-T-O
stretches.'” '* The Calcined, High-T and Low-T Si *BEA samples again have absorption that are
more similar to the Pure Si *BEA sample than to the original As-made CIT-6. These changes
further demonstrate the intratetrahedral structural modifications upon thermal or chemical

treatment studied herein.

FIR Analysis
Far-infrared peak assignments are given in Table A.2, and the FIR spectra can be seen in

Figures A.5 and A.6.
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Table A.2 Far-IR peaks for CIT-6 and its derivatives

As-made . Zn CIT- Pure Si High-T Si Low-T Si . .
CIT-6 Calcined 6 *BEA *BEA *BEA Aluminum Assignment
640 sh, m 642 w 640 w 638 sh, w 635 sh, vw
614 m 622 m 614 m 622 m 622 m 624 w 622 w
577m 577 s 576 s 575 s 576 s 574 m 569 m double ring
modes
561 sh, w
526 m 528 m 527 m 524 w 527w 526 m 521w
474 s 471 sh 474 4755 473sh,s | 472sh,s
17,18
466 s 465 s 463 s 461 s 466 s 463 s 463 s 3(T-0)
431 s 427 s 429 s 423 vs 426 s 429 s
374 w 373w 373 sh, w 373 sh, w
360 w 357sh,w | 362w 355 w 357 sh, w Pore-opening
modes
340 w 342 sh, w 347 sh, w 350 sh, m
Pure Si *BEA
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Figure A.5 FIR of Pure Si *BEA, Zn CIT-6, Calcined, and As-made CIT-6
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Figure A.6 FIR of Aluminum, Low-T Si *BEA, High-T Si *BEA, and As-made CIT-6

The Pure Si *BEA and Calcined samples in Figure A.5, and the Low-T and High-T Si
*BEA samples in Figure A.6 have an additional peak when compared to the As-made CIT-6 at
approximately 640 cm™, in the double ring mode region.'”” '® The Pure Si *BEA sample has an
FIR spectrum consistent with what has been reported in the literature.*® The synthesis method for
the Pure Si *BEA results in defect-free material,®* and a lack of defects contributes to improved
resolution of the absorption bands in this spectrum. The heat- and acid-treated samples
(Calcined, Low-T and High-T Si *BEA, and Aluminum) all exhibit features more similar to the
Pure Si *BEA than their starting material, As-made CIT-6. The difference between the Calcined,
Low-T and High-T Si *BEA, and Aluminum samples, and the As-made CIT-6 indicates an
additional environment in the intertetrahedral double ring vibrations versus what is seen in the
As-made CIT-6 and Zn CIT-6 samples.

In the region from 500 to 420 cm™, which was identified by Flanigen et al. as the
intratetrahedral T-O bending region,'” '* the High-T and Low-T Si *BEA, Calcined, and
Aluminum samples show an additional peak or shoulder at approximately 473 cm’™ compared to

the As-made CIT-6. The presence of a peak or shoulder at 473 cm™ in the T-O bending region is
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always matched by the presence of a peak or shoulder at 640 cm™ in the double ring mode
region. Therefore it can be seen that chemical or thermal treatments affect the structure of the
sample by modifying both intratetrahedral T-O bending modes and intertetrahedral double ring
modes. These changes can then be seen in the FIR of the sample. The changes in both the
double-ring region and in the intratetrahedral region verify that through chemical or thermal
treatment the As-made CIT-6 was converted to the *BEA structure, while the ion-exchanged Zn
CIT-6 does not exhibit a structural change.” The progression of As-made CIT-6 to *BEA is
consistent with what is seen in Figure A.2 and with the results in the literature where there are no
discernible changes in the XRD of the samples.’

The 420 to 300 cm’ region of the spectra shows the pore-opening modes of the
zeolites.'” '® The Pure Si *BEA sample has three clear peaks, and the High-T Si *BEA has three
weak peaks at the same wavenumbers. The other samples show little difference from the As-
made CIT-6. The similarity of the As-made CIT-6 and its derivatives in the pore-opening region
shows that the long-range order of the sample remains unaffected by chemical or thermal
treatment. The lack of change in the pore-opening region corroborates what is seen in the XRD
results where the samples maintain similar patterns even after treatment.’

Both the Aluminum and Zn CIT-6 samples exhibit peak broadening in the FIR. The
Aluminum sample’s broader absorbances in the FIR are indicative of distortions of the
tetrahedral bond angles due to the extraction and insertion process. The Zn CIT-6 samples show
the limited effect ion exchange has in the modification of the FIR of the samples, where the ion-

exchange broadened the peaks in the O-T-O bending modes (between 500 and 420 cm™).

Conclusions

The mid- and far- infrared spectra of CIT-6 and related structures have been reported and
band assignments have been made. In the MIR, the Pure Si *BEA, the Calcined, and the Low-T
and High-T Si *BEA samples all have two peaks in the intratetrahedral asymmetric stretch
region compared to the four peaks seen in the As-made CIT-6, Aluminum, and Zn CIT-6
samples. The FIR in particular gives information regarding how the short- and long-range
structures of the samples are modified by thermal or chemical treatment. The significant changes
in the FIR of the samples are easier to identify than small changes seen in the XRD. In particular,

the development of a new intratetrahedral bending mode and a new double ring mode upon
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chemical or thermal treatment of As-made CIT-6 shows its structure changes to the *BEA
framework. The ion-exchange process did not change the As-made CIT-6 structure to *BEA.
The broadening of the Aluminum and Zn CIT-6 samples in the FIR shows that chemical
treatments and ion exchange disrupt the order of the structure, which is difficult to see in XRD.
This work demonstrates the utility of IR, and particularly FIR, for the qualitative analysis of
chemical effects on zeolite structures as a compliment to XRD.
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Appendix B - Infrared Spectroscopic Examination of VPI-7 and
VPI-9

Sean R. Tomlinson, Tyler McGown, John R. Schlup, and Jennifer L. Anthony

Introduction

Microporous molecular sieves are of great scientific and commercial interest.'” Zeolites
are a category of microporous molecular sieves and are often used in catalysis, ion exchange, and
adsorption/separation processes.” The term zeolite refers specifically to aluminosilicate
microporous molecular sieves. However, the term is often applied to all compounds having
similar crystalline structures. Zeolites are of interest because of their small uniform pores (less
than 2 nm), channel configuration, and void space organization.

Because of the many potential applications of zeolites, the characterization of their
chemical composition, structure, and bonding is important, and various analytical techniques
have been employed to obtain such data. The chemical composition of zeolites can be obtained
with atomic absorption spectroscopy (AAS), atomic emission spectrometry (ICP-AES) and X-
ray fluorescence spectrometry (XRF).” Both *’Si and Al NMR have proven to be valuable tools
in understanding the local environments around the atoms in the lattice. When NMR data are
coupled with density functional theory (DFT) calculations, these data have resulted in valuable
insight into the crystalline structure of zeolites.’ From X-ray diffraction (XRD) data it is possible
to determine the crystalline structure of zeolitic materials using Rietveld refinement. These XRD
data also permit identification of samples by comparison with XRD results of known samples.”™

Vibrational spectroscopy, including both Raman and infrared (IR), is often employed to
investigate short-range order in zeolites. The structures of zeolites, examination of zeolite
functional groups, and examinations of zeolite chemistry with probe molecules have been
studied with Fourier transform infrared spectroscopy (FTIR).'®'™ In the 1970s Flanigen et al.
proposed functional group assignments for the absorption bands between 1250 and 300 cm™.'"'®
The assignments divide the spectra into regions which are classified with respect to intra- or
intertetrahedral vibrations. Intratetrahedral vibrations are the stretches associated with
movements within the TO,4 tetrahedra. These movements can be the O-T-O bending or the

symmetric or asymmetric stretches of the O-T-O bonds. The intertetrahedral (between adjacent
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tetrahedra) vibrations include pore-opening (also known as breathing) modes. These guidelines
have become the primary tool for assignment of the absorptions in the infrared spectra of
zeolites.'® ' Far-infrared spectroscopy (FIR), less than 400 cm™, has been used to examine the

local environment of zeolites with cation probes.?*?’

In addition to being able to probe the local
cation environment,24 FIR also provides structural information on the zeolite network, such as
the pore-breathing and intra-tetrahedral bending modes."”

This study of experimental work performed by a previous graduate student identifies the
infrared peaks of the zincosilicate molecular sieves VPI-7 and VPI-9, both before and after lead

. . . . 17, 18, 26
ion exchange, using Flanigen’s assignments. ~

VPI-7 was first synthesized and
characterized in 1991 by Annen et al.*’ Since then VPI-7 has been examined for its
physiochemical properties,”® its stability and vibrational spectra,”® with Raman and *’Si MAS
NMR, its use lead capture,”® and it has undergone Rietveld refinement to confirm the proposed
topology.”’ VPI-9 was first synthesized and characterized by McCusker et al. in 1996.%* The
conductivity of mono- and divalent cations in VPI-9 has also been examined.” Both
zincosilicates have been examined for their heavy metal (lead and mercury) capture ability in
aqueous solution, as well as their possible uses in a chemical warfare sensing array.>

VPI-7 and 9 were chosen because of their similar chemical compositions, but different
structures. VPI-7 was the first microporous zincosilicate synthesized with three-member rings.”’
VPI-9 was synthesized by the replacement of the sodium with rubidium in the VPI-7 synthesis
mixture.”> The recipes are otherwise similar but yield different structures and unit cells. This
research identifies what structural differences can be seen using MIR and FIR spectroscopy.
Additionally, samples of VPI-7 and VPI-9 were ion-exchanged with lead to examine what
changes are visible upon ion-exchange. However, some of the samples became X-ray amorphous

upon ion exchange, and their IR spectra are also examined below.

