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ABSTRACT OF DISSERTATION

MASS SPECTROMETRIC ANALYSIS OF LIGNIN MODEL COMPOUNDS:
FUNDAMENTAL INVESTIGATIONS OF IONIZATION AND SUPRAMOLECULAR
INTERACTIONS FOR LIGNOCELLULOSIC BIOMASS APPLICATIONS

Lignocellulosic biomass is pivotal for the development of renewable energy
sources and materials essential to mitigate the exploitation of fossil fuels causing climate
change and environmental pollution issues. The conversion of biomass into fuel requires
the hydrolysis of cellulose and a biproduct of this process is the isolation of millions of
tons of lignin as biorefinery waste. Lignin is a complex high molecular weight polymer
whose structure remains undefined and critically limits potential industrial applications of
lignocellulosic biomass. The advancement of analytical methods for structural elucidation
of lignin and its ensemble of phenolic compounds is therefore essential to advance this
field. While a variety of degradation processes have been developed to study the structure
of lignin, depolymerization compositions are complex and prone to repolymerization. As
a result, the primary strategy to mitigate difficulties is the development of model systems
based on native lignin linkages. Analytical methods for lignin and lignin model compounds
are critically limited due to the lack of commercially available compounds and the complex
nature of the lignin polymer. While a variety of analytical methods play an integral role in
developing our understanding of lignin, only mass spectrometry can provide exact
information on the substructure of lignin, the sequence of monolignols, and linkage types.
In this dissertation, the supramolecular interactions of a variety of model lignin monomers
and dimers are fundamentally characterized to improve mass spectrometric analysis and
potential applications of lignin as a renewable source of valuable phenolics.

Mass spectrometry (MS) requires the conversion of analytes into detectable gas-
phase ions that are manipulated by electric fields for mass to charge (m/z) analysis, and the
most widely used ionization technique for biological compounds is electrospray ionization
(ESI). The primary challenge facing ESI-MS analysis of lignin is ionization because lignin
compounds do not readily accept protons for positive mode analysis and negative mode
analysis causes destabilization and in-source fragmentation. While protonation is
unsuccessful, lithium adduct cationization has recently been discovered as a promising
method for ESI-MS sequencing of lignin compounds. The equilibrium of ion transfer
reactions is governed by gas-phase basicity, a fundamental measure of the thermodynamics
of supramolecular interactions that define ionization success. Consequently, the gas-phase



lithium cation basicity of synthetic monolignols and dimers were characterized by ESI-MS
to improve sequencing techniques and future applications of lithium adduction.

Lignin also presents a challenge in biomass processing due to its inhibition of the
enzymatic hydrolysis of cellulose for biofuel production. Sustainable and economically
viable processes are still under development since current pre-treatment methods for the
removal of lignin generates toxic compounds and are unsuitable for commercial
applications. Supramolecular guest-host interactions have the potential to isolate lignin
compounds from biomass fractions through the formation of inclusion complexes and the
development of selective materials. In this work a cyclodextrin host was selected based on
its remarkable ability to encapsulate guest molecules, non-toxicity, and availability on the
industrial scale. The formation constant (K) or binding strength between guest and host
was evaluated for lignin model dimers with cyclodextrin by lithium adduct ESI-MS for
comparison with our collaborators ITC and computational results. The retention of
electrostatically bound complexes during the ESI-MS process and lithium adduct impacts
were also extensively evaluated. Lignin compounds and metabolites have also shown
biological activity and therefore the separation of diastereomers is of interest for
pharmaceutical and medicinal applications. To advance biological studies, the success of
chromatographic separations (HPLC) of lignin model dimers and their diastereomers were
evaluated. The separative method was coupled to MS with post-column lithium adduct
ionization to identify lignin dimers. Novel determinations of lignin dimer partition
coefficients are also presented, a measure of hydrophobicity important for biological
studies and chromatographic method development.

This dissertation supports the development of analytical methods for lignin
degradation products and secondary metabolites (lignans) that have shown exciting
biological activities. Fundamental characterizations of ionization for mass spectrometry
are important for a variety of analytical applications including the sequencing of lignin
compounds, gas-phase thermodynamic studies, and the optimization of separation
techniques. Continued improvements in this field will reduce our exploitation of fossil
fuels and advance the sustainable conversion of lignocellulosic biomass into biofuels and
platform aromatic chemicals.
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CHAPTER 1: INTRODUCTION TO LIGNOCELLULOSIC BIOMASS

1.1 The Importance of Lignocellulosic Biomass

Lignocellulosic biomass is pivotal for the development of renewable energy
sources and materials essential to mitigate the exploitation of fossil fuels causing climate
change and environmental pollution issues.? Biofuels can be produced on a large scale from
lignocellulosic biomass and are a promising alternative energy source. Biofuels offer
renewable and carbon-neutral energy due to the balancing effect of photosynthesis which
removes carbon dioxide from the atmosphere negating contributions to global warming.?
In the United States the Energy Independence and Security Act (EISA) aims to reach 36
billion gallons of lignocellulosic derived bioethanol by the year 2022.* Although corn and
sugar based ethanol production is promising, these sources are not sufficient to replace a
large portion of the one trillion gallons of fossil fuel currently consumed worldwide each
year.* The cost of ethanol as an energy source is high compared to fossil fuels and there
are ethical concerns about using food as a fuel raw material which has accelerated efforts
to find an inedible feedstock alternative.> Lignocellulosic biomass material constitutes the
largest renewable source for bioethanol production, contributes to environmental
sustainability and can be supplied on a large-scale basis from industrial wastes and

agricultural residues.*®

Lignocellulosic biomass contains cellulose, hemicellulose, and lignin and is a
renewable source of polysaccharides and phenolic compounds.”® The conversion of
lignocellulosic materials into fuel involves the hydrolysis of cellulose to fermentable
reducing sugars and fermentation of the sugars to ethanol.® Cellulose and lignin, which

comprise 10-40% and 15-30% of biomass by weight respectively, are removed by

1



pretreatment which improves cellulase enzymatic hydrolysis and therefore the formation
of sugars.8® The biproduct of this process is the isolation of the second most abundant
biopolymer on earth, lignin, a highly complex polymer consisting of three phenylpropanoid

monomers connected by C-C or ether bonds. 013

Aromatic compounds comprise 10-30% of biomass content and are high value
coniferyl alcohol or monolignols from the lignin fraction. With the implementation of the
billion-ton initiative for lignocellulosic biofuels, approximately 150-300 million tons of
lignin-containing biorefinery waste is generated yearly.** Additionally, roughly 70 million
tons of lignin are separated from biomass annually as a byproduct of the pulping processes
and more than 98% of the separated lignin is burned for energy recovery while only 2% is
used commercially.® ** This enormous amount of lignin makes lignocellulosic biomass the
most abundant renewable feedstock for the production of platform aromatic chemicals that

are sustainable biobased alternatives to petroleum-derived constituents.3 16

Biomass feedstocks also play a major role in the shift toward more sustainable
materials such as renewable polymers 8 given that lignin valorization has the potential to
completely replace petroleum-based aromatic polymers.® 13 Many of the petroleum-based
monomers employed in the production of thermosetting polymers such as phenol,
formaldehyde and styrene are volatile and carcinogenic.® 8 There are also long-term
environmental impacts of plastic production and waste generation which contributes to
ecological harm from fossil fuel extraction and greenhouse gas emissions. The abundance
and large-scale availability of lignocellulosic biomass make it an effective feedstock for
conversion to monomers for the production of polymers.® Depolymerization of lignin also

has the potential to produce aromatic monomers that can be converted into biobased



bisphenols as a sustainable non-toxic alternative to conventional bisphenols such as BPA.2
Carbon fibers are also value-added products for the valorization of lignin due to its high
carbon content (up to 60%) with broad applications in many industries such as automotive,
aerospace, and wind turbine blades.® ** Lignin can even replace expensive traditionally
used petroleum-based polyacrylonitrile (PAN) as a bio-renewable, abundant, and low-cost

precursor.5 14

While lignin research has historically focused on lignin degradation products, there
IS growing interest in metabolites called lignans that are natural dimers chemically similar
to dimers derived from the lignin polymer.!” Lignans and neolignans are plant secondary
metabolites that have recently become of great interest to pharmaceutical and medicinal
chemists for their biological activity.!® These plant derived physiologically active
compounds have served as therapeutic agents for many years and are attributed with
anticancer, insecticidal, estrogenic, antiviral and antioxidant properties.'” 21 Some
lignans such as dihydrobenzofuran extracted from Mappianthus iodoides have shown
potent growth inhibition of cancer cell lines and can be used to treat traumatic brain injury
and rheumatalgia.'®*° Coniferyl alcohol (coniferol) derived from lignin monomeric units
is also used to synthesize valuable chemicals with a variety of therapeutic properties

including antifungal, antiviral, and anti-cancer activities.’

The numerous applications of lignin, most notably the potential for processing into
bio-derived materials as a sustainable alternative to petroleum in many industries, has
generated a great deal of interest in this complex polymer 1162223 However, the separation
of lignin from the cellulosic fractions of biomass results in a complex high molecular

weight structure posing significant analytical challenges.?* The potential industrial



applications of lignin are limited critically due to its recalcitrant and undefined chemical
structure.?® The analysis of degradation products will allow the chemical structure to be
described, thereby deciphering the complexities of the polymer. Therefore, the processing
of lignocellulosic biomass into bio-derived materials requires the development of
characterization techniques for structural elucidation of the ensemble of phenolic

compounds and lignin degradation products.'® 2223

1.2 The Lignin Biopolymer

Lignin is a heterogeneous biopolymer that consists of three phenylpropanoid
moieties, monomers p-coumaryl alcohol (H, hydroxyphenyl), coniferyl alcohol (G,
guaiacyl) and sinapyl alcohol (S, syringyl).*? 26-2” Softwood lignin is mainly composed of
coniferyl alcohol, hardwood contains coniferyl and sinapyl alcohol and grass lignin
contains all three monomeric units.!?> Biosynthesis of lignin occurs by random radical
oxidative coupling to form a racemic cross-linked polymer whose content and composition
varies.? 22 Numerous linkages of either C-C or C-O type are formed from the coupling
reactions including aryglycerol-B-ether (B-O-4, 45-50%), biphenyl/dibenzodioxocin (5-5,
18-25%), pinoresinol (B-5, 9-12%), diphenylethane (-1, 7-10%), aryglycerol-a-ether (a-
0-4, 6-8%), phenylcoumaran (B-B, 0-3%), and siaryl ether (4-O-5, 4-8%).%° Lignin also
contains several functional groups including aliphatic hydroxyl, phenolic hydroxyl and
methoxyl groups which impact the chemical properties of the polymer.?®