Experimental
VPI-7 used in this research was synthesized as follows. The synthesis was performed in
water with a molar composition of: 1.0 SiO,: 0.88 NaOH: 0.3 KOH: 0.032 TEAOH
(tetracthylammonium hydroxide): 0.039 ZnO: 26 H,0.>> The mixture was then heated for four

days at 200°C in a Teflon-lined autoclave. After heating, the product was washed with water and
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recovered via filtration. According to literature the final formula for the VPI-7 unit cell is
Nays sH3 5[ Sis6Zn160144] * 40 H,O for a total of 72 T-sites (22% zinc) per unit cell.!

VPI-9 was synthesized according to the procedure from McCusker et al.** with molar
ratios of: 1.0 SiO,: 0.6 RbOH: 0.3 KOH: 0.08 TEAOH (tetracthylammonium hydroxide): 0.039
ZnO: 26 H,0. As in the VPI-7 method, the solution was heated for four days at 200°C in a
Teflon-lined autoclave. Then the product was washed with water, recovered via filtration and
dried for 24 hours in a 50°C oven. The Rietveld refinement of the unit cell of VPI-9 gives a
formula of: Rbsg.43Ks.10[Si96Zn240240] ¢ 48 H,O for a total of 120 T-sites (20% zinc) per unit
cell.”

The VPI-7 and VPI-9 samples prepared above were submerged in a 1000 ppm lead
nitrate aqueous solution for 10 hours at room temperature to exchange the sodium and potassium
cations (VPI-7) or rubidium and potassium cations (VPI-9) for lead. Ion-exchange was
quantified with an atomic absorption spectrometer (AAS). The AAS is a Varian model AA240
which uses a Varian graphite tube atomizer model GTA 120 or a slot-type flame burner and a
Varian programmable sample dispenser model PSD 120. Water circulation was performed by a
Lytron circulator. Prior to analysis in the AAS, samples were diluted with distilled water 50,
1,000 or 10,000 times depending on their initial concentration. After ion-exchange, the samples
were examined using XRD with either a Bruker AXS D8 Advance or Rigaku MiniFlex II X-ray
diffractometer, using copper Ka radiation. It was found that while some of the samples
maintained their long-range crystallinity, some of the samples did not and became XRD
amorphous. It was decided to use infrared (IR) spectroscopy to examine both XRD amorphous
and crystalline samples to see what changes could be identified using IR that were not visible
using XRD. However there was no consistency in which samples maintained their XRD
crystallinity and which became amorphous.

The infrared spectroscopic data were obtained with a Mattson Instruments Cygnus 100
FTIR spectrometer (Madison Instruments, Madison, WI). All the data were obtained via diffuse
reflection utilizing a SpectraTech "COLLECTOR" diffuse reflection accessory. In the mid-
infrared (MIR) region, a high temperature ceramic source and a germanium-coated potassium
bromide (KBr) beam splitter were employed. The detector was a deuterated triglyceride sulfate
(DTGS) detector with a KBr window, and the mirror velocity was 0.6 cm/sec. The iris setting

was 50%. Resolution was set at two cm™. 1,024 scans were co-added for each spectrum. In the
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far-infrared (FIR) region, a high temperature ceramic source was employed. The beam splitter
was a three-micron Mylar film. The detector was a DTGS detector with a polyethylene window.
The mirror velocity was 0.3 cm/sec, and the iris was 50% open. The resolution was two cm.
Each spectrum was the result of co-adding 1,024 scans.

Due to the requirements of the diffuse reflection technique, all samples were mixed with
cesium iodide powder at an approximate ratio of 1:5 (zeolite:Csl). A mortar and pestle was used
to reduce the particle size of the solids and to mix the cesium iodide powder and the sample. Csl

was used for the background spectra.
Results and Discussion

MIR VPI-7
The zincosilicate molecular sieve VPI-7 ion exchanged significantly more lead than did
VPI-9. The mean percent exchanged for VPI-7 was 86%, while for VPI-9, it was 62%.?® This
higher amount of lead exchanged could explain the greater effects from ion exchange seen on
VPI-7 (see below). The mid-infrared (MIR) peaks and assignments for the VPI-7 samples are
shown in Table B.1 and Figures B.1 and B.2.
Table B.1 Table of Mid-IR peaks of VPI-7 samples.

As-made VPI-7 VPI-7 Al VPI-7 A2 VPI-7 Cl VPI-7 C2 Assignment
3557 m 3509 sh 3509 sh 3558 m 3556 m v, OH™
3099 m, br 3355 st, br 3335 st, br 3124 m, br 3180 m, br vs OH --- H**
2387 w, br 2363 w, br v, CO,*°
1751 w 1751 w N-O or C=0 bonds™
1666 m 1640 m 1646 m 1652 m 1651 m & water’3*
1470 vw 1401 w 1407 w
1382s 1392 s 5 C-H*®
1330 s 1326 m
1201 sh 1210 sh 1210 sh
1094 s 1074 sh 1112 sh 1098 s 1096 s v, (0-T-0)"
1005 vs 1037 st, br 1043 st, br 1007 vs 1006 vs
977 sh 953 s 970 sh 973 sh
935 s 915 sh 912 sh 932 s 928 s Sliier;illgngf
796 m 807 m 808 m 796 m 797 m intertetrahedral vs
736 w 729 w 728 w (0-T-0)"
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Figure B.1 Mid-IR of XRD-amorphous VPI-7 samples.
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Figure B.2 Mid-IR of crystalline VPI-7 samples.

The ion-exchanged samples are named with A (amorphous) or C (crystalline) and then
either 1 or 2 to differentiate the samples. All of the samples have absorptions between 3600 and
3000 cm™ characteristic of isolated and hydrogen-bonded hydroxides, as expected from the
hydrophilic nature of the molecular sieves.’® The weak and broad peaks on the two XRD
amorphous samples, VPI-7 Al and A2, at ~2370 cm™ and 1751 cm” may be from lead nitrate
that was not washed out of the samples.”” There is a small peak at ~2211 cm™ that may be
adsorbed carbon dioxide.”® All of the samples show absorptions in the water bending-mode
region from 1666 to 1640 cm™ .*'*

The as-made VPI-7 sample has weak peaks at 1470 cm™ from structure-directing agent
that was not completely removed during washing. The two crystalline samples have weak
absorptions slightly lower, in the lead nitrate region, show that not all of the lead nitrate was
washed out. By contrast, the two amorphous samples have strong absorptions in the lead nitrate

region, after the same washing procedures for the crystalline samples, showing that the

amorphous structure retained more lead nitrate than the crystalline samples. The peak between
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1470 and 1401 cm™ on each spectra is probably C-H bending modes from leftover structure
directing agent.*® In the case of the XRD crystalline samples, those peaks could be nitrate from
the ion exchange, but that does not explain the presence of a similar peak in the as-made VPI-7.
The large peaks at 1094, 1005 and 997 cm™ are indicative of intratetrahedral asymmetric O-T-O
stretches within the microporous molecular sieves framework.'” '® The peak between 935 and
912 cm’ is at a slightly lower wavenumber than Flanigen’s guidelines pertaining to the
intratetrahedral asymmetric O-T-O stretches. That may be due to the impact of the zinc in the
tetrahedral sites (approximately 22%, as stated above) that could draw the microporous
molecular sieves peaks lower because of the higher weight of the neighboring zinc slowing the
oscillations. The peaks at 796 and 736 cm™ can be assigned to be intertetrahedral symmetric
stretches, between adjacent tetrahedral units.'” '®

The comparison of the as-made VPI-7 sample with the two ion-exchanged but XRD
amorphous samples in Table B.1 and Figure B.1 shows many differences. The peak at ~2375 cm”
! is within the expected range of the adsorbed CO,.*® There are also the much larger peaks at
~1378 and 1330 cm™ compared to the rest of the spectra, and these may be due to leftover
nitrates from the ion-exchange process.’® This indicates that the two amorphous samples retained
more nitrate after washing than the other samples. There is also the distinctly broader peak from
~1250 em™ to ~900 cm™ for both spectra that cover the area usually assigned to the
intratetrahedral asymmetric O-T-O stretches, and which in the other sample is seen as a trio of
independent peaks.'” '® This broadening is probably an indication of the disruption of the
structure from the ion-exchange of lead into the framework pores. The single peak at ~807 cm™
(in the symmetric intertetrahedral stretch region) indicates the continued presence of the O-T-O
bond between tetrahedral units, even if much of the order has been destroyed during ion
exchange.

The large peaks in Figure B.2 for the as-made VPI-7 and the two crystalline samples
from 1210 to 970 cm™ are similar, showing only small changes between the as-made and the ion-
exchanged samples. This is the short-range intratetrahedral asymmetric stretch region, and the
similarities indicate that ion-exchange did not affect the short-range structure of the samples, so

long as the samples remained crystalline.'” '®

By contrast the differences between the as-made
VPI-7 and the two amorphous samples shows different intratetrahedral environments (1210 to

970 cm™) when the crystalline structure was destroyed. Instead of three relatively distinct
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intratetrahedral environments, after ion-exchange there are many intratetrahedral environments,
indicating the destruction of the tetrahedra. However, the two amorphous samples have shoulders
in the skeletal T-O-T region from 935 to 912 cm™ which indicate the presence of some similar
tetrahedral environments within the samples compared to the XRD crystalline samples.*

Additionally all of the samples have similar peaks in the symmetric intertetrahedral region from

820 to 750 cm™.