Lignin can be classified as native or technical, where native lignin refers to the
original lignin structure in lignocellulose biomass without modification. As a natural

polymer, native lignin does not exist without cellulose and hemicellulose, consequently
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almost all lignin investigated is modified technical lignin extracted from biomass or a
recovered industrial bi-product.?® Compositional analysis of native lignin has long been
investigated by nuclear magnetic resonance spectroscopy (NMR) for frequency of linkages
and the composition of H/G/S units, but the technique requires the mechanical breakdown
of the plant cell wall resulting in a loss of cell-specific information.®® Relatively new
Raman techniques such as Raman microspectroscopy and chemometrics may be used to
estimate the spectrum of native lignin structure in the plant cell wall by deconvoluting high
spectral overlap signals from cellulose and hemicellulose.>® However, these methods only
provide chemical elucidation of the distribution of chemical components, while the
comprehensive clarification of structural and compositional features in native lignin relies
on degradation processes.? 3

Degradation processes are designed to cleave the bonds between lignin and
carbohydrates so the chemical composition of lignin such as the relative abundance of H,
G and S units, side chains, and functional groups can be characterized. Pretreatments are
selected for effective carbohydrate conversion and generation of lignin fractions with high
purity for depolymerization.® Native lignin consists of aryl ether units connected by an
array of ether and alkyl linkages that when degraded produce monomeric phenols and
methoxyphenols.®> Common B-O-4 linkages (50-60%) are relatively weak and are the
critical target of most depolymerization pretreatments which result in heterogenous
mixtures of lignin oligomers.?> 2° The comprehensive elucidation of the structure of lignin
and its chemical characteristics is therefore critical for the optimization of degradation

processes, generating valuable aromatic chemicals, and estimating economic viability.?+?



To elucidate lignin structure, degradation procedures can be employed to produce
technical lignin by methods such as hydrolysis, organosolv or pyrolysis.?® However, the
resultant lignin compositions and molecular weight distributions are complex and
dependent on the extraction method.® Pyrolysis is a widely studied lignin conversion
method that can be combined with catalysts and solvents to produce large amounts of
various aromatic monomers.?® During pyrolysis depolymerized lignin fragments such as
syringol, coniferyl alcohol, vanillin, or isoeugenol are formed that may undergo
repolymerization to form dimers or oligomers due to their instability. Low selectivity,
severe reaction conditions, and short reaction time limits pyrolysis applications for the
production of chemicals.?® ** Hydrolysis lignin is the product of enzymatic lignocellulose
fermentation to bioethanol containing 50-75% lignin and other components such as
untreated cellulose and oligosaccharides.?® Lignin in biomass can also be degraded in
organic solvent under specific conditions (heat and pressure) to produce Organosolv lignin
with <1% residual carbohydrate.® Organosolv is one of the most promising methods for
biomass utilization in the biorefinery due to the efficiency of depolymerization and
production of low molecular weight lignin.?® 32 Although a variety of processes
successfully produce valuable aromatic moieties, complex depolymerization compositions
make the structural elucidation and utilization of lignin degradation products difficult for
biorefineries.?*

The complexity of the lignin polymer and its degradation products present
significant analytical challenges further amplified by lignin’s high molecular weight. The
primary strategy to mitigate these difficulties is the development of model systems based

on native lignin linkages.?* Model compounds simplify the complicated mixtures of



products obtained from depolymerization reactions for ease of analysis. Characterizations
and method development for lignin model compounds is the essential first step to advance
potential applications of this remarkable source of sustainable carbon and aromatic

moieties.

1.2.1 Lignin Model Compounds

Model compounds are primarily monolignols and dimers that represent the variety
of linkages and substituents found in native lignin.3* Extensive literature on the
examination of model compounds to elucidate lignin have been published in recent years.
In thermochemical studies for instance, model compounds provide knowledge on C-C and
C-0 bond cleavage chemistry to indicate paths for lignin deconstruction.®* However, there
are still considerable challenges in obtaining monomeric units from degradation processes,
demonstrating the need for fundamental characterizations of model compounds. For
example, organosolv extraction of native lignin and subsequent degradation is a potential
lignin-first strategy for valorization. However, intermediates released are prone to
condensation, and condensed oligomers containing C-C bonds cannot be readily degraded
into monomers.®®> Comprehension of the breaking of intramolecular linkages achieved by
the study of model compounds is therefore key for the valorization of lignin.®®
Unfortunately, analytical methods for the detailed investigation of lignin model

compounds and degradation products are insufficient and face many challenges.

The fundamental challenge of developing analytical methods to define the chemical
and physical properties that govern lignin is the lack of commercially available lignin
model compounds.?® A variety of model compounds have been developed, ranging from
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monoaromatic to diaromatic model compounds, oligomeric systems, and synthetic
dehydrogenation polymer lignins.?* These compounds elucidate a detailed understanding
of reaction mechanisms and allow individual linking motifs to be investigated.?* Studies
most frequently select the B-O-4 motif to develop new methodologies because it is almost
universally the most commonly occurring structural unit in lignocellulosic biomass.?* More
recently, trimer and tetramer model compounds have been developed that are more

representative of the complexity of lignin chemical structure.?* %3

Although these compounds are not readily available, my colleague Dr. Shardrack
Asare fortuitously completed his work synthesizing nine model -O-4 lignin dimers at the
beginning of my graduate career. 2% *® Dimers were selected as target lignin model
compounds because they contain all nine possible structures achievable from the three
starting monomeric units H, G and S. These novel compounds contain the necessary motifs
to be classified as lignin “like” compounds including a phenoxy end group, B-O-4 linkage
and an o,fB-unsaturated side chain. This work created a new opportunity for the
development of comprehensive analytical methodologies for lignin model compounds, and
began my work of characterizations by mass spectrometry.?® The synthesis of the models

investigated in this work has been reported and are presented below in Table 1.28 38



Table 1. Summary of lignin model compounds investigated in this dissertation.

Name Shorthand | Structure MW | (+)ESI-MS
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p-Hydroxyphenyl | H O 150 157.0835
HO/@/\/
Guaiacyl G N oH 170 | 187.0941
HOQ/\/\
Syringyl S & - 210 | 217.1047
HOW
H-(B-O-4")-H HH O/c% 316 | 323.1465
H-(B-0-4’)-G HG @j\} \&\N 346 | 353.2571
H-(B-0-4’)-S HS @jﬁj’o ]{ﬁw 376 | 383.1686
HO OH CI) OH
G-(B-0-4")-H GH o 346 | 353.1571
HOJ:;(O?/ T::J\"’\vo”
o,
G-(B-0-4")-G GG Lo &m 376 | 383.1677
G-(B-0-4’)-truncG | GGtrunc | oH o 320 327.1414
guaiacylglycerol- m°©
B-guaiacyl ether H HO
G-(B-p)-G GBBRG Ho . 358 | 365.1571
Pinoresinol Iy 5
G-(B-5)-G GB5G O ¢ 358 | 365.1571
HOH
G-(B-0-4")-S GS L5 406 | 413.1780
s g g e B0
S-(B-0-4’)-H SH L 376 | 383.1682
JI O
S-(B-0-4")-G SG f',j:j)’”f \5‘\&,\( 406 | 413.1782




Table 1 (Continued)
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1.3 Current Methods of Lignin Analysis

Methods for the analysis of lignin degradation products and lignin model
compounds are still under development. For the structural and compositional elucidation
of lignin samples, a variety of systems can be used. Spectroscopic methods such as
ultraviolet-visible spectroscopy (UV/vis), fourier-transformed infrared spectroscopy
(FTIR), and NMR detect moieties such as functional groups and bond types.?

NMR spectroscopy provides comprehensive information and quantitative checks
for frequencies of linkages and the composition of H/G/S units.> NMR employs a strong
magnetic field and measures the absorption of radiofrequency radiation by atomic nuclei.®
This technique has recently become popular in the pulping industry since it provides
information on the molecular structure of solid lignin samples.® Various forms have been
utilized including H, *3C, and 3P NMR and 2D heteronuclear single-quantum coherence
(HSQC) NMR. In C NMR for example, the carbon signals at different categories of
hydroxy! groups are measured to elucidate the ratio of H/G/S units. Solid-state 3C NMR
and 2D heteronuclear single-quantum coherence (HSQC) NMR is an advanced method
that overcomes some of the severe signal overlap, reducing errors in signal quantification
and therefore offering quantitative results on functional groups and side chain structures.?
Compared to other spectroscopic methods, NMR provides the highest resolution and a
larger amount of information can be obtained. Although resolution is improved, NMR

methods are time consuming and spectra for the complex mixtures resulting from lignin
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depolymerization processes are difficult to interpret and unsuitable for sequencing
purposes.

FTIR is another sensitive technique that can provide information on the structure
of the lignin polymer. It can be used to estimate monolignol unit ratios by measuring band
intensities and has been applied to observe changes in lignin functional groups during
extraction processes.® FTIR spectroscopy quantitatively describes the occurrence of
carbonyl groups, aromatic structures and substitution patterns of the benzene ring.® Typical
functional groups such as hydroxyl, carbonyl, and methoxyl can be assigned in the FTIR
spectrum in the mid-region range of 4000-400 cm by observing vibrational and rotational
energy states.

Interestingly, lignin has displayed good UV protection properties and can be
fabricated into biodegradable UV-shielding films and nanoparticles.® Due to the UV
chromophores generated at coupling sites, the content of lignin can also be determined by
UV/vis spectroscopy. The National Renewable Energy Laboratory (NREL) propose an
accurate method for lignin content analysis where the absorbance of lignin is recorded at a
recommended wavelength, such as the phenolic hydroxyl groups which can be observed
by a change in absorption at 292 and 370 nm in neutral and alkaline solutions. 2 40
However, this method requires the isolation of pure lignin samples for analysis, which is
extremely difficult and therefore it is not suitable for applications to complex lignin
degradation product mixtures.