FIR VPI-7
The far infrared (FIR) of the VPI-7 samples is given in Table B.2 and Figures B.3 and
B.4.
Table B.2 Table of Far-IR peaks of VPI-7 samples.
As-made VPI-7 VPI-7 Al VPI-7 A2 VPI-7 C1 VPI-7 C2 Assignment
intratetrahedral
653 w 669 w 683 665 w 665 w s (O—T-O)”
626 w 642 w 641 w
592 w .
552 m 552m 551 m double ring
mode
527 m, sh 530 w, sh 526 s, sh

513s 515s 510s

473 s 480 s 480 s, sh
475 s 445 s 17

§ (O-T-0)

442 s 442 s 440 s 440 s
433 s
405 s 402 s 406 s 406 s .

365 s 355 w 356 w Pore opening

modes
324w 329 m, sh 324w 326 w
257 S 258 w 254 S 256 m 256 w Unknown peak
230 s
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Figure B.3 Far-IR of amorphous VPI-7 samples.
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Figure B.4 Far-IR of crystalline VPI-7 samples.

As in the MIR, the as-made and crystalline samples are similar, but the amorphous
samples are very different. All of the samples have weak absorptions in the symmetric
intratetrahedral O-T-O region, showing similar intratetrahedral environments. The crystalline
samples absorptions in the double-ring mode region (from 650 to 500 cm™), the intratetrahedral
O-T-O bending mode region (from 500 to 420 cm™), and the pore opening mode region (420 to
300 cm™) are similar to the as-made sample, indicating very similar long- and short-range
structure. However, the crystalline samples show broader absorptions in this longer-range mode
region, indicating some effects from the ion-exchange of the larger lead ions for the smaller
sodium and potassium ions. The breadth of the amorphous sample’s absorptions indicates a
multitude of tetrahedral absorption regions, indicating the destruction of the crystalline structure.

Figure 3 gives an indication of the changes caused by ion exchange when the structure
becomes X-ray amorphous. The distinct order of the as-made VPI-7 sample disappears with the
amorphous Figure B.3 gives strong evidence of the destruction of the microporous molecular

sieves crystalline framework upon ion exchange.
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The comparison of peaks in the far infrared (FIR) for the as-made VPI-7 and the two
XRD crystalline samples can be seen in Table B.2 and Figures B.4. Figure B.4 shows significant
shape differences in peak shape between the as-made VPI-7 sample and the two XRD crystalline
ion-exchange samples. This region can be broken up according to Flanigen’s work into five
regions: intratetrahedral symmetric stretches (720 — 650 cm™), intertetrahedral double-ring
vibrations (650 — 500 cm™), intratetrahedral T-O bends (500 — 420 cm™), intertetrahedral pore-
opening (420 — 300 cm™), and below 300 cm™ the interactions between the charge balancing
cation with the microporous molecular sieves structure dominate.'” '* **2* There is a weak peak
at 665 cm™ for the two XRD crystalline samples at 665 cm™ in the intratetrahedral symmetric
stretch region but there is no equivalent peak in the as-made VPI-7 sample, likely due to the lead
ion exchange process. This may indicate a small change in the intratetrahedral stretches of the
sample from the ion exchange. At 653 cm™ the As-made VPI-7 sample has a peak, but it is not
seen in the other spectra. The two XRD crystalline samples have a peak at 641 cm™ in the inter-
tetrahedral double ring vibration region, but the most similar peak in the as-made sample is at
626 cm™. It can be seen that all three samples have two peaks, at ~552 cm™ and ~515 cm’, in the
double-ring vibration region. However the differentiation between the two peaks has decreased
compared to as-made VPI-7 sample. There is similarly less clarity between the peaks in the T-O
band region between 500 and 420 cm™. These decreases in delineation between the peak regions
may be indicative of a decline in the short-range order of the sample. This change in the short-
range order may not be visible in the XRD pattern, which examines the long-range order of the

sample.

MIR VPI-9
Table B.3 and Figure B.5 show the MIR spectra of the as-made VPI-9 and both the XRD

crystalline and amorphous VPI-9 samples.
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Table B.3 Table of Mid-IR peaks of VPI-9 samples.

As-made VPI-9 VPI-9 A VPI-9 C Assignment
3567w 3535 w, sh v. OH
3245 m, br
2836 m, br 2864 m, br Pb-NO3 peaks40
2248 w, br 2248 w 2238 w v CO¥
2035 w 2039 w 2033 w
1708 w 1734 w 1722 w N-O or C=0 bonds**
1444 w 3%
1411 w 1418 w 5 C-H
1108 s 1110's 1106 s
1027 vs 1026 vs 1025 vs v, (O-T-0)"
1003 vs 995 sh 998 vs
972 vs 976 vs 973 vs Skeletal T-O-T
892 s 890 s 890 s vibrations™
771 m 768 m 767 m .
vs (O-T-0)
713 w 713w
K VPI-9 A
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Figure B.5 Mid-IR of VPI-9 samples.
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The as-made VPI-9 sample has both isolated and hydrogen bonded hydroxide stretches,
similar to the VPI-7 samples. VPI-9 C has small absorptions for both hydroxide stretches, but
VPI-9 A does not. VPI-9 A and C have a large absorption at 2864 or 2836 cm™ due to lead
nitrate.** All of the samples show similar absorptions between for adsorbed CO, from 2200 to
2000 cm™.*® The ion-exchanged samples show C-H bending modes, but the as-made VPI-9 does
not.”® This is unusual as none of the samples would be expected to show signs of hydrocarbons.
The cause of this is unknown. The intratetrahedral asymmetric stretch region from 1110 to 972
cm” is very similar for all the samples, except that the ion-exchanged samples have reversed
intensities for their strongest peaks, compared to the as-made sample. This may be due to the
jon-exchanged lead affecting the short-range (intratetrahedral) structure of the samples.!” The
peak at 890 cm™ only appears for the ion-exchanged samples, but its identity is unknown. All of
the samples have medium absorptions in the intertetrahedral symmetric O-T-O stretch region at

~770 cm’, indicating little disruption of the intertetrahedral stretches.'” '

The ion-exchanged
samples each have a peak at 713 cm™ from lead nitrate.*

Retention of both of the ion-exchanged samples exhibit peaks in the nitrate absorbance
region, which indicates some of the nitrate from the ion exchange remained after washing.* In
the intratetrahedral region it can be seen that the intensities of the large peaks at ~1025 and ~973
cm™' change their relative intensities from the as-made to the ion-exchanged samples. This may
indicate a change in intratetrahedral structure upon ion exchange. The as-made sample also has a
peak at 928 cm’', which is not apparent in the other samples. The reason for this peak is
unknown, but it fits in the skeletal T-O-T vibrations. In the region from 770 cm™ to 620 cm™ the

spectra are similar, but with slightly different peak intensities, which again indicates some

changes in the structure upon ion exchange.

FIR VPI-9
The FIR spectra can be seen in Table B.4 and Figure B.6.
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Table B.4 Table of Far-IR peaks of VPI-9 samples.

As-made VPI-9 VPI-9 C VPI-9 A Assignment
680 m 679 m 679 m vs (O-T-0)"7
631 m 630 m 629 m
614 w 616 w 616 w
540 m 542 m 540 m double ring modes'’
526 s, sh 525s, sh 525 s, sh
515s 514 s 513 s
495 sh 499 sh 496 sh
489 sh 490 sh 490 sh 17
8 (O-T-0)
453 s 453s 455's
430 sh 431 sh 429 sh
406 m 407 m 408 m
373 m 373 m 372 m Pore opening modes'’
343 m 343 m 345 m
VPI-9 A
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Figure B.6 Far-IR of VPI-9 samples.
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The similarities between the spectra in this region, which primarily examines the long-

range structure of the samples, is apparent. This indicates that despite the VPI-9 A sample

becoming XRD amorphous, the there was no apparent change in the structure visible using FIR.
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Comparing the IR visible structural effects of lead-ion exchange for VPI-7 and VPI-9, it
is clear that the VPI-7 structure was changed more dramatically than VPI-9. This is likely due to
the greater amount of lead ion-exchanged. This spectra is very similar between ion-exchanged
and as-made VPI-9 sample, indicating that the ion exchange did not affect the inter- and

intratetrahedral structure of the microporous molecular sieves as much as in VPI-7.

Conclusions
The mid- and far- infrared spectra of VPI-7 and VPI-9, and lead ion-exchanged molecular
sieves have been reported and band assignments have been made. Inter- and intratetrahedral
structure changes caused by lead ion-exchange can be clearly seen in the differences in the MIR
and FIR of VPI-7 (Figures B.1, B.2, B.3, and B.4), while structure changes caused by lead ion-
exchange in VPI-9 are more difficult to identify. This may be due to the smaller amount of lead
that was ion-exchanged by VPI-9. This work demonstrates the utility of MIR and FIR for the

qualitative analysis of chemical effects on zeolite structures as a compliment to XRD.
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Appendix C - The Effects of Aluminum Isopropoxide Sublimation

on Aluminophosphate Molecular Sieve Particle Size

Sean R. Tomlinson, Xin Sun, John R. Schlup, Jennifer L. Anthony*

Abstract

The effect of the polymeric state of the aluminum isopropoxide reagent on the particle
size of AIPO4-5 and AIPO4-11 aluminophosphate molecular sieves (AIPOs) is examined. AIPOs
were synthesized in both water and ionic liquid solutions with sublimated and unsublimated
aluminum isopropoxide, and the AIPO particle sizes are compared. The systems are also
examined for the effect of solvent on the syntheses, as well as the effect of differences in
temperature and duration of heating. It is found that sublimation of aluminum isopropoxide
produces significantly larger particles in all syntheses. Solvent is found to play an important role
in AIPOs-5 particle sizes, but a less significant role in AIPO4-11 particle sizes. The duration of
heating and temperature have a small effect the product formed in AIPO4-5 syntheses. Aluminum

isopropoxide’s role is discussed and causes of the larger particles produced are identified.
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Introduction
Microporous materials, including aluminosilicate zeolites and aluminophosphate
molecular sieves (AIPOs), are widely used in a variety of applications such as catalysis, ion
exchange, soaps, and membranes.'* Because of their wide variety of applications, much
attention has been devoted to the formation of both aluminosilicates and aluminophosphates in
the effort to direct their synthesis, with particular emphasis on controlling particle size.”™
Solution chemistry effects on aluminosilicate formation have been examined in a variety of

10-12 the effects of cation-to-

papers wherein the authors have analyzed the effects of alkalinity,
aluminum ratio,” silica-to-alumina ratio,'* and the effects of sodium ions and ageing.'” The
effects of both the silica'® and aluminum source'”® have been examined. Additionally, the
impact of agitation on the solution have been investigated.?" %

Aluminophosphate molecular sieves have received less attention,” but work has been
done to examine the effects of temperature control,** water content,””> and seeded grow‘[h.26 A
novel method of AIPO synthesis uses ionic liquids (IL), low-melting point organic salts, as the

272 Because of the IL’s

solvent to replace water in a method called ionothermal synthesis.
polarity they can dissolve the precursors of AIPOs and behave as both solvent and structure
directing agent.’® In particular, the vanishingly low vapor pressure of many ionic liquids is
beneficial for safety.”’ Finally, new framework structures have been synthesized in ionic liquids

32-34

that have not been synthesized in water, as well as modified versions of previously known

35
structures.

Aluminum isopropoxide is a common reagent for both zeolite and AIPO synthesis.”**

41, 42
**“and as a

Aluminum isopropoxide exists in three polymeric forms, a dimer in the vapor phase
trimer upon distillation that ages to a tetramer in the solid phase.*"* **** Duda et al. have reported
that the trimer and tetramer form have been found to behave differently as initiators for organic
polymerization reactions, wherein the trimer form reacts more rapidly than the tetramer form.****
However, how the different polymeric states affect microporous molecular sieve syntheses has
not been reported.

In this work we examine how the trimer and tetramer forms of aluminum isopropoxide
affect AIPO particle size. Two AIPOs, AIPO4-5 (AFI) and AIPO4-11 (AEL) are synthesized
using both hydrothermal (water as solvent) and ionothermal synthesis with sublimated (trimeric)

and unsublimated (tetrameric) aluminum isopropoxide. The crystal structures are confirmed with
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X-ray diffraction (XRD), and their particle sizes were measured via scanning-electron

microscope (SEM).

Experimental Section

Aluminum isopropoxide (99%, Aldrich) was sublimated in a glass vessel in an oil bath at
140°C, under vacuum, with a tap water condenser. Syntheses were performed immediately with
the freshly sublimated aluminum isopropoxide to minimize aging effects. The unsublimated
aluminum isopropoxide was used directly from the container with no further purification.

Hydrothermal synthesis of AIPO4-11 (AEL) was performed as follows. A gel with the
mole ratio composition of 1 Al,Os;: 1 P,Os: 1 dipropylamine: 70 H,O was prepared.
Orthophosphoric acid (85%, Fisher) and aluminum isopropoxide (99%, Aldrich) were added to
water and stirred at room temperature for 90 minutes. Then dipropylamine (DPA; 99%, Acros)
was added before stirring another 90 minutes. The mixture was then transferred to a Teflon liner
in a stainless steel autoclave. The mixture was heated at 185°C for 30 hours. The autoclave was
quenched in water, allowed to cool, and then the product was recovered with a Fisher Scientific
Centrific Model 228 centrifuge operating at 3,300 rpm for 5 minutes. The clear solution was
decanted. The solid product was washed and centrifuged again for 5 minutes. This solution was
decanted, and the product dried.

Ionothermal synthesis of AEL used the ionic liquid 1-ethyl-3-methylimidazolium
bromide (emimBr) as the solvent. The molar composition of the gel was 1 Al,O5: 2.6 P,Os: 0.6
HF: 20 emimBr: 1.5 DPA. Aluminum isopropoxide, phosphoric acid, hydrofluoric acid, and
DPA were added to the previously melted ionic liquid and then stirred vigorously at 100°C for 30
minutes. The mixture was then transferred to a Teflon liner in a stainless steel autoclave, heated
at 190°C for 4 hours, quenched, and allowed to cool. The solid product was recovered via
centrifuge for 5 minutes, and the clear solution was decanted. The product was washed,
centrifuged again for 5 minutes, the solution was decanted, and the product dried.

Hydrothermal synthesis of AIPO4-5 (AFI) was performed with a gel have a composition
with mole ratios of 1 Al,O3: 1.3 P,Os: 1 tripropylamine: 40 H,O. Orthophosphoric acid (85%,
Fisher) and aluminum isopropoxide (99%, Aldrich) were added to the water and stirred at room
temperature for 30 minutes. Tripropylamine (TPA; 99%, Acros) was added before stirring

another 30 minutes. The mixture was then transferred to a Teflon liner in a stainless steel
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autoclave. The mixture was heated at 150°C for 48 hours. The autoclave was quenched in water
and allowed to cool. The product was centrifuged for 5 minutes, and the clear solution was
decanted. The solid product was washed, centrifuged again for 5 minutes. The supernatant
solution was decanted, and the product dried. To compare effects of heating time and
temperature on the synthesis, this synthesis was repeated with sublimated aluminum
isopropoxide for 4 hours at 190°C, but yielded no crystalline product.

Ionothermal synthesis of AFI used the ionic liquid 1-butyl-3-methylimidazolium bromide
(bmimBr) as the solvent. The gel molar composition was 1 Al,Os3: 2 P,Os: 0.6 HF: 20 bmimBr:
1.5 DPA. Aluminum isopropoxide, phosphoric acid, hydrofluoric acid, and DPA were added to
the previously melted ionic liquid and then stirred at 100°C for 30 minutes. Then the mixture
was transferred to a Teflon liner in a stainless steel autoclave, heated at 190°C for 4 hours,
quenched, and allowed to cool. The product was recovered via centrifugation for 5 minutes, and
the clear solution was decanted. The solid product was washed, centrifuged again for 5 minutes.
That solution was decanted, and the product dried. To compare effects of heating time and
temperature on the synthesis, this synthesis was repeated with sublimated aluminum
isopropoxide for 48 hours at 150°C.

The framework structures of the materials were identified by powder X-ray diffraction,
obtained on a Rigaku Miniflex II diffractometer with a graphite monochromator and CuKa
radiation (A = 1.5406 A). The particle sizes were measured with scanning electron micrographs
(SEM) performed on a Hitachi S-3400N scanning electron microscope. Particle sizes for each
synthesis were measured using Martin’s diameter.*’ At least 300 particles per sample were

examined from multiple images.

Results and Discussion
Figures C.1 and C.2 show the powder XRD of the AEL and AFI samples. All of the
results match with the powder patterns from the International Zeolite Association database.™
These figures confirm the synthesis of the AEL and AFI type AIPOs using the novel ionothermal

synthesis methods described above.™
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Intensity (cps)

20/°

Figure C.1 XRD patterns of (a) hydrothermal AEL with sublimated aluminum
isopropoxide, (b) hydrothermal AEL with unsublimated aluminum isopropoxide, (¢)
ionothermal AEL with sublimated aluminum isopropoxide, and (d) ionothermal AEL with

unsublimated aluminum isopropoxide.

Intensity (cps)

20/°

Figure C.2. XRD patterns of (a) hydrothermal AFI with sublimated aluminum
isopropoxide, (b) hydrothermal AFI with unsublimated aluminum isopropoxide, (¢)
ionothermal AFI with sublimated aluminum isopropoxide, (d) ionothermal AFI with

unsublimated aluminum isopropoxide, and (e) ionothermal AFI with sublimated aluminum

isopropoxide 48 hour syntheses.
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Table C.1 gives the mean and median particle size, the standard deviation of the particle
size distribution, and the largest particle found for each sample. The smallest particles observed
in all syntheses were approximately 0.5 pm. Figure C.3 compares the mean particle size for all of
the syntheses with a 99% confidence interval for each sample mean.

Table C.1 Aluminophosphate particle size information (in pm) including mean (with

experimental error), standard deviation, median, and largest particle obtained.

Hydrothermal | Ionothermal | Hydrothermal | Ionothermal
AEL AEL AFI AFI
Sublimated
_ aluminum 50206 | S4+1 | 198+15 | 3.4+06
isopropoxide —
Mean (pum)
Standard 42 7.2 18.8 23
deviation (um)
Median (um) 3.5 2.8 11.6 2.9
Unsublimated
_ aluminum 33+0.6 3.6+0.8 7.5+0.9 1.6+ 0.4
isopropoxide —
Mean (um)
Standard
deviation (um) 3.6 3.7 59 1.6
Median (um) 2.1 24 6.1 1.0
48 hour, 150°C
synthesis of
ionothermal AFI 2.0£0.5
— Mean (um)
Standard 18
deviation (um) :
Median (pum) 1.4
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Figure C.3 Sample mean particle size of AEL and AFI, synthesized both hydrothermally

and ionothermally with bars showing 99% confidence interval (o = 1%) for the mean. In

every sample the mean particle size for the sublimated sample is statistically greater than

the unsublimated sample.