Gel permeation chromatography (GPC) can provide useful information on the
average molecular weight distribution of lignin.** Analytes are separated based on their

hydrodynamic volume in GPC rather than chemical interactions with a stationary or mobile

11



phase.> However, the technique requires a time consuming extraction of phenolic
compounds from an aqueous reaction medium by organic solvent.®® The primary limitation
of this method is that GPC analysis is based on a retention time calibration using a
monodisperse polymer standard.® 3 No specific commercial standards are available for
lignin and as a result, quantifications are inaccurate and highly dependent on eluent and
column type. > It has also been shown that without derivatization, complexes formed by
polar interactions can increase the observed lignin molecular mass by a factor of 3 due to
structural conformation.*? Although challenges remain, this type of analysis is valuable for
the comparison of lignin deconstruction techniques and the resultant molecular weight

distribution.3

1.3.1 Mass Spectrometry for Lignin Analysis

While the aforementioned methods play an integral role in developing our
understanding of lignin, they are unable to provide exact information on the substructures
such as the sequence of monolignols and linkages. Mass spectrometry has the potential to
overcome the limitations of other analyses; from the simple detection of monolignols to
the advanced structural elucidation of high molecular weight lignins.® An extensive review
on the mass spectrometry of lignin was recently provided by Letourneau et al. (2021).2 The
mass spectrometric techniques presented here were selected to provide context for the work
described in this dissertation. Methods for lignin model compounds include gas
chromatography MS (GCMS), matrix assisted laser desorption ionization time-of-flight
MS (MALDI-TOF-MS), liquid chromatography MS (LCMS), and high-resolution tandem

MS/MS (HR-MS/MS).
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Gas chromatography is a separative method that employs a capillary column with
nonpolar stationary phase and carrier gas to separate components based on their boiling
point. GCMS is most commonly used to identify depolymerization products from
lignocellulosic biomass fractions.® Analytical pyrolysis coupled to gas chromatography
(pyrolysis-GCMS) is also a widely used technique for linked degradation and
compositional analysis of lignin.*’ However, as previously mentioned pyrolysis causes
structural changes and therefore the products of this process may not be representative of
the lignin polymer. Though existing techniques give valuable information for the
identification of functional groups and monolignols, GCMS of lignin is limited by the lack
of comparable spectra in the literature. Spectral comparisons are required to
unambiguously identify lignin oligomers based on retention time and electron ionization
(El) fragmentation pattern.® Methods for derivatization which protect polar functional
groups and improve volatility are also still under development. Derivatization reduces
hydrogen bonding which optimizes the initial nebulization, reduces retention times, and
distinguishes compounds based on the number of hydroxyl groups.*® Analytes are then
subjected to EI, producing fragments indicative of phenol, guaiacol, and syringol
derivatives. 3

While monomeric compounds from lignin degradation processes such as guaiacol,
vanillin and syringaldehyde are commonly identified by GCMS, there is a lack of literature
on the elucidation of dimer, trimer, and higher order oligomer model compounds.** Though
dimers have been indicated in some studies, their structural elucidation is often putative
because the high energy EI process usually fragments the molecular ion to the baseline

(signal/noise ~ 1).* If the molecular ion is not retained, and there are no model compounds
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available for retention time comparison, compounds cannot be unambiguously identified.
Consequently our group is currently working to provide a GCMS method for the analysis
of N,O-Bis(trimethylsilyl)trifluoroacetamide (BSTFA) derivatized lignin degradation
fractions for the identification of lignin monomers and dimers. The method will provide
Kovat retention indices, the retention index of a chemical compound as interpolated
between adjacent n-alkanes.*® By describing the details of the chromatographic and mass
spectral analysis with authentic lignin model dimers, and an example application to
organosolv extracted lignin with quantification, we hope to advance this area.
MALDI-TOF-MS has been used less frequently but plays an important role in our
ability to examine larger intact fragments of the lignin structure.*® MALDI-TOF-MS can
elucidate average molecular weights, types, and quantities of repeating units and end-
groups.® However its application in lignin analysis is limited due to poor ionization
efficiency and the complexity of the resultant spectra.** The spectral result is also highly
dependent on the selection of matrix which facilitates the ionization process.*® Recently,
the addition of alkali metal salts for cation adduction such as Li*, Na*, and K* to 2,6-
dihydroxyacetophenone (DHAP) matrix has been reported to increase analyte response (as
opposed to standard protonation).*” Bowman et. al. used a combination of DHAP matrix
with lithium cationization and reports a significant increase in signal intensity of model
lignin dimers and horseradish peroxidase (DHP) oligomers (up to heptamer) with
manageable positive ion spectra.*® Additionally, Kosyakov recently reported the use of
ionic liquids as promising novel MALDI matrices for the analysis of intact kraft and
extracted lignin. *° While significant method development is still required, MALDI-TOF-

MS is a promising method to reveal the molecular diversity of lignin.*®
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The selection of ionization technique is a key factor for obtaining high-quality mass
spectra and the most common ionization technique for lignin compounds is atmospheric
pressure ionization (AP1).° The evolution of electrospray ionization (ESI) has advanced
applications of mass spectrometry in lignin analysis because the low-energy process does
not cause fragmentation and the potential for multiple charge states increases the mass
range. Standard ESI operates in the positive or negative-ion mode to promote either the
addition or loss of a proton, respectively (section 2.1.2). Unfortunately, the chemical
composition of lignin is not suited to standard positive mode analysis due to the lack of
basic sites for proton addition. Therefore, the most widely used mass spectrometric method
for the analysis of lignin degradation products and model compounds is negative-ion mode

(deprotonation) ESI-MS.*°

Negative-ion mode ESI-MS ((-)ESI-MS) uses a basic solution as a dopant to
deprotonate a weak phenolic functionality on the lignin compound and has been
successfully used to characterize and sequence lignin depolymerization samples based on
the study of model compounds.®! However, my colleague Dr. Huang discovered during her
research that simple deprotonation does not work for all lignin bond types due to extensive
in-source fragmentation upon deprotonation.>? Fragmentation leads to a complicated mass
spectrum that is difficult to interpret and unsuitable for the sequencing of monolignols and
bond types.?® This finding has also been described by Sheng et. al. who reports a lignin
dimer degradation mechanism with a low energy requirement which may explain why
intact deprotonated lignin model compounds are not always observed by standard (-)ESI-
MS.%! Until recently, applications of MS for the analysis of lignin have exclusively focused

on the negative ion mode, but the latest discovery of the sequencing capabilities of
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cationization techniques for the analysis of lignin oligomers has generated interest in

positive-mode sequencing.?®: %3

Tandem mass spectrometry is the only analytical method for structural elucidation
of complex mixtures of this polymer without extensive purification and is one of the
principle tools used for lignin characterization.? 2 0. 54 Mass spectrometric methods
present an opportunity to sequence lignin oligomers and to interpret the plant ‘lignome’
via collision-induced dissociation (CID) or MS/MS.*® In CID, ions of interest are isolated
and subjected to collisions which increase the internal energy of the precursor to produce
fragments for mass analysis (section 2.2). Tandem MS provides valuable information to
elucidate structural units and can be used to identify reaction pathways and fragmentation

mechanisms.>°

As previously discussed, this information is essential to optimize
degradation processes for applications of lignocellulosic biomass and a substantial amount
of information has been accumulated in the literature. However, published results are

greatly varied due to unsolved analytical problems among which ionization is the most

important.®

Tandem mass spectrometric methods are under development in both the positive-
ion and negative-ion mode since ionization is the greatest obstacle impeding analytical
advancement. Kosyakov et. al. compared the ionization efficiency of APl methods for
negative-ion mode MS/MS investigations and conclude none of the methods can prevent
fragmentation of lignin analytes at the ion source.> Haupert et. al. proposed the ionization
of lignin degradation products and the ‘lignome’ by (+)ESI-MS doped with NaCl for the
formation of abundant adduct ions [M + Na]*.2® However, structural information was not

obtained during MS/MS due to the weak electrostatic coordination of Na* with lignin
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compounds.?® The CID process requires that fragments maintain a charge state and the low
energy barrier of weak electrostatic bonds is easily overcome, causing the loss of
undetectable neutrals. Therefore, the development of MS methods that retain sequencing
features and clarification of the principles that govern successful ionization is essential to

advance applications of lignocellulosic biomass.

API methods coupled with high-performance liquid chromatography and tandem
MS to detect individual species based on their chromatographic retention are also in
progress.?> >0 Experimental methods for LC-MS/MS of lignin compounds vary greatly in
the literature and are in the preliminary phase of development. In the field of proteomics,
LC-MS/MS produces fragmentation information that can be entered into computational
algorithms to assign amino acids from databases to predict the protein sequence.®
Unfortunately, no such database exists for the complex and recalcitrant lignin polymer.®
Procedures are developed by the analysis of small lignin models and often subsequently
applied to depolymerized lignin samples in attempts to identify components. ¢ As
previously mentioned the efficacy of lithium adduction for sequencing was recently
reported by my colleague Dr. Asare for small lignin models. Unlike Na* adduction, which
is weak and does not preserve sequencing features, the Li* adduct is retained during the
CID process for tandem experimentation.? ° The selection and optimization of UHPLC
column for tandem MS sequencing of lignin model compounds by Li* adduction will be
explored in Chapter 6 which coincides with our recent publication: The study of the
chromatographic behavior and a mass spectrometric approach to differentiating the

diastereomer pair of the f-O-4 lignin dimer series.
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My colleagues’ discovery of the efficacy of lithium adduction as an alternative to
sodium for the positive-ion mode analysis of lignin compounds was an exciting
breakthrough that launched the research presented in this dissertation.>® Efficient ionization
is absolutely required for lignin studies by mass spectrometry and access to authentic
synthesized lignin model compounds allowed me to begin investigations of cationization
and supramolecular assemblies of lignin models in the gas-phase. The focus of this
dissertation is therefore the fundamental characterization of gas-phase supramolecular

interactions of lignin model compounds to advance lignin analysis by mass spectrometry.

18



CHAPTER 2: ANALYTICAL TOOLS FOR LIGNIN ANALYSIS

As discussed in Chapter 1, characterization of lignin and lignin model compounds
IS an essential step to advance potential applications of this remarkable source of
sustainable carbon and aromatic moieties. The most promising method for the structural
elucidation of lignin is mass spectrometry due to its sensitivity, characterization of
molecular mass, and ability to couple with chromatographic techniques. However, there
are still significant challenges facing the mass spectrometric analysis of lignin including

ionization. This chapter introduces the instrumentation employed in this body of work.

2.1 lonization Process for Mass Spectrometry

“Mass spectrometry is the art of measuring atoms and molecules to determine their
molecular weight. Such mass or weight information is sometimes sufficient, frequently
necessary, and always useful in determining the identity of a species. To practice this art,
one puts charge on the molecules of interest, then measures how trajectories of the
resulting ions respond in a vacuum to various combinations of electric and magnetic
fields.”

- John B. Fenn, 2002 Nobel Laureate in Chemistry, originator of ESI

Mass Spectrometry measures the mass-to-charge (m/z) ratio of gas-phase ions in
terms of Daltons per unit charge.®’ The three main components of a mass spectrometer are
the ionization source, mass analyzer, and detector, which are operated under high vacuum
conditions.® lonization allows analytes to be separated by the electric and/or magnetic
field of the analyzer according to mass and charge. The ions are then detected and recorded
as a mass spectrum to produce a plot of ion abundance vs. m/z.

To enhance the passage of the ion beam, the ion source, analyzer and detector are

held at vacuum to extend the mean free path or the probability that an ion will be able to
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traverse the instrument without colliding with a residual gas molecule.>® In the case of
mixtures, chromatographic separation is often necessary for unambiguous identification or
quantification because the presence of two or more components in the source region results
in an overlapping spectrum.>® If chromatography is not required, samples can be introduced

directly to the ion source.

2.1.1 lonization Sources

Mass spectrometric analysis requires the conversion of the analytes of interest into
detectable gas-phase ions. The creation of ions from neutrals is essential to direct and
accelerate analyte ions into controlled motion to achieve m/z analysis.®® The process of
volatilization and ionization can be separate or linked depending on the nature of the
sample and the ionization process. There are a variety of ionization methods including
electron ionization (EI), electrostatic (electrospray) ionization (ESI), matrix assisted laser
desorption/ionization (MALDI), and atmospheric pressure chemical ionization (APCI).
The classical procedure of electron ionization occurs in two discrete steps where the analyte
is first volatized and then ionized, restricting analysis to relatively low molecular-weight

volatile compounds.>"58

Electron ionization is a classical ionization approach that dates back to the early
stages of mass spectrometry.>® 0 It remains an important technique for relatively volatile,
low molecular weight, thermally stable analytes. Samples for El are typically supplied to
the source as the effluent from GC, or from a solids probe inserted into the high vacuum
source. Electron ionization is a hard ionization method that extensively fragments the
covalent bonds of the analyte and is most often coupled with a gas chromatographic

separation as described in section 1.3.1. Without a separative method, fragmentation
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patterns of multiple analytes would be impossible to discern. lonization occurs by the
interaction between a gas-phase analyte and stream of high-energy electrons (70 eV) from
a filament.*® The excitation causes the removal of an electron to form an unstable odd-
electron radical cation. The excess energy remaining after the formation of the radical is
dissipated by the fragmentation of covalent bonds, producing a spectrum of structurally
relevant fragment ions. The radical cation of the analyte (the molecular ion) is fragmented
by the loss of a radical or a neutral species as defined by the chemical structure of the
analyte.>® El fragmentation patterns are highly reproducible across instrumentation and are
therefore used to identify unknowns and for structural elucidation. This method is not
suitable for polar, nonvolatile, large biological compounds and in some cases,
fragmentation may be so extensive that the molecular ion is not retained. Over the past two
decades, the development of new ionization techniques has allowed biological compounds
to be converted to gas-phase ions for mass spectrometric analysis.

Atmospheric pressure ionization (API) was the first technique to directly connect
solution phase analyte supply with a mass spectrometer, and the development provided a
means for expanding MS applications to the fields of biology and biomedical sciences.®
The three most common API techniques are APCI, APPI, and ESI.> The transfer of ions
from the condensed phase into the state of isolated gas-phase ions starts at atmospheric
pressure and incrementally proceeds into the high vacuum of the mass analyzer, resulting
in a soft or low energy ionization.*® Shortly after API was introduced, APCI was developed
which relies on a chemical ionization process.

In atmospheric pressure chemical ionization (APCI), the liquid sample solution is

sprayed through a heated nebulizer into the source at atmospheric pressure. A corona
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discharge acts to ionize the atmospheric gases and solvent molecules to generate a series
of reagent ions. lonization of the analyte then occurs by ion-molecule reactions with
minimal fragmentation. APCI actively generates ions from neutrals making the analysis of
small (< 2000 Da) low polarity analytes not suited to ESI possible.>® However, APCI is
reliant on a concentrated cloud of solvent molecules to generate ions and therefore requires
high flow conditions that reduce sensitivity.®® Atmospheric pressure photoionization
(APPI) is relatively new (year 2000) and employs a krypton discharge lamp instead of the
corona discharge needle used in APCL%8% The krypton discharge lamp irradiates the
vaporized plume for direct photoionization or ejection of an electron by absorption of a
photon. At atmospheric pressure, the resulting radical cation abstracts a proton from protic
nebulized solvents for proton transfer reactions.>® However, photoionization is not very
efficient due to strong absorption by the nebulizing gas and solvent, and is therefore only
applicable to low polarity analytes with low ionization energy.

In many respects, MALDI is a complementary technique to API methods since both
are suited to large biological compounds.®® API produces macromolecular ions from
solution, while MALDI produces them from the solid state. However, in MALDI ions are
generated in packets by pulsed-laser irradiation of a sample co-crystallized with a solid
matrix that can absorb the wavelength of light emitted by the laser.>” The sample and matrix
are mixed or layered on a plate that is inserted into the vacuum system for irradiation. An
acceleration voltage is applied to the target upon which the laser is focused so generated
ions are continuously accelerated toward the mass analyzer as they are desorbed into the

gas phase.*®
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2.1.2 Electrospray lonization

Electrospray ionization is the most prominent technique among APl methods and
the most widely used ionization technique in mass spectrometry today.®! It is extremely
useful for the analysis of large, non-volatile chargeable molecules such as proteins, nucleic
acids, and other biological compounds.®® ®2 ESI also has an extraordinarily high mass
capability due to the formation of multiply charged ions which ‘folds’ the m/z scale by the
number of charges, shifting large analytes to an m/z range accessible to most mass
analyzers.®® The first electrospray mass spectrometer was designed by the Fenn group in
the mid-1980s and John Fenn was awarded a Nobel prize for his contribution in 2002,

ESI is the process of transferring nonvolatile polar molecules into the gas phase by
the application of voltage and nebulization to a flowing stream of liquid.%! This soft
ionization technique induces little to no fragmentation, in contrast to electron ionization
where the breaking of covalent bonds is expected.®® Samples are supplied to the source
directly via a syringe or as the eluent from an LC column. The analyte solution is infused
into a metal needle with an applied electric potential of several kV and sprayed into the
ionization chamber with coaxial nebulizer gas to assist spray formation.%3-% For simplicity,
this discussion of ESI is limited to the most commonly used positive-ion mode (positive
vs. ground, protonation) however ESI can also be performed under negative-ion mode

conditions (negative vs. ground, deprotonation).
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Figure 2.1. Schematic of ESI operation in the positive mode.

As the analyte solution flows through the needle, the intense electric field at the
capillary tip draws cations in solution to the surface while the anions that formally
neutralized the cations are driven back toward the positive potential.®* The ESI source acts
as an electrochemical cell and protons are generated at the metal/solution interface.®® lons
must be present in solution and therefore ESI is more a method of ion transfer than a true
ionization in stark contrast to all other ionization methods in use.*® The solution at the tip
of the emitter is distorted into a Taylor cone due to the increase in charge density at the
liquid surface that overcomes surface tension, and the repulsive force of the positively
charged capillary walls.%3% Droplets consisting primarily of positively charged ions and
solvent are ejected from the Taylor cone and are rapidly de-solvated in the region between
emitter and the inlet of the mass spectrometer.®

The rapid solvent evaporation of droplets causes their charge density to increase
until the surface tension is balanced by Coulombic repulsion (Rayleigh limit).%® The
continued de-solvation yields ESI droplets on the nanoscale and ultimately the release of

gaseous analyte ions. According to the charge residue model, at the Rayleigh limit the
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repulsion of like-charged ions overcomes the surface tension of the droplet and ions are
ejected. There are three models that describe ion release: ion evaporation model (IEM),
charge residue model (CRM), and chain ejection model (CEM). Low MW species are
thought to be transferred to the gas phase via the IEM which posits the electric field
emanating from a Rayleigh charged droplet is high enough to cause the ejection of small,
solvated ions from the droplet surface.%® The residual solvation shell is then lost as the
cluster passes through the heated MS interface. This model relates enhanced ESI response
to surface activity where surface active analytes outcompete those within the droplet
interior in terms of rate of evaporation.®®

It is widely accepted that large species such as globular proteins are transferred to
the gas phase via CRM. By this model Rayleigh-charged droplets contain a single analyte,
and the removal of the solvent shell causes charge to be transferred to the analyte.®® The
CEM applies to polymer chains that are disordered and partially hydrophobic, causing
nonpolar residues that previously resided in the core of the droplet to be solvent accessible.
The hydrophobic unfolded chains migrate to the droplet surface followed by a stepwise
ejection of the remaining polymer. The polar sections are necessary to enable ion formation
while the nonpolar sections increase the fraction of the analyte molecules that reside on the
surface and are therefore ejected.®? The effect of hydrophilic and hydrophobic analyte
regions on ESI efficiency and response can be described by the equilibrium partition model
which uses the relative affinities for the droplet surface to describe differences in
response.5?

The impact of nonpolar side chains on the ESI response of lignin related analytes

was recently investigated by my colleagues. In preliminary studies on the oxidative
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coupling of monolignols using ferric chloride, a series of unknown peaks were observed to
comprise a high percentage of the product distribution. They were identified as ethylated
lignin dimers, prompting an investigation of ESI response.®® Modified lignin dimers with
nonpolar sidechains were then synthesized and investigated for ESI response impacts. The
ion response increased by a factor of 1.5 to 2 for each methylene group added, consistent
with literature reports of increased surface activity for peptides with nonpolar side chains.®®
In equimolar solutions, lignin models often have ESI responses that differ by orders of
magnitude, causing challenges with the implementation of internal standards and
quantification.®? A detailed understanding of the properties that govern ESI of lignin
analytes is therefore essential to advance the analysis of lignin by MS.

ESI is a soft process that can not only ionize macromolecules without disrupting
covalent bonds, but also maintains weak non-covalent interactions.®® Proteins and other
biologically active compounds participate in electrostatic, hydrophobic and hydrogen
boding interactions related to their solution-phase state. As a result there is great interest in
the impact of solution composition on supramolecular conformations, their translation to
the gas-phase, and the resultant mass-to-charge distributions.®® For example, the analysis
of basic peptides is most commonly achieved with pH 4 solutions to improve sensitivity
(protonation efficiency) and to encourage the formation of multiple charge states thereby
shifting the spectral distribution toward lower mass-to-charge.®® Early work from Fenn et.
al. suggested modifiers such as acetic acid and formic acid to maintain highly stable spray
currents and because protonation is encouraged at acid pH.®® It is important to note that
attempts to analyze lignin compounds under acidic conditions for (+)ESI-MS have been

made, but lignin compounds are not suited to protonation under any solvent conditions.