As seen in Table C.1, a broad range of particle sizes were obtained for each sample,

which contributes to the differences between the mean and median particle sizes. The smallest

particles observed from all the syntheses were approximately 0.5 um, and the largest particles

obtained from each synthesis are noted in Table C.1. The sample mean with a 99% confidence

interval (o = 1%) 1s used to compare the particle size distributions in Figure C.3. The confidence

interval indicates the reproducibility of the mean and the region in which 99% of the

measurements of the mean will fall. The mean particle size of each sample prepared with

sublimated aluminum isopropoxide is statistically greater than the mean particle size of samples

prepared with unsublimated aluminum isopropoxide (as shown by the 99% confidence interval).

The particle size distributions for each sample are available in the supporting information.”'
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The synthesis of AEL yields similar particle sizes for hydro- (5.0 and 3.3 pum) and
ionothermal (5.4 and 3.6 um) syntheses, showing that they are insensitive to water versus ionic
liquid as the solvent. However, the mean of the hydrothermal AFI samples is much larger (19.8
and 7.5 pm) than the mean of the ionothermal AFI (3.4 and 1.6 pm), showing a strong solvent
sensitivity.

The effect on particle size of water concentration for similar synthesis methods can be
seen in the differences between hydrothermal AEL and AFI. Hydrothermal AEL (Figures C.4(a)
and C.4(b),) was synthesized with a water to alumina mole ratio of 70, while hydrothermal AFI
(Figures C.5(a) and C.5(b),) was synthesized with a water to alumina mole ratio of 40. The lower
water mole ratio resulted in larger particles when using either sublimated or unsublimated
aluminum isopropoxide. In 2000 Wan et al. reported that an increase in solution concentration
yields larger and more rapid particle formation for AFL* The lower amount of water in the AFI
synthesis (therefore higher concentration of reactants) compared to the AEL synthesis may
explain the larger particle size for the hydrothermal AFI compared to hydrothermal AEL.?

The effect of different ionic liquids used at the same alumina-to-solvent mole ratio can be
seen in the differences between ionothermal AEL and AFI. Ionothermal AEL was synthesized
with emimBr, while ionothermal AFI was synthesized with the larger bmimBr. The different
ionic liquid may explain the different particle sizes obtained. In 2002, Seddon et al. demonstrated
that smaller cations have a lower viscosity, given the same temperature and anion, than larger
cations.”> Thus, the smaller particles in AEL may be due to the lower viscosity of the larger
bmimBr ionic liquid slowing mass transfer because of its higher viscosity, thus promoting larger
crystals.

In addition to solvent effects, the effect of heating duration and temperature were
examined. Originally hydrothermal AFI was heated for 48 hours at 150°C, and ionothermal AFI
was heated for 4 hours at 190°C. To examine the effect of synthesis conditions on the product
particle size, the synthesis conditions were reversed. Hydrothermal AFI with sublimated
aluminum isopropoxide was heated for 4 hours at 190°C, and ionothermal AFI with sublimated
aluminum isopropoxide was heated for 48 hours at 150°C. These syntheses were chosen because
they produced the same material with a large difference in particle sizes from very different
synthesis times and temperatures. The goal was to see what particle sizes would result from a

shorter time with higher temperature for the hydrothermal synthesis and from a longer time with
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lower temperature for the ionothermal synthesis. The hydrothermal synthesis at shorter time and
higher temperature produced no crystalline product, but the ionothermal synthesis at longer time
and lower temperature did produce AFI. The crystals, however, were significantly smaller than
those produced by heating the sample for 4 hours at 190°C. This indicates that while time and

temperature do play a role in the synthesis, the composition of the solution is more influential.

Sublimated Unsublimated

I

%

Hydrothermal

lonothermal

Figure C.4 SEM images of AEL AIPO products. Hydrothermal syntheses images a and b,
ionothermal syntheses images ¢ and d. Syntheses with sublimated aluminum isopropoxide a
and ¢, with unsublimated aluminum isopropoxide b and d. Larger particles resulting from
the use of sublimated aluminum isopropoxide are visible in the images.

As seen in Figure C.4, the AEL samples prepared with sublimated aluminum
isopropoxide are larger than the samples prepared with unsublimated aluminum isopropoxide for
both hydrothermal and ionothermal syntheses. However the particle sizes (as measured with
Martin’s diameter for all particles)® for both sublimated (4(a) and 4(c)) and both unsublimated
(4(b) and 4(d)) syntheses are statistically similar, showing that the particle sizes from the AEL
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syntheses were not dependent upon solvent. Images 4(a), 4(b), and 4(c) all show primarily single
particles of irregular shapes over a broad range of sizes. By contrast, ionothermal AEL
synthesized with unsublimated aluminum isopropoxide, seen in 4d, shows irregular aggregates of

large rod-like particles, which were not seen in any other synthesis.

Sublimated Unsublimated

Hydrothermal

lonothermal

Figure C.5 SEM images of AFI AIPO products. Hydrothermal syntheses images a and b,
ionothermal syntheses images ¢ and d. Syntheses with sublimated aluminum isopropoxide a
and ¢, with unsublimated aluminum isopropoxide b and d. Much larger particles are
present in the hydrothermal syntheses (a and b) than in the ionothermal syntheses (¢ and
d), showing the importance of the solvent in theses syntheses.

In contrast to Figure C.4, the AFI particles seen in Figure C.5 show a strong particle size
dependence on solvent. The hydrothermal AFI syntheses yield the largest particles of the systems
examined (with a mean particle size of 19.8 um and 7.5 pm, for the samples prepared with
sublimated and unsublimated aluminum isopropoxide, respectively), while the ionothermal AFI

syntheses produced the smallest particles (with a mean particle size of 3.4 um and 1.6 um for the
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samples prepared with sublimated and unsublimated aluminum isopropoxide, respectively).
Image 5(a) shows large hexagonal prisms with some spherical particles, while 5(b) shows
spherical agglomerates with some small prisms. The particles seen in images 5(a) and 5(b) are
similar to those that have been seen in the literature, but these particles are much larger.”” In
2000, Wan et al. showed the particle shape difference was due to different water concentrations
in the original solutions; here the difference is due to the different aluminum isopropoxide
used.” Images 5(c) and 5(d) are very similar, with more larger individual particles present in 5c,
but the particles are very different from those obtained by hydrothermal synthesis.

Unlike the AFI syntheses where the solvent plays a large role in the particle size, the
aluminum isopropoxide state affects all the systems. Aluminum isopropoxide has been found to
exist in three polymer forms: a gas-phase dimer, and a trimer that slowly ages to a tetramer in the
solid phase upon distillation.*" ¥ > As the sample ages after distillation, becoming less
trimeric and more tetrameric, the melting point increases.* It has been found in our laboratory
that aluminum isopropoxide samples with higher concentrations of trimeric form have a higher
solubility.”* ** Therefore it is likely that as aluminum isopropoxide ages from trimer to tetramer,
its solubility will decrease. In addition, the trimer is very soluble in pyridine while the tetramer is
nearly insoluble.’® Thus it is expected that the lower solubility of the tetramer will result in less
mass transfer to the growing AIPO particles, resulting in smaller particles than the AIPO
prepared with the aluminum isopropoxide trimer from sublimation. The trimer form of aluminum
isopropoxide has been seen to react faster than the tetramer form in other reactions.***
Therefore, different results from the syntheses when using sublimated (trimer) aluminum
isopropoxide and unsublimated (tetramer) aluminum isopropoxide are expected. Figure C.6
shows SEM images of sublimated and unsublimated aluminum isopropoxide. Figure C.6(a)
shows smaller, regular particle sizes for the sublimated aluminum isopropoxide, while Figure
C.6(b) shows a very large particle with a range of particle sizes for the unsublimated aluminum

isopropoxide.
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Figure C.6 SEM images of sublimated (a) and unsublimated (b) aluminum isopropoxide.

(a) shows consistent particle size, while (b) shows a few very large particles with many
smaller particles on the surface of the larger particles.

Sublimated aluminum isopropoxide yielding larger AIPO particles than unsublimated
aluminum isopropoxide is likely due to several phenomena combining to increase mean particle
size. It has been seen that sublimated (trimer) aluminum isopropoxide has greater solubility than
unsublimated (tetramer) aluminum isopropoxide in pyridine.’® Other work in our lab has shown
that trimeric aluminum isopropoxide has greater solubility in ionic liquids than tetrameric
aluminum isopropoxide.”* *> This higher solubility of the trimeric sublimated aluminum
isopropoxide enables greater mass transfer to the growing AIPO particles, increasing AIPO
particle size. Additionally, Ostwald ripening consumption of small AIPO precursors contributes
as well. The increased solubility of sublimated aluminum isopropoxide leads to the rapid
formation of many nascent AIPO particles, which are consumed by Ostwald ripening, yielding
larger particles. This is in contrast to what occurs for the unsublimated aluminum isopropoxide
which dissolves more slowly, resulting in fewer precursor units available to be consumed by

Ostwald ripening and therefore a smaller mean particle size.