26



Modern ESI interfaces are designed with a heated transfer capillary or a
countercurrent stream of hot nitrogen to encourage solvent evaporation.®® The
ThermoFisher Scientific heated electrospray ionization (HESI-1I) probe utilized in this
work applies a heated coaxial stream of nitrogen to improve ionization especially for high-
flow systems such as those used for LCMS applications. Solvent evaporation from
electrosprayed droplets is promoted by collisions with neutral gas and depends on the
pressure gradient between ion source regions, the electric field between regions, and the
temperature of the drying gas which aids solvent evaporation.®” The heated capillary source
(HESI) minimizes in-source activation processes that can lead to unintended dissociations
of complexes and perturbations of biomolecular structure.®” With the addition of heat, ESI-
MS enables the transfer of noncovalent receptor-ligand and electrostatic complexes to gas-
phase ions.®® Early studies of this process report clear trends between relative ion
abundances and association constants that are unlikely to be caused by random
aggregations in the gas-phase.®® The observation of intact non-covalent complexes that
depict binding equilibria in solution is therefore dependent on ESI and the ability to
minimize in-source fragmentation.®’

Although standard (+)ESI-MS analysis of lignin compounds is not successful, it
has recently been shown that alkali metal adduction greatly improves ionization for mass
spectrometric analysis and retains sequencing features.>® @ As previously mentioned, the
low energy ESI process retains electrostatic interactions dependent on the solution matrix
such as those required for ionization via cation adduction.®” A variety of biological systems
interact with alkali metal ions such as Na*, K*, or Li* and form adducts that can be

examined in the gas-phase by ESI-MS.” The neutral analyte combines with a cation by a
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reversable ion-dipole association reaction.”® Positive-ion mode ESI of lignin oligomers
leads to the formation of a variety of adducts including ammoniated, sodiated, and
potassiated analyte ions.?

The formation of multiple adducts complicates standard positive-ion mode analysis
due to competing equilibria and is therefore unsuitable for complex mixtures of lignin
degradation products.” By doping the solution with salts such as NaCl for example, the
production of sodium adducts dominates the spectrum thereby overcoming complications
due to competing cations. The NaCl can be added directly to the solution for direct injection
or as a post-column addition for LCMS applications (section 6.1).% The formation of
sodium-adducts for positive mode analysis is controlled by the equilibria taking place in
the charged nanodroplets produced during ESI. "* Chloride anions are attracted to the
positive potential, thereby producing droplets with excess free sodium cations that interact
with analyte basic sites. During the de-solvation of the droplet, the accumulation of Na*
cations at the droplet surface encourages sodium adduction and analytes carrying charge
are ejected as free gas-phase ions. Electrostatic interactions are retained during mass
analysis therefore adducts are observed as electrostatically bound ions at an m/z equal to
the sum of the analyte and alkali metal adduct. In this work, the lithium adduction of lignin
model compounds via lithium chloride (LiCl) doped solutions and the retention of
electrostatic interactions for positive-ion mode mass analysis will be discussed extensively

(Chapters 3 and 4).
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2.2 Mass Analysis

Mass spectrometers are usually classified in terms of their mass analyzers. The two
classes are ‘beam’ analyzers (magnetic sector, linear quadrupole, time-of-flight) and
‘trapping’ analyzers (ion trap, ion cyclotron resonance and orbitrap). The work presented
in this dissertation utilizes trapping type analyzers. An overview of mass analyzers is

provided here for context and comparative discussions.

In the case of beam type analyzers, ions are generated and directed into a beam by
an electric field and two oppositely charged plates. The ions are accelerated toward the
attracting plate, thereby producing a monoenergetic beam of ions.>® In a time-of-flight
analyzer, ions of different m/z are dispersed in time during their flight along a field-free
drift path of known length. MALDI generated the demand for mass analyzers suitable for
a pulsed ion source which divides a continuous beam into packets that are pulsed into the
TOF analyzer. lons begin their acceleration with approximately equal kinetic energy but
differ in mass and therefore move at different velocities. Provided all ions begin their
acceleration at the same time, those with smaller m/z will arrive at the detector first. In a
reflector TOF analyzer (ReTOF), the reflector acts as an ion mirror that focuses ions of
different kinetic energies in time. lons with different kinetic energies penetrate the reflector
to different depths before they are ejected in the opposite direction. lons with more kinetic
energy fly deeper into the decelerating field and therefore traverse a longer flight path than
those with less kinetic energy.®® By this principle the reflector compensates for the initial
energy spread and position of the desorbed ions, focusing ions of the same m/z in time,

improving the resolving power.
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Another beam type mass analyzer is the linear quadrupole. Since the Nobel prize
awarded discovery of the mass analyzing and ion-trapping properties of electric quadrupole
fields, the quadrupole mass spectrometer has steadily gained importance. Linear
quadrupole mass analyzers consist of four hyperbolically or cylindrically shaped rod
electrodes mounted in a square configuration. lons enter the quadrupole in the z direction
to traverse along the length of the rod electrodes. The pairs of opposite rods are each held
at a potential composed of a DC and RF voltage that attract and repel ions in the xy plane
as the sign of the electric force changes periodically in time. At a given DC and RF
magnitude, the motion of ions of a certain m/z follow a stable trajectory and are allowed to
pass through the quadrupole to the detector. The conditions by which an ion may traverse

the quadrupole can be derived from the Mathieu equations.

By plotting parameters derived from the Mathieu equations, the stability diagram
of the two-dimensional quadrupole field reveals regions where for a single m/z both x and
y trajectories are stable. Scanning of a linear quadrupole shifts the stability diagram along
a scan line by varying the magnitude of the applied DC and RF voltages at a constant
DC/RF ratio. This scan allows increasingly higher m/z to follow a stable trajectory and pass
the quadrupole. Quadrupoles are the only devices capable of this mass-selective operation,

where other RF ion guides can only accumulate, store, and release ions for m/z analysis.>®

The quadrupole ion trap (QIT) creates a three-dimensional (3D) RF quadrupole
field of rotational symmetry to store ions. This mass analyzer consists of two hyperbolic
electrodes which serve as end caps, and a ring electrode. DC and RF potentials are applied
between the end caps and ring electrode creating stable ion trajectories at certain m/z while

expelling unwanted ions by allowing them to collide with the walls or by axial ejection due
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to unstable trajectories.®® The Finnigan LCQ DECA employed in this work is configured
with a QIT. Collisional cooling by He improves resolution and keeps ions away from field
inhomogeneities induced by the entrance and exit. However, 3D ion traps are limited by
their poor trapping efficiencies and a reduced the linear dynamic range due to their small
charge volume. The linear dynamic range describes the maximum charge density beyond

which response becomes nonlinear with respect to ion number.”

The linear quadrupole ion trap (LIT) has a two-dimensional (2D) RF field with
trapping potential applied to the front and back sections to confine ions in the center. Since
the quadrupolar field along the z-axis is weak, the trapping efficiency and volume is greatly
improved, enhancing the signal-to-noise ratio.”> Trapping requires collisional damping, or
the reduction in ion Kinetic energy and ion motion toward the central axis. A light buffer
gas (He) is pumped into the trap for collisional cooling. The radial confinement results in
focusing along a line as opposed to a point in the 3D trap which may also influence
susceptibility to space charge effects.”? lon trapping devices are sensitive to overload
because of the detrimental effects of coulombic repulsion on ion trajectories. The linear
design increases ion storage capacity and reduces space charge effects. The linear two-
dimensional quadrupole field uses a mass-selective radial ejection mode, where trapping is
provided by the RF field and ions exit through a slit in one of the rods. The
ThermoScientific LTQ instrument utilized in this work has a mass analyzing linear ion trap
with radial ejection. The LTQ is configured with an ESI source and RF ion guides which

bridge the distance from the source to the entrance of the high vacuum LIT for analysis.

The LIT and QIT use resonant ejection to remove ions successively from the trap

by increasing or decreasing m/z. The ion motion in the radial and axial directions can be
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described by the Mathieu trapping parameters. If a supplementary RF voltage which
matches the axial secular frequency of a trapped ion is applied to the rods or end caps,
excitation and therefore resonant ejection occurs.>® lons in resonance gain energy from the
driving RF voltage causing them to be excited to higher amplitude ejecting them from the
trap (g-axis).”® By this principle, the combination of forward and reverse scanning can
selectively store ions of a certain m/z by resonantly exciting and thereby eliminating all
others. The selected m/z can then be subjected to tandem MS by CID. Both linear and 3D
traps are therefore capable of tandem-in-time MS. Tandem-in-time MS employs a single
mass analyzer that preforms the steps of ion selection, activation, and product ion analysis
sequentially in time. Tandem-in-space requires two mass analyzers such as a beam-type
triple quadrupole mass spectrometer since product ion spectra are recorded in a separate

mass analyzer from the precursor.

The power of the ion trap lies in its ability to perform tandem-in-time mass
spectrometry (MS"). A single QIT performs the steps of precursor selection, fragmentation,
and acquisition of fragment ions up to six times (n = 6) depending on the abundance of the
precursor ion. The precursor ion is isolated by forward and reverse scanning, so ions
smaller than the precursor are ejected, followed by the ejection of ions larger than the
precursor. The selected ion is then subjected to CID which is especially suited to
elucidating the structure of ions with low internal energy (soft ionization).*® Collisions with
He buffer gas in the cell slow the ion motion, converting Kinetic energy into internal energy
causing vibrational excitation. The activation induces dissociation of the incident ions.
Homolytic fragmentation produces fragments that each retain an electron from the most

labile bond, or heterolytic fragmentation occurs and the electrons remain with one
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fragment. Once fragmented, ions generally do not undergo further fragmentation since they
are off resonance with the applied excitation potential specific to the precursor. The product
ions are then analyzed by a full scan, or a product ion may be subsequently isolated and

fragmented in time.

Another mass analyzer that is becoming increasingly popular is the Orbitrap
developed by Makarov in 1999 and commercialized by Thermo Fisher Scientific in 2005.%
It delivers high resolving power and accurate mass measurement that rivals Fourier-
transform ion cyclotron resonance mass spectrometry (FT-ICR). While the Orbitrap is also
anion trap, it does not use a magnet or any RF excitation to initiate ion motion. The orbitrap
is an electrostatic ion trap that uses the axial harmonic motion of ions to determine their
respective m/z. Moving ions are trapped in a constant radial electrostatic field that provides
attraction to the central electrode compensated by the centrifugal force of ion velocity,
thereby stabilizing trajectories. The axial rotation of the ions generates an image current as
the ions rotate around the center electrode and oscillate between the two halves of the outer
electrode. The image current generated by these orbital trajectories is amplified and
converted by Fourier transform to the frequency domain. The frequency of oscillation
depends solely on the ratio of ionic charge to ionic mass and is therefore used to calculate
m/z and ion abundance. One drawback of the analyzer is the reduction of scan speed as
resolution increases since the resolving power is proportional to the time in which the

oscillations are recorded.

The Thermo Q-Exactive High Resolution Accurate Mass Orbitrap mass
spectrometer is utilized in this work. While the Orbitrap serves as a high performance mass

analyzer, it requires ultra-high vacuum and optimized ion injection to achieve optimum ion
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population and velocity.® The instrument is consequently composed of a series of
quadrupoles acting as mass filters or ion guides followed by a C-trap that is used to collect
and store packets of ions that are either pumped into a collision cell for MS/MS or pulsed
directly to the orbitrap for mass analysis. The C-trap is functionally an RF only quadrupole
with nitrogen to collisionally dampen ions. It uses high voltage electric pulses to eject ions
into the orbitrap for mass analysis and increases the duty cycle since ion packets can be

collected while the orbitrap is in use.

The Q Exactive Orbitrap uses a type of CID known as higher-energy collisional
dissociation (HCD). This method is based on the use of the C-trap as a collision cell by
raising the RF voltage and is accordingly termed higher-energy C-trap dissociation (HCD).
The nitrogen present for collisional damping in the trap is sufficient to serve as a collision
gas to fragment precursor ions. To avoid the negative impacts of increasing the RF in the
C-trap on ion trapping capabilities, an RF only octopole with 5 mbar nitrogen is attached
to the back of the C-trap as the collision cell. The C-trap delivers ions to the collision cell
for activation before passing the product ions back to the Orbitrap to achieve tandem mass
analysis. HCD is non-resonant and often causes both labile and stronger bonds to break
during the fragmentation process producing more complex spectra. Product ions are not
collisionally cooled like in ion trapping instruments and can therefore undergo further
fragmentations. Orbitrap tandem experiments that employ HCD have recently been used

to sequence lignin model compounds via alkali metal adduction. 3

In this work a number of instruments were used to measure gas-phase
thermodynamic values and to evaluate supramolecular interactions of lignin including a

ThermoScientific LTQ linear ion trap mass spectrometer, Finnigan LCQ DECA mass
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spectrometer, and ThermoScientific Q-Exactive Orbitrap mass spectrometer equipped with

HESI source.

2.3 Chromatographic Tools

As previously mentioned, liquid chromatography can be directly connected to an
electrospray ionization source for mass spectrometric analysis. High-performance liquid
chromatography (HPLC) is the most common analytical technique used for the separation
of mixtures into individual components and provides both qualitative and quantitative
information.” HPLC is consequently the preferred technique for both the separation and
quantification of phenolic compounds.” In standard HPLC operation, a compact column
usually 2.0 — 4.6 mm in diameter and 20 — 250 mm in length is packed with a stationary
phase, usually reversed-phase Cis silica (2 — 5 um particle size).” Ultra-high performance
liquid chromatography (UHPLC) is an advanced liquid chromatographic technique that
offers shorter analysis time, utilizes less solvent due to lower mobile phase flow rate
requirements, and improves separation efficiency and resolution. UHPLC is based on sub
2-micron porous particles as opposed to particle size between 2.5 — 10 microns in
conventional HPLC columns.” The smaller particle size requires higher pressures (above
6000 psi) and reduces the diffusion path between the analytes thereby improving efficiency

with shorter run times.

Reverse-phase HPLC separates compounds based on hydrophobicity and is the
most common phase for the analysis of small organic molecules. The reverse-phase column

is made up of a polar silica support functionalized with non-polar ligands. The separation
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depends on the partitioning of the analyte between a hydrophobic stationary phase and
relatively hydrophilic mobile phase. The most common mobile phases for the
quantification of phenolics are aqueous solutions of acetonitrile or methanol.”* During
analysis, mobile phase is pumped at a constant flow rate through the system and a small
volume of sample is injected onto the column. Since the stationary phase is hydrophobic,
analytes that are hydrophobic spend more time adsorbed onto the stationary phase and less
time in the hydrophilic mobile phase. Retention is influenced by column type, the
concentration of bonded phase, and the column surface area. This process thereby separates

components based on the time it takes to traverse the length of the column (retention time).

HPLC coupled with MS detection is a highly sensitive technique for structural
characterization and quantification. HPLC coupled to HRMS was utilized in this work to
evaluate chromatographic separations of lignin dimer diastereomers in an attempt to
develop an analytical method for the identification and sequencing diastereomers from
complex mixtures (Chapter 6). Resolution is an important indicator for HPLC performance
that assesses how quickly and completely analytes separate as they pass through the
column. Resolution is a combination of the key chromatographic factors of retention factor,
selectivity, and efficiency, and is calculated by dividing the difference in peak retention

times by the average peak width.

k a—1 N

= — X —

k+1 a 4

The relationship for resolution is provided above where the first term is indicative
of retention, the second term defines selectivity, and the third term N is the number of

theoretical plates or the column efficiency. The retention factor or capacity factor (k)
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defines retention relative to the time an unretained peak elutes (to). An unretained analyte
flows through the column without interacting with the stationary phase and therefore elutes
in the void volume at the void time for a given flow rate. The capacity factor (k) is
calculated by k = (tr — to)/(to) where tr is the retention time of the analyte. The selectivity
or separation factor () can then be calculated from the ratio of k values for adjacent peaks.
Good selectivity for HPLC is around 1.1 which corresponds to a resolution of about 1.5.
This measure defines the minimum number of theoretical plates needed to achieve a desired
resolution which is based on particle size and column length. Column efficiency or the
number of theoretical plates (N) is measured by the square of a ratio of retention time to
peak width. Efficiency is therefore affected by peak width and column length, where a
longer column and narrow peaks take up less space and allow for more peaks to be

resolved.

Peak symmetry also effects column efficiency and therefore the resolving power.
Analytes that adsorb strongly onto the stationary phase can cause tailing or peak
broadening. Asymmetry factor (As) is therefore recommended for calculating column
symmetry and is defined as the ratio of the start and end time of the peak measured at 10%
of the total height. These measures will be utilized in this work to optimize the selection of
stationary phase and mobile phase gradient to advance the analysis of lignin model

compounds.
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CHAPTER 3: LITHIUM CATION BASICITY OF LIGNIN MODEL COMPOUNDS

Sections of this chapter are excerpts from the following publication:

Reprinted with permission from Dean, K. R.; Lynn, B. C., Monolignol lithium cation
basicity estimates and lithium adduct ion optimized geometries. International Journal of
Mass Spectrometry 2019, 442, 109-116. Copywrite 2019 Elsevier

3.1 Introduction to Gas-Phase Basicity Measurements

Mass spectrometry is a powerful tool for the study of gas-phase properties such as
proton affinity and gas-phase basicity. As previously discussed, the essential first step in
mass spectrometric analysis is the addition of charge to the analyte of interest, usually
achieved by positive-ion mode analysis and the addition of a proton. Gas-phase basicity
(GB) and proton affinity (PA) relate to the fundamental thermodynamic parameters that
control the equilibrium of proton transfer reactions.”® Electrospray ionization efficiency is
primarily governed by the ability of an analyte to carry charge, therefore investigations of
gas phase basicity and charge transfer are essential for the continued development of lignin

ionization procedures for mass analysis.

Gas-phase basicity and proton affinity relate to the fundamental thermochemical
properties that control the equilibrium of proton transfer reactions between basic
molecules, and the capability of molecules to participate in proton-bridged electrostatic
bonds.”® lons can be produced by protonation, deprotonation, adduct formation or
electrolytic oxidation or reduction.”” In the positive-ion mode there is a correlation between
pKbp, a measure of analyte basicity in solution, and electrospray response. However, the
ESI-MS response of an analyte cannot be explained simply as the transfer of a protonated

analyte in solution to a gas-phase protonated ion.”” The charge transfer reaction is
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fundamental to the ESI process and has consequently been investigated in both solution

and the gas phase.

As previously discussed in section 2.1.2, standard positive-ion mode ESI occurs by
a proton transfer reaction where the positive applied potential draws anions in an aqueous
solution away from the emitter, encouraging the addition of a proton to basic sites on the
analyte of interest. However, some analytes lack basic sites for protonation and standard
positive mode ESI is unsuccessful. Negative-ion mode ESI applies a negative potential to
the capillary, inducing the loss of a proton which may be suitable in some cases. However,
the loss of a proton during the ESI process can cause destabilization and in-source
fragmentation. lonization can also occur via cation or anion adduction since ESI is a soft
low energy process that retains electrostatically bound interactions. Discussions of gas-
phase basicity are therefore not only applicable to protonation, but also alkali metal
adduction as presented in section 2.1.2. The retention of electrostatic interactions thereby
makes ESI applicable to many large non-volatile molecules such as proteins and polymers

like lignin.

A direct determination of gas-phase basicity is difficult and usually substituted by
the determining the relative change in GB (AGB) by analysis of the proton transfer reaction
between a reference base with a known GB and the analyte.”® ® There are a number of
tools and techniques that can be used to calculate gas-phase basicities such as high-pressure
MS (HPMS) , flow reactors, FT-ICR, and quadrupole ion trap MS. Bracketing methods
that investigate relative AGB by characterizing reference bases that fall below and above

the expected analyte GB position include; the thermokinetic method which measures
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bimolecular reaction rates, and the kinetic method by Cooks et al. which observes the

competitive fragmentation of proton bound heterodimers by tandem mass spectrometry.’®

3.1.1 Methods for Gas-Phase Basicity Analysis

Most of the currently available gas phase basicity data is collected by measuring
the relative basicity of an unknown using a reference base. Relative acidities and basicities
are therefore obtained from determinations of equilibrium constants (K).”® lons must be
confined for a sufficient amount of time to achieve equilibrium, or a steady dynamic
between the forward and reverse reactions. The ratio of signal intensities is given by mass
spectrometric analysis. When not directly determined from equilibrium constants, relative
basicities may be obtained from measurements of the unimolecular decomposition of
cation-bound dimers.

High pressure MS (HPMS) utilizes high pressure at the ion source to induce ion
transfer reactions and chemical ionization. Proton transfer equilibria is temperature
dependent and can therefore be related to a van’t hoff plot (In(k) vs. T) for determinations
of enthalpy and entropy changes.”® However, this technique is most suited to small
molecules because it can induce neutral fractionation, pyrolysis, and clustering. In flow
reactors, ions are trapped in a variable helium gas flow and equilibrium constants are
calculated from the ratio of the forward and reverse reaction rates.”® The rate of proton
transfer is used to check the relative basicity by the bracketing method which investigates

analytes by comparisons to references with slower and faster rates of transfer.
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The most common tool for measuring equilibria in gas-phase systems is ion
trapping mass spectrometers. lons confined to a potential well experience enough collisions
to reach thermal equilibrium for a steady-state ion distribution.”® Trapping techniques for
gas-phase measurements include ion cyclotron resonance (ICR) and quadrupole ion traps.
In ICR experiments, cooled ions are trapped in an intense magnetic field and accelerated
into coherent motion by an RF at their frequency of rotation. The oscillating electric field
drives the ions into a larger radius of rotation and into phase coherence where ions of the
same m/z move in sync.”® As the ions pass detector plates their presence is recorded as an
induced electric current. This image current is most often transformed for detection by a
Fourier transform. Mass spectrometry by ICR and FT-ICR are the techniques of choice for
establishing gas-phase basicity scales by determination of equilibrium constants and
relative Gibbs energies.