Conclusions
In the present work, we have examined the effects of sublimation of aluminum
isopropoxide on aluminophosphate particle size. The results show that sublimation of the
aluminum isopropoxide yields significantly larger particles. Sublimated aluminum isopropoxide
dissolves more easily; and Ostwald ripening consumes the nascent AIPO particles formed in

solution, increasing particle size. The AEL particle size was not influenced by using water versus
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ionic liquid, but the AFI particle size depends on the solvent. The concentration of the solvent is
important for the hydrothermal syntheses; less solvent (therefore a higher concentration of
reactants) produced much larger particles for AFI compared to the larger amount of solvent
present in the AEL syntheses. The duration and temperature of heating affect the product, but not

sufficiently to explain the very large AFI particles produced.
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Appendix D - GRAMS/AI Peak-Fitting of Infrared Spectroscopic

Information

Peak-Fitting Background
Infrared spectroscopy is a powerful qualitative tool for molecular analysis. It is possible
to quantitatively analyze the spectra obtained, but the data must be curve-fit to obtain that
quantitative information.® The infrared spectrometer control software WINFIRST version 3.61,

June 17, 1999, was used for this research.

GRAMS/AI Software
The software used for this peak-fitting analysis is part of the GRAMS (Graphic
Relational Array Management System) Spectroscopy Software Suite, Thermo Fisher Scientific
Inc. This work was conducted on software version 9.00 R2. GRAMS/AI is capable of peak-
fitting, data smoothing, quantitative analysis, peak picking, and integration. GRAMS/AI can be
applied to data from FT-IR, NMR, diode-array UV-VIS, NIR, Raman, GC-MS, and
chromatography. GRAMS/AI software has been widely used for FT-IR, Raman, NMR, and UV-

VIS spectroscopy.”?

Application of GRAMS Software to Peak-Fitting ATR Data

This section assumes that the user already has two spectra, a solvent spectrum and a
solution spectrum using the same solvent. The solution spectrum is the spectrum of the solvent

with solute.
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To open GRAMS/ALI double click on the icon on the desktop or find it in the start menu.
After opening the program, the user will see Figure D.1, the blank graphic user interface of the

program.

1 Untitled - GRAMS/AI
Fle Edit View Insert Applications Add-ons Tools Help

| See B & Sk e[| 4 3o A4 Ao [0 02 | &[] ™=
Interactive Data Viewer

[EE]

Parameters
Wiorkspace Tools

Programming

Figure D.1 GRAMS graphic user interface.
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Since the WinFIRST software used to obtain the spectrum for this research uses a

different file format than GRAMS/AL the first step is to change the format of the file. To do that,

click on the “Import (by Instrument Type)...” button in the top center of the image (see Figure
D.2).

¢l Untitled - GRAMS/AI CEX

Fle Edit View Insert Applications Add-Ons Tools Help

(SEw|E &mW =e U4 3o AR Sk @ F | FED B

Figure D.2 Import (by Instrument Type)... button.
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Then scroll through the “GRAMS/AI — Import File” list to find the type of instrument
that was used. In this case, use the “Mattson FIRST/WinFIRST FT-IR”. Then click Next (Figure
D.3).

8! Untitled - GRAMS/AI 3 || X
Fle Edit View Insert Applications Add-ons Tools Help

| See B & Sk e[| 4 3o A4 Ao [0 02 | &[] ™=
Interactive Data Viewer
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LeCroy 94xx Dsciloscopes
Linear Instruments DAD
Lotus 123 Worksheet [v1.05)
Lotus 123 Workshest (V2.0)
LTI Spectiab etriz/PovwerScan
RS

Filter List Feset
MNext I Canecel | Instrument Help |

Parameters
Wiorkspace Tools

Programming Page 1

Figure D.3 Selecting file type to import.
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The user will have to be aware of what file type they are using. In this case, it is the .abs
(absorbance) file type, and the particular file of interest is OC1112S1.abs (the October 1",
2012, pure solvent absorbance spectrum). Select the solvent file that needs to be saved as a new

file type (Figure D.4).
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Figure D.4 Opening solvent spectrum file.
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With the solvent spectrum on the main screen, now go to File > Save Trace As, then find
where to save the file and save it as a .spc file type (Figure D.5).

S| Untitled - GRAMS/AL
Fle Edit View Insert Applications Add-Ons Tools Help

Select New Data File Name

E”E :A. ‘° ‘% oy ﬂ | H@| Import (by Instrument
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@ @ e B
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&

Desktap

©

My Documents

®

My Computer

&

My Metwark File pame:
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|EEERES]

Save I
Cancel

Saveastpe:  [SPC

=]
El

Parameters

Wiorkspace Tools

Programming

Page 1

‘ ociizst | ectl12s1 Thu Det 11 09:29:56:51 2012

Figure D.5 Saving solvent spectrum as .spc file.

Now that the solvent is saved in the GRAMS/ALI file type (.spc), it is possible to begin finding

the difference spectrum to examine only the solute without the solvent.
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To begin this process, find and open the solution file following the same “Import (by

Instrument Type)...” process described above (Figures D.2 through D.5), in this case file

OC1112S2.abs. When the solution file is open, go to Applications > Spectral Subtract (Figure
D.6).
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Figure D.6 Spectral Subtract
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When spectral subtract is open, the first thing to do is change the “Subtrahend”. Click on
the Select button (Figure D.7).

(51 Untitled - GRAMS/AI

Subtraction Options [ X
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iJ start 2 6l E (8] Untitlec

Figure D.7 Select new subtrahend.
Click on Select, and then click on Replace. Navigate to find the solution file that was

saved above (Figure D.5), and then click on “Open”.
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Figure D.8 shows the resulting image, with the difference spectra in blue at the top, the
subtrahend (the solvent spectrum) in green at the bottom, and the solution spectrum in red

overlaid atop the subtrahend.
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Increment; 01
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Minimun [1:52805
Mg 152805
Toleranee:  [000M

Autoscale: ¥ Autgsubtiact

Result
0111252 - [0c111251 1)

Optimization Range
Lefty:  |3999.67

Al
Right>: |a33635 4

Sublrahend
Select| oo 11251 spe

054

bpply | Autoscals| Scale
DTEAED 3500 0K ‘ Cancel | Help |
SUBTRACT
-.05 Sample File = OC111252
DTEAED et Subtrahend = OC111251

Page 1 ($)AB Output 1

SUBTRACT | BOTTOMtrace box to Zoom. Adjust BLUE Region lines to set Dptimization Region, Grab RESULT trace to wary Factor. =0

[r—
;"; start £) 6 E e (6] Untitled - GRAMS}AL [ sl wmFRsT W k1., subtrahend. ..

Figure D.8 Initial difference spectrum. The circle indicates the Amide I and II regions of
interest.

Now the subjectivity of spectral subtraction comes into effect. In order to successfully
subtract a solvent, certain requirements of the resulting difference spectrum must be met. Spectra
can be subtracted by either clicking-and-holding on the difference spectrum above and then
rolling the mouse forward and back to subtract the subtrahend, or the “Subtraction Factor” can be
manually input in the top right of the screen. First, one must know what region is of interest. In
this case, it is the Amide I and II region from ~1700 to ~1500 cm™ (area encircled by the circle

in Figure D.8). It is important that the region of interest be examined carefully, so all the rest of
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the difference spectrum must be minimized, but without overly subtracting any part. Figure D.9
shows the effects of under-subtraction (the region of interest is not clearly visible).
(51 Untitled - GRAMS/AI ﬂlﬂlﬂ

Subtraction Options g‘
Result Subtraction Factor

Eactor: 0.53398 j
Increment (8]
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———
iJ start 2 6l E (6] Untitles

Figure D.9 Effects of undersubtraction.
Note how in Figure D.9 the smaller peak clearly visible in Figure D.8 is obscured by the

larger peak that has not been effectively removed by subtraction. This will lead to poor peak-

fitting.
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Figure D.10 shows the effects of over-subraction.
[Clumied Rt - e x]
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Result Subtraction Factor
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Figure D.10 Effects of over subtraction.

In Figure D.10 the region of interest is again harmed by the subtraction, this time
resulting in a smaller Amide I peak than it ought to be. Preparing a difference spectrum is a
balancing act between removing too much and too little solvent. It is also important to note that
the baseline of the spectrum (in Figures D.8 through D.10) ought to be flat in the difference

spectrum, no matter the baseline in the solvent and solution spectra.
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Good subtraction can be seen in Figure D.11

Wﬂm"—ul
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Figure D.11 Good subtraction with the region of interest noted.
Figure D.11 has good subtraction, with a flat baseline and minimized solvent
contributions to the spectrum. Now click “OK”, and then “Replace”. Next, click File > Save
Trace As... and save the file. It is possible to save this with the same file name used for the

original WinFIRST solution spectrum as the file type is now different (GRAMS/ALI uses the .spc
file type).
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The next step is to select the region of interest by clicking and dragging a box (see Figure
D.12). The box size can be edited by clicking and holding on each of the 8 solid black boxes

around the outside. This enables the user to alter the size after creating the box initially.
(5] Untitled - GRAMS/AI WG]

Fle Edit View Insert Applications Add-ons Tools Help
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Figure D.12 Selecting the region of interest.

In this case, the region of interest is the two peaks at approximately 1650 and 1550 cm™.
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Then place the cursor into the box selected (the cursor will turn into a box with a + sign

inside, and then click. This will zoom into the selected area (see Figure D.12).

Si Untitled - GRAMS/AI

Fle Edit View Insert Applications Add-Ons Tools Help
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Figure D.13 Zoomed area of interest.
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Now that the area of interest is selected, go to Applications > Advanced Processing >

Peak Fitting, and click on Peak Fitting (see Figure D.14).
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Figure D.14 Selecting peak fitting.
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That will lead to Figure D.15, the Peak Fitting screen. Note the menu right side of the
image that says “Peak Fitting Options” with the tabs Peaks, Find, Iterate (currently greyed out

because there are no peaks to iterate) and Options.
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Figure D.15 Peak fitting screen.