The thermokinetic method is most often applied to deduce gas-phase basicity using
FT-ICR and is based on biomolecular rate constants. The thermokinetic method uses a
correlation between the reaction efficiency (RE) and the standard free energy change
(AG°), or the standard enthalpy variation (AH®) of a proton transfer process.® It has been
observed that the free energy change AG*® is equal to the difference in gas-phase basicity
(GB(M) — GB(B)) for the following reaction.®!

[MH]* + B - M + [BH]* (1)
The correlation is expressed in terms of the experimental rate (Kexp) and collision rate (Kcon)
coefficients, the standard free energy (AG®), and a term for the apparent energy barrier for

the reaction (G°,). The GB is deduced by plotting the reaction efficiency for a series of

reference bases as a function of their respective GB.8%-8!
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The collision rate (Kcon) is related to the unimolecular rate constants for the forward and
reverse dissociations of the intermediate ion [MHB]".8! The ratio of unimolecular rate
constants is associated with the free energy change for the formation of the activated
complex, and therefore the difference in free energy between the transition structures

leading to M + [BH]" and B + [MH]" products from the complex dissociation. The AG® for
the formation of the activated complex and the AG® of the given reaction (1) are related by

the RE as a direct link between the kinetic and thermodynamic properties of the proton

transfer reaction.®!

In atypical FT-ICR experiment, ions are and transferred to the reaction cell located
inside the superconducting magnet. The ion of interest is selected by ejection of all
unwanted ions (RF). The reactants are then collisionally cooled by introducing argon to the
ICR cell at a pressure one order of magnitude greater than the pressure of the reactant. The
ions are allowed to react for a variable length of time with neutral bases, and the intensities
of peaks are determined. Bimolecular rate constants are deduced from the slope of the
logarithmic plot of reactant ions vs. reaction time.8! When the reaction involves two bases
of similar basicity, the two possible proton bound species exist at potential energy minima
separated by a low energy barrier which generally does not influence reaction rate.
However, a high entropy barrier may separate the two bound intermediates if the transfer
involves a significant reorientation or steric hindrance.®* Therefore, we must assume that
the potential energy surface is a good model to describe cation transfer and entropic effects

are negligible. The concentration of the neutral is determined from its pressure after
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calibration of the ionization gauge. Measurement accuracy is therefore dependent on

calibration and accuracy of the pressure measurement.

There is also significant interest in studies of gas-phase interactions between alkali-
metal ions and biological molecules such as amino acids, peptides and lignin compounds.
These studies also rely on bracketing methods and thermodynamic affinity or basicity
scales for reference compound comparisons. The most comprehensive accepted scale for
alkali metal ions is the interaction of analyte with the lithium cation. 8 For FT-ICR studies
of the lithium cation basicity (LCB), mixtures of neutral bases are introduced into the
spectrometer at minimal pressure (3-5 x 10° Pa). The lithium cation is generated by laser
ablation (N2 laser) from a piece of lithium and aluminum alloy or a lithium benzoate pellet

inserted into the desorption-ionization system as a target.®

After ablation, the lithium is allowed to react with the neutral gases for 1-2 s to
form lithium adducts and electrostatically bound lithium dimers. The species of interest,
the lithium bound complex [MBL.i]", is then isolated using a series of ejection pulses and
accelerated by resonant excitation as previously described. After acceleration, ions are
allowed to collide with the neutral gasses introduced into the cell including analyte,
reference base and argon collision gas at a static pressure (5 x 10 Pa).2% The activation
causes the dissociation of the [MBLIi]* complex, and the resultant lithium-cationized
monomers are recorded. The LCB is calculated by the measured ion intensities and the
neutral partial pressures.®® In FT-ICR analysis, the activation is related to the pressure of
the collision gas, where QIT experiments use low-energy CID.3* The kinetic method by

Cooks et. al. was originally developed using a quadrupole ion trap and makes use of the
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rates of unimolecular dissociation to estimate bond dissociation energies and therefore

LCB.

3.1.2 Cooks’ Kinetic Method

For the investigations presented here, Cooks’ Kinetic method was selected due to
the available instrumentation (QIT) and the desire to characterize properties that govern
electrospray ionization of lignin model compounds. This approach has been widely used
in recent years, especially for compounds that present challenges for measurements of
cation affinity based on equilibrium methods, such as low volatility biological molecules.®
Electrospray ionization with the addition of LiCl and a QIT mass spectrometer were
employed in this work to determine gas-phase lithium cation basicities of lignin
compounds. The kinetic method is an approximate method for the determination of
thermochemical properties based on the rates of competitive dissociation of a mass selected
cluster ion. The cluster consists of two bases bound by a proton or cation, and the
dissociation of the cluster by CID is dependent on the rate constants for the competitive
product ions.®® By assuming negligible differences in entropy requirements for the
competitive paths, negligible reverse activation energies, and the absence of isomers, the

ratio of fragment ion abundances is related to the difference in proton affinities.%

Cooks’ kinetic method for alkali metal binding energies is performed by isolating
a complex of reference, cation and the unknown.®¢8” The gas-phase lithium cation basicity

is defined as the negative of the Gibbs free energy associated with the reaction:

Bigy + Li* gy > B — Li* ) 3)
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Using the kinetic method, the LCB can be determined by the rates of competitive
dissociation of a mass-selected cluster ion.®% & Lithium cations can form chelate clusters
by coordinating to two or more basic centers easily, because of the flexible nature of the
electrostatic interaction and the long optimum Li* to base distance.®>®® The cluster is
composed of a reference compound, the compound of interest, and the ion to which binding
occurs. In this Chapter, the three lignin monomers H, G and S were evaluated via Cooks’
kinetic method (Table 1). Therefore, the lithium bound clusters evaluated here consist of a
monolignol (B), Li*, and reference (Ref) base with known LCB. Assuming the reference
compound is structurally similar to the compound of interest and there is no reverse
activation energy, dissociation of the mass selected cluster gives rise to two ions via two

competitive dissociation pathways.®

k [BLi]* + Ref
[BLiRef]*/v

o * B+ [LiRef]* @)

The LCB difference between a reference and the unknown can therefore be
calculated by the following equation where B is the unknown base, Ref is the reference
compound with known LCB, R is the gas constant and Te is the effective temperature, a
parameter that describes the degree of excitation of the complex dependent on the CID
setting. The competitive dissociation occurs from a common ion, therefore the logarithm

of the ratio of rate constants can be expressed as:

i+
In kp __ [ BLi ] - ALCB 86, 89 (5)

krer  LRefLit] = RT.ff

The dissociation rates are approximately equal to the ratio of ion intensities assuming

entropy and reverse activation energy are negligible.® Reference bases were chosen during
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preliminary experimentation that roughly estimated an expected LCB range for each
monolignol and three bases were chosen based on their reported LCB to best bracket the

unknowns.%®

Analysis was carried out on a ThermoScientific LTQ linear ion trap mass
spectrometer in the positive-ion mode equipped with an ESI source. Previous studies have
debated the use of ion traps for the kinetic method due to gas-phase interactions of the
adduct ions with water left over in the trap that could alter the observed ratio of ions via
the competitive dissociation of the activated cluster.®* Despite these claims, some of the

91

original work by Cooks et al. was performed on a quadrupole ion-trap mass

spectrometer, therefore we expected the LTQ mass spectrometer to provide adequate data.

92

The shortcomings of Cooks’ kinetic method are extensively discussed in
Armentrout’s commentary on the use of the kinetic method as a thermodynamic method.®®
The most apparent inadequacy of Cooks’ kinetic method according to Armentrout is that
Tert should not be considered a thermodynamic quantity which reflects a Maxwell-
Boltzman distribution because it varies from cluster to cluster, depends on relative
enthalpies for competitive dissociations, and is impacted by experimental parameters.®
While we recognize Tets as a measurable perturbation, the impact of Tefr on the estimation
of LCB by the kinetic method does not have an apparent effect on the experimental results.
The kinetic method is dependent on the accuracy of the reported LCB of the reference

compounds, and this error masks any impact of Tes in the experimentally determined value.
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It is also important to note that the kinetic method relies on the assumption that the
competing dissociations involve species that are chemically similar so that entropic effects
can be considered negligible. % However, since there are very few compounds that are
structurally similar to the monolignols with LCBs in the appropriate range, the reference
bases are comparable, but only chemically similar in some respects.®® To ensure that the
method still holds in the case of the dissociation of a cluster composed of somewhat
dissimilar species, multiple validity tests were performed. The effect of using a reference
compound that is very structurally different from the unknown is also investigated in the
LCB range of the S monolignol using trimethylphosphine oxide. By understanding the
possible entropic contributions when using dissimilar compounds, we can more

comprehensively represent the accuracy of our LCB estimations.

3.1.3 Computational Studies of Gas Phase Basicity

To further evaluate the ionization of compounds by lithium adduction, density
functional theory (DFT) Gaussian calculations were performed to optimize geometries and
to determine the position in which lithium is most likely coordinated to lignin model
compounds. DFT is routinely used to describe the chemistry of gas phase-systems,
geometries, and total energies.®* We hypothesized that the high charge density of lithium
allowed it to coordinate strongly to lignin compounds due to the aromatic ring with electron

donating groups, thereby producing sequence specific information upon CID dissociation.

In this Chapter, the empirical lithium cation basicity study is complemented by
Gaussian calculations of optimum geometries. Empirical determinations of lithium

interactions are referred to as lithium cation basicity, while computational work to deduce
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the energy change upon a lithium interaction is referred to as lithium cation affinity (LCA).
Computations of LCA have previously been directly compared to experimental results of
gas-phase LCB measurements.! However, due to the complexity of the monolignol systems
and multiple sites of chelation, the calculated lithium affinity at isolated positions cannot
be directly compared to experimentally determined LCB. Instead, the electrostatic
interaction energy at the primary and most stable coordination points have been compared
across monolignols H, G and S to elucidate substituents that have the largest impact on
experimental LCB. Energy calculations of cation-pi interactions with alkaline earth cations
using DFT optimizations have been studied extensively and were applied for the theoretical
determination of electrostatic interaction energy.®>-°® Computational predictions of primary
binding motifs of lignin dimers with Li* have been reported, and were applied to predict
the most probable locations of alkali metal coordination.?® This computational theory will
elucidate strength of coordination for the cation-pi, dipole, and coulombic interactions of

H, G and S with a lithium cation.%-%7

Density functional theory has been selected to study the structure and
thermodynamic properties of the interaction between lithium cation and neutral bases due
to previous reports that DFT methods are appropriate for aromatic systems with
electrostatic interactions like the monolignol-Li complex.*® The interaction energy (AEint)
is calculated by optimizing structures and subtracting the energy of monomers from its
complex.®>% For computations of the lithium cation affinity and electrostatic interaction
energy, the most common methods used are ab initio MP2 or DFT methods.> %% To
reproduce experimentally measured LCB values, inclusion of electron correlation effects

and the use of sufficiently large polarized diffuse split-valence basis sets are required.%
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Rodgers et. al. provides an extensive evaluation of theoretical computations of lithium
cation affinity effected by computationally challenging perturbations of the ligands due to
lithium’s high charge density and short metal-ligand bond lengths.*® The short metal
cation-ligand binding distance allows for the interaction of closed-shell core electrons that
can be relieved if the core electrons are permitted to polarize and correlate.® Therefore the
most appropriate method for LCA calculation is the intensive MP2(full)/aug-cc-pVTZ(Li-

C)/IMP2(full)/cc-pVDZ(Li-C) approach.®

However, the focus of the computational portion of this research is to show general
coordination motif trends based on stability of the primary chelation positions. Since we
have not attempted to estimate LCB with these computations, DFT methods were
sufficient. Among the simpler approaches, multiple sources including Rodgers et. al.
confirms that DFT B3LYP provides the best results for LCA/LCB and interaction energy

computations and is therefore suitable for this study.® %-1°

The aforementioned methods and theories were utilized in this work to study gas
phase supramolecular interactions of lignin model compounds to improve their ionization
and therefore analysis by ESI-MS. Chapters 3 and 4 include methods, results and
discussion of the lithium cation basicity of the three lignin monolignols, the nine lignin p-
O-4 dimers, B-5, and B-p linkage dimers. Lithium adduction for the ionization of lignin

compounds is one of the most promising methods for the advancement of this field.
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3.2 Introduction Lithium Cation Basicity

Lignocellulosic biomass is an abundant carbon-neutral resource for the production
of bioenergy and biomaterials which has renewed interest in lignin chemistry.?>?® Lignin
is the most abundant carbon source on earth after cellulose and contains highly
functionalized aromatic units that make it a potential source for the production of
aromatics.'®® The lignin polymer is composed of three aromatic ring types or monolignols
H, G, and S derived from the dominant monomers p-coumaryl alcohol (H, hydroxyphenyl),

coniferyl alcohol (G, guaiacyl) and sinapyl alcohol (S, syringyl).26-%

The processing of plant materials such as lignin into bio-derived materials and fuels
requires the development of characterization techniques for analysis of degradation
products.'® 22 Currently the largest challenge in this field is the structural elucidation of
lignin oligomers and the ensemble of phenolic compounds for lignin biosynthesis.?
Tandem mass spectrometry is the only analytical method for structural elucidation of
complex mixtures of this polymer without extensive purification, and is one of the principle
tools used for lignin characterization.?® 2% > Therefore the development of mass
spectrometric methods and a detailed understanding of ionization is essential to advance

applications of lignocellulosic biomass.

While mass spectrometric analysis provides information about the structure of
lignin compounds, standard positive-ion or negative-ion mode analysis of lignin
degradation products is hindered by poor ionization efficiency and extensive fragmentation
which prevents the assignment of molecular weights.?® 27 191 The negative ion mode is
slightly more successful and usually preferred because it is more sensitive to phenolics than

the positive ion mode.® 1 Lignin degradation products are mainly composed of phenolic
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and carboxylic acid-related compounds, therefore negative ion mode MS via simple
deprotonation was expected to be a viable ionization technique®® and consequently
deprotonation techniques were investigated for negative-ion mode analysis. However,
charge-driven in-source fragmentation significantly reduced analyte ion abundance and
increased the complexity of the spectrum.?® 3 3852 |t was hypothesized the cause of in-
source fragmentation was initiated by the abstraction of a proton, so a negative-ion mode
chloride adduction technique was developed based on previous reports of ionization by
alkali metal adduction. The chloride adduct proved effective in stabilizing lignin model
compounds for molar mass determination, and most notably provided sequence-specific
structural information upon CID and HCD tandem mass spectrometry on LTQ and Q-

exactive mass spectrometers, respectively.*

Although this method successfully produces structural information and therefore
sequencing of many lignin models, its dependence on an acidic hydrogen is a noteworthy
disadvantage. Chloride anion adduction stabilizes lignin compounds during the ionization
process to reduce impacts of in-source fragmentation. The first iteration of tandem MS
causes the chloride ion to be lost which generates deprotonated lignin model compounds
that can be subsequently subjected to dissociation processes to elucidate structural
information. While this method is viable for sequencing purposes, a notable disadvantage
is the loss of CI anions after the first tandem step. Subsequent detection of fragments is
therefore dependent on deprotonation processes, and the loss of neutrals may occur without

the presence of an alkali metal adduct due to a lack of acidic hydrogen groups.

Lignin model compounds also do not readily accept protons for positive ion mode

analysis. However, Haupert et al. demonstrated that (+)ESI-MS is significantly more
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successful with the addition of sodium cations which form abundant adduct ions and limit
fragmentation.'® 2 The addition of alkali metal cations such as sodium makes positive-ion
mode ESI of lignin an effective ionization technique due to the electrostatic interaction

between the cation and lignin compounds.?® 26

Although sodium adducts are successful in ionizing lignin model compounds such
as B-O-4' dimers, Asare et al. discovered the limitations in tandem mass spectrometry. In
the tandem MS analysis of B-O-4' dimers with sodium, only the fragment ion for the “B
ring” sodium adduct of the dimer was observed in the spectrum and no other structurally
informative ions were observed.>> However, the tandem investigations of lithium adducted
dimers produced abundant fragment ions of both the A and B ring and produced diagnostic
fragment ions that could be used to sequence the model compounds.® We hypothesized
that adduct formation is improved by the more efficient binding of Li* due to its small ionic
radius, high charge density, and shorter oxygen-cation binding distance.?® % Lithium
adducts are observed during each iteration of tandem MS, increasing the overall ion signal
and perhaps retaining more sequence specific information when compared with chloride
adduction. The lithium cation also accommodates the double interaction or complex
formation required for kinetic method determinations of gas-phase basicity due to the

longer [Li-basic center] distance and more flexible nature of electrostatic binding.&

This observation prompted investigations of the specifics of the supramolecular
interactions of lignin compounds with alkali metal cations. During our initial
characterizations we used lithium adduction to produce tandem MS spectra for the nine
synthesized B-O-4 lignin dimers and surprisingly observed large differences in the relative
abundance of the A and B ring fragments. QExactive Orbitrap HCD fragmentation of the
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lithiated H-(B-O-4’)-H dimer produced two fragments representing the lithium adducted A
and B ring at a 50:50 abundance as expected. However, MS/MS of the G-(B-0-4’)-G and
S-(B-0O-4°)-S dimers produced relative A:B ring intensities of 60:90 and 30:100
respectively. This observation led us to hypothesize that the lithium ion must have some
preferential mode of interaction independent of ring substituents that favors the B ring of
BO4 dimers. To further our understanding of lithium adduction for the ionization and
positive mode analysis of lignin model compounds, | began thermodynamic
characterizations by evaluating the gas-phase LCB of the monolignol units H, G, and S by

the kinetic method.

Here measures of synthetic monolignols H, G and S by Cooks’ et al. kinetic method
on a linear quadrupole ion trap mass spectrometer (LTQ) are presented. As previously
discussed, the kinetic method uses gas-phase transfer equilibrium and rates of competitive
dissociation of a mass-selected cluster ion to provide information on the electrostatic
behavior of chemical compounds.& 88 % The LCB findings are supplemented by quantum
chemical computations of the interaction or electrostatic energy using Density Functional
Theory to optimize the geometry of the lignin monomers and to study trends in the strength
of electrostatic interactions for comparison with experimentally determined lithium cation
basicity. 19219 This work begins to address the impacts of gas-phase lithium cation basicity
and lithium cation location on the retention of sequencing features for positive-mode ESI-

MS analysis of lignin compounds.
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3.3 Monolignol LCB Materials and Methods
3.3.1 Mass Spectrometry Methods

Monolignols were synthesized as previously reported.’®* Lithium Cation Basicity
determination was carried out by a ThermoScientific LTQ linear ion trap mass
spectrometer (ThermoScientific, Waltham, MA, USA) in the positive-ion mode equipped
with an ESI source. The sample was infused directly for MS/MS analysis. During
preliminary experimentation the instrument was tuned for each complex to optimize signal
intensity and stability. However, for consistency a tune method was developed based on G
monolignol complexes that can be used to elucidate the LCB of all monolignols. The best
signals for H, G and S were obtained with the instrument operating at a spray voltage of
4.0 kV, sheath gas flow of 4.0, capillary voltage of 45.0 V and temperature of 250 °C, and
tube lens charge of 78.0 V. This tune method was applied for all subsequent

experimentation.

The validity of the kinetic method under these conditions was evaluated by carrying
out experimentation on references treated as unknowns. Isophorone with an LCB in the
expected range for the G monolignol was treated as an unknown. Reference compounds
including 1,2-dimethylimidazole, glycine and pyridazine were chosen to bracket the
expected LCB of isophorone. A solution that consisted of 0.3 mg/mL isophorone, 0.3
mg/mL reference, 3.3 mM LiCl and was approximately 50% aqueous, 50% MeOH was
directly infused. The [B + Ref + Li*] complex was isolated and fragmented by CID with
collision energies appropriate to retain ~30% of the precursor ion (typically 15-25%

normalized collision energy, NCE). Data was acquired and analyzed using the
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ThermoScientific Xcalibur software (ThermoScientific, Waltham, MA, USA) and a
minimum of 70 scans were averaged to find the abundance of the lithiated reference and
monolignol. The experimental LCB by the kinetic method was then compared with the

reported value.

Further method validation was performed by determining the LCB of cysteine,
isoleucine and S monolignol with the structurally unrelated compound trimethylphosphine
oxide as a reference. The above tune method was applied, and solutions were prepared at
0.05 mg/mL trimethylphosphine oxide and 0.5 mg/mL ‘unknown’ of cysteine, isoleucine

or S. The solution was adjusted to 50% aqueous, 50% MeOH