In the peak fitting screen it is possible to change the region of interest by entering
numbers into the Fitting Region Left X:, and Right X:, boxes. It is also possible to give the
difference spectrum a specified type of baseline (Baseline Function:). The second tab, Find, is
the command to have GRAMS/AI identify peaks on its own. First, change the Baseline Function
to None. This assumes that the baseline obtained for the difference spectrum is adequate, but it
also prevents GRAMS/AI from giving an erroneous baseline. Next, select the Find tab.

In the Find tab it is possible to change the type of Function the GRAMS/AI software
uses. Infrared spectroscopy often results in either a Gaussian or Lorentzian function, so select

Mixed G+L from the dropdown menu. The Sensitivity alters how many peaks the program will
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find. GRAMS/AI will find its own Full Width Half Height (FWHH). So now click on the “Find
Now” button. A notice box with the number of peaks found will pop up (in this case 14), and

then click “OK”. This will give Figure D.16.
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Figure D.16 Initial result of peak finding.

As one can see from the key above the image, the coloration of the lines are important.
Red is the difference spectra to be analyzed. Dark blue is the sum of the peaks (in green). Pale
blue is the second derivative of the red spectrum (the spectrum that is being fit), selected from
the Options tab. It is recommended to turn on the second derivative. The second derivative of the
difference spectrum is important because it can give strong indication of where the peaks are in
the difference spectrum. The second derivative is used to identify where to insert missing curves,
or delete extraneous curves from the peak fitting performed by GRAMS/AI Click on the “Pk

Params” button will give a list of the information for all the peaks found (see Figure D.17).
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Figure D.17 Peak parameters list.

In Figure D.17 a list of peaks is given. If there are peaks that are not wanted (for example
the peak at 1590.9952 cm™), it is possible to click on the peak number and then click delete to
remove it. If there are peaks missing from the list, by comparison with the pale-blue second
derivative line, it is possible to add them to the spectrum by right clicking where the maximum
of the missing peak is expected to be. It is also possible to change the peak parameters by
clicking on the “Edit” button. In there it is possible to change peak value (the location of the
peak maximum), height, and width, as well as fix any or all of those three parameters. However
in this case the peaks found match the second derivative of the difference spectrum (the pale blue

line), therefore click “OK”.
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The locations of Amide I secondary structure peaks from the literature are as shown in
Table D.1.7*
Table D.1 Amide I regions.

Peak name Location (cm™)
B-turn 1680 — 1665
a-helix 1665 — 1655

Random coil 1655 — 1645
B-sheet 1640 — 1615

There may be two B-sheet peaks present, depending on the protein. For example, the zein used
here has two B-sheet peaks, but those peaks are visible from the second derivative analysis

referred to earlier.
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Click on the Iterate tab of the Peak Fittings Option section of the screen, which will give
Figure D.18.
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Figure D.18 Iterate tab.

In the Iterate tab it is possible to change the number of iterations performed, and to “Run”, that
is, to use the Levenberg-Marquardt algorithm to adjust the peak parameters.{{}}'* " Clicking on

“Run” once results in the following image (Figure D.19).
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Figure D.19 Initial results of run.

Figure D.19 gives the initial results of the “Run” command. Occasionally a dialog box
will appear that will inform the user of errors that have occurred. Click “Cancel” on the dialog
box. In the case of Figure D.19 a reasonable fit has been obtained because the red (original data)
is overlaid by the dark blue (summation of fit curves) line. The statistics of the fit (RMS Noise,
Correlation (R?), and Standard Error can all be obtained by clicking on the “Statistics” button on

the right side.
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In this case there is a negative peak at approximately 1510 cm™ that can be removed by
clicking on the “Pk Params” button and then selecting the peak and then deleting it (see Figure
D.20).
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Figure D.20 How to delete a peak.

196



After deleting the peak, hit “Run” again in the Iterate tab. This will result in the following

image (Figure D.21).
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Figure D.21 Iterated peak-fitting.
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Now that the peak-fitting is completed, click on the Options tab and then click Output
Data Files Save. In the box that appears it is possible to save the results trace, peaks to metafile,
peaks to a .csv (comma-separated values), and a peaks report (which saves as a .txt file

information regarding the location, integrated area, and more of each peak) from the Options tab,

see Figure D.22.
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Figure D.22 Peak fitting save options.
In this case save the peaks to a .csv file and peaks report. It is possible to alter where the
files are saved by clicking the “Browse” button. The .csv file is used to recreate the plot seen in
Figure D.22 in a spreadsheet, while the Peaks Report is used to extract the necessary information

for the quantitative analysis of the results described in Chapters 5 and 6.
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Appendix E - Two-Dimensional Correlation Spectroscopy

This appendix provides some background and a step-by-step procedure for two-
dimensional correlation maps using 2Dshige© freeware, from Shigeaki Morita of Kwansei-
Gakuin University, 2004-2005. The 2Dshige© software is available for free from:

http://sci-tech.ksc.kwansei.ac.jp/~ozaki/2D-shige.htm

The author is grateful to Michael Hollock for his instructions how to use 2Dshige© and

guidance for 2-D correlation spectroscopy analysis.'

Background on Two-Dimensional Correlation Spectroscopy

Two-dimensional (2-D) correlation spectroscopy arose from the desire to improve the
visualization of complex nuclear magnetic resonance (NMR) spectra by spreading the peaks over
a second dimension, thereby enabling the examination of many overlapped peaks.” The
application of 2-D correlation spectroscopy to IR spectroscopy was first proposed by Noda in
1986."> When a perturbation is applied to a system various constituents of the system are
selectively excited or transformed. The changes caused by the perturbation can be monitored by
techniques such as NMR, IR, or Raman. The monitored changes are then transformed in to two
dimensions mathematically.” This monitoring of changes and mathematical transformation
process is the essence of 2-D correlation spectroscopy. One of Noda’s important contributions is
that 2-D correlation spectra consist of two orthogonal components, the synchronous and
asynchronous correlation spectra, which carry distinct and useful information for subsequent
analysis. Some of the advantages of 2-D correlation spectroscopy, as discussed in Two-

dimensional Correlation Spectroscopy, Noda and Ozaki, 2004, include the simplification of

complex spectra of many overlapped peaks, probing the sequential order of spectral changes, the
heterospectral correlations arising from the correlation of two different types of spectroscopy,
and finally the universal applicability of the technique which is not limited to any type of

spectroscopy or analytical technique.’

Data Analysis
The original data were obtained in the course of the research for this dissertation,
monitoring secondary structure changes of the protein zein as a function of temperature. Infrared

spectroscopy (IR) was performed with a Mattson Cygnus IR spectrometer, using a Harrick
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http://sci-tech.ksc.kwansei.ac.jp/~ozaki/2D-shige.htm

Scientific Horizon attenuated-total reflectance (ATR) accessory with a zinc selenide crystal and a
temperature controlled top plate. The IR spectrometer control software is WinFIRST, version
3.61, from Mattson Instruments of Madison, Wisconsin. Each sample and background spectrum
was collected with 256 co-added scans at 2 cm™ resolution. Spectra were obtained from 25°C to
95°C every 10°C, with each temperature being held for 20 minutes prior to obtaining the spectra.
Thus the perturbation applied to the system was systematically increasing temperature.

The 2Dshige© program states it can use raw data; however, no useable results were
obtained. Thus a dynamic spectrum was prepared. A dynamic spectrum is the difference between
the perturbed data and some reference spectrum. The reference spectrum can be the original (pre-
perturbation) spectrum, or the final (post-perturbation) spectrum. However, Noda and Ozaki

recommend the following equation to calculate the reference spectrum:*

Tmax
Yref = ;f y(T)dT 1

Tmax—Tmin ~ Tmin

In equation 1 yr is the reference data, y(T) is the original data, T is temperature (in
degrees Celsius in this work), Tmax was 95°C, and Ty, was 25°C. Equation 1 was evaluated
numerically, using Simpson’s rule. As there were eight columns of data as a function of
temperature, from 25 to 95°C, it was found that h = 10 ([95-25]/[8-1] = 10). Equation 2 is an

example Microsoft Excel formula for the Simpson’s rule numerical integral:
=10/3*(B2+4*C2+2*D2+4*E2+2*F2+4*G2+2*H2+12) 2
Multiplying the results from equation 2 by the coefficient 1/(95-25) results in the

reference spectrum for the data, equation 1.

Using the reference spectrum, the dynamic spectrum was calculated using equation 3:

Ydynamic = Y(T) — Yref 3

Subtracting the equation 2 reference spectrum from the raw data yields the dynamic

spectrum.
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The 2Dshige© software requires comma-separated value (CSV) files for input. Microsoft
Excel can save workbook pages as CSV files (listed as .csv) by selecting File > Save As and then
selecting CSV (comma delimited) from the drop down menu. However, 2Dshige© cannot use
files that have any formulas, formatting, or heading titles (that is, no letters). The A1l cell must
also be left blank otherwise the program cannot use the .csv file. The independent or abscissa
value (in this case wavenumber) must be placed in the A column starting at A2. The dependence
or ordinate value (in this case temperature) must be placed in the B row starting at B1. The
corresponding dynamic data will populate the rest of the spreadsheet.

While 2Dshige© is Windows based (in this work it was run on with Windows XP
operating system) it is possible to run 2Dshige© on Apple operating systems using a Windows
emulator (see Hollock, 2012, for more information).

Figure E.1 shows 2Dshige© graphical user interface (GUI) with a data set loaded and a

2-D correlation map.

x 5]
file process help
correlation
—dynamic spectra & synchronous draw—————————
' average  non " asynchronous " color
" modulus  black & white
[ carrelation ™ argument % contour
& dara 1 vs. data 1 ¢ dara 1 vs. data 2
rspectrum
e Left I]GQB 5543 Right |1 500.3567
data 1 IK:\research\anthon\,r\(:urre apen
Bottom |1630.5543 Top  [15003547 1600 -
data 2 I
open
contour | =l Zmax  [oo014073342
* auto scale " manual scale
[ane
X div. 100 W i I.‘OO
* on  off T
1600

copy | save | close |

Figure E.1 2Dshige© graphical user interface.

To use the program, load the .csv file of interest with open, and then click process > 2D
spectrum. The program will seem to freeze but shortly (depending on the RAM load of and CPU
speed of the computer) the correlation spectrum window will open. After any changes are made
to the options in the correlation spectrum window (such as correlation type between synchronous
or asynchronous), drawing type, spectrum limits, or axes, clicking the draw button will run the
program to prepare the new map. Peaks can be found by placing the mouse cursor over them.

2Dshige© displays the coordinates of the mouse cursor on the bottom edge of the program.
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Results

These following figures show the Amide I and II 2-D correlation of one of the dissolved
zein samples prepared (each zein in solvent mixture was repeated at least three times). The
Amide I (1700 to 1600 cm™) and Amide IT (1580 to 1510 cm™) regions are used for 2-D analysis

protein changes in solution.> **

204



Zein in conventional solvents
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Figure E.2 Zein in 70 vol% aqueous ethanol synchronous.
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Figure E.3 Zein in 70 vol% aqueous ethanol asynchronous.
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Figure E.4 Zein in acetic acid synchronous.

Figure E.S Zein in acetic acid asynchronous.
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Figure E.6 Zein in 1-methylimidazole synchronous.

1550

1600

1650

! ! !
1650 1600 1550

Figure E.7 Zein in 1-methylimdiazole asynchronous.
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Zein in protic ionic liquids
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Figure E.8 Zein in [mim][OAc] synchronous.
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Figure E.9 Zein in [mim][OAc] asynchronous.
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Figure E.10 Zein in [mim][Fr]| synchronous.
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Figure E.11 Zein in [mim][Fr] asynchronous.
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Zein in aprotic ionic liquids
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Figure E.13 Zein in [Emim][DCA] asynchronous.

210



1550

1600

1650

! ! !
1650 1600 1550

Figure E.14 Zein in [Emim][OAc] synchronous.
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Figure E.15 Zein in [Emim][OAc] asynchronous.
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Figure E.16 Zein in [Bmim][Cl] synchronous.
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Figure E.17 Zein in [Bmim][Cl] asynchronous.
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Figure E.18 Zein in [Bmim][OAc] synchronous.
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Figure E.19 Zein in [Bmim][OAc] asynchronous.
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Common Errors Encountered

Adapted from Hollock, 2012."

Floating point error:

According to Hollock, Microsoft Excel 2011 for Mac seemed to add metadata to the
worksheet when it is saved as a CSV file, which caused 2Dshige© to crash due to floating point
errors. Hollock solved this issue by creating the .csv data files in Google Documents. After
calculating all values in Excel, the values (not the formulas) were copied into Google Documents
online and the document saved as a CSV file. This process eliminated the frustrating floating

point errors. Microsoft Excel for Windows did not have this problem.'

1I/0 Error 32:

Having the .csv file open while attempting to run 2Dshige© will cause this error. Simply

close the program with the .csv file open and try again.

Blank or Blot error:
If no data appears in the window, or too much data appears, it is advised to alter the range

of the spectrum axes or adjust the contour scale manually.

214



References

. Hollock, M. Application of Two-Dimensional Correlation Spectroscopy for Monitoring the
Mechanism of Reaction Between Phenyl Glycidyl Ether (PGE) and Metaphenylene
Diamine (MPDA), Kansas State University, 2012.

. Noda, L.; Ozaki, Y.; Wiley, J. Two-dimensional correlation spectroscopy: Applications in
vibrational and optical spectroscopy; Wiley Online Library: 2004; .

. Noda, I. Two-dimensional infrared (2D IR) spectroscopy of synthetic and biopolymers, Bull.
Am. Phys. Soc. 1986, 3, 520.

. Noda, I. Two-dimensional infrared spectroscopy, J. Am. Chem. Soc. 1989, 21, 8116-8118.

. Noda, I. Generalized two-dimensional correlation method applicable to infrared, Raman, and
other types of spectroscopy, Appl. Spectrosc. 1993, 9, 1329-1336.

. Noda, I. Generalized two-dimensional correlation method applicable to infrared, Raman, and
other types of spectroscopy, Appl. Spectrosc. 1993, 9, 1329-1336.

. Wu, Y.; Jiang, J. H.; Ozaki, Y. A new possibility of generalized two-dimensional correlation
spectroscopy: Hybrid two-dimensional correlation spectroscopy, J. Phys. Chem. A 2002,
11, 2422-2429.

. Huang, H.; Xie, J.; Chen, H. Adsorption behavior of human serum albumin on ATR crystal

studied by in situ ATR/FTIR spectroscopy and two-dimensional correlation analysis,
Analyst 2011, 8, 1747-1752.

215



Appendix F - Van’t Hoff Equation Derivation

The van’t Hoff equation can be used to find the enthalpy of interaction of a solute in a
solvent, given in formation on equilibrium conditions.'” What follows is a derivation of the van’t
Hoff equation beginning from the thermodynamic description of equilibrium. At equilibrium the

chemical potential between the solute and solution are equal.

'uzsolute — ‘uisolution — ‘ugiquid n RTln% .
13

In equation F.1, p is the chemical potential of species i, f'is the fugacity of i in states L (liquid)
and S (solid), R is the gas constant, and T is the absolute temperature. The change in Gibbs free
energy of fusion is the difference between the chemical potential of 7 in the solid state and 7 in

the liquid state, see equation F.2.
#isolute - ul{iquid = Angusion F2

Therefore, change in Gibbs free energy of fusion is —

L
AGPysion = RTln]]:—zS F.3

Using the Gibbs-Helmholtz equation —

_AHJQusion — <6($)> F4
P

T2

Assuming constant pressure and substituting equation F.3 into equation F.4 yields —
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L
/RTlnf—g\
fi

a|
—AHPysion \ ' ) F5

T2 oT

Simplification of equation F.5 yields

= ' F.6

Dropping the i species identifiers and then multiplying both sides by 0T and integrating from the

temperature of fusion to the solution temperature, and to thermodynamic equilibrium results in —

L AH fysion
ln;—szf(l—l) F.7

R Tsotution Tfusion

The entropy of fusion is —

AH fysi

ASpysion = =L F.8
Juston Tfusion

Substituting equation F.8 into equation F.7 yields

ln f_z — AHfusion _ ASfusion F9
f RTsotution R

In solution the fugacity of the liquid is 1, and the fugacity of the solid is the mole fraction of the

species of interest (x) at equilibrium times the activity coefficient (y), giving —

1 AHpysion _Asfusion F.10

Yx RTsolution R

Inverting the natural log, and assuming the activity coefficient to be near 1 yields the van’t Hoff

equation —
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—AH i AS i
fusion fusion F.11

Inx =
RTsolution R

It is also possible to use the equilibrium coefficient K, or a dimensionless mass fraction, C,, in

place of x for the analysis.*®
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Appendix G - Table of Nomenclature

This appendix explains all the nomenclature used in this dissertation, such as ionic liquid

cation and anion abbreviations, and defines the symbols used

Ionic liquids

Abbreviation Name Structure
H,C o}
O
[mim][Fr] 1-methylimidazolium formate % O
H,C 0
ANZAN
N @ N-H o'—#—OH
[mim][HSO4] 1-methylimidazolium hydrogensulfate — o
H,;C (o}
" e
[mim][OAc] I-methylimidazolium acetate \_/ ©
H;C H
3 ;
ROk
[Bmim][CI] 1-butyl-3-methylimidazolium chloride \—/
HsC A o}
RO Fas
0]
[Bmim][OAc] 1-butyl-3-methylimidazolium acetate \—/
H;C A
3 \N/®\N/\CH N_/S N
3 N
[Emim][DCA] I-ethyl-3-methylimidazolium dicyanamide \—/ NZ
ol M -
N N\ O
[Emim][OAc] 1-ethyl-3-methylimdiazolium acetate —/ O
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Other terms

o Solvent hydrogen bond donating ability, as measured by the Kamlet-Taft method
Solvent hydrogen bond accepting ability, as measured by the Kamlet-Taft method'

* Solvent dipolarity/polarizability, as measured by the Kamlet-Taft method'
E1(30) Solvent polarity, as measured by the Reichardt method*
Vi Pure solvent molar volume obtained with a calibrated pycnometer
LSER Linear solvation energy relationship’
Mz Coefficient of 1/T term from van’t Hoff equation, related to enthalpy of dissolution®
IR spectroscopy Infrared spectroscopy
Attenuated Total Reflectance A type of infrared spec‘[roscopy5
Primary structure (of proteins) Sequence of amino acids in a protein®
Secondary structure (of proteins) Arrangement of amino acids into 3-dimensional segments®
Tertiary structure (of proteins) Three dimensional location of atoms in a protein®
B-turn Characteristic protein secondary structure®
a-helix Characteristic protein secondary structure’
Random coil Characteristic protein secondary structure’
B-sheet Characteristic protein secondary structure’
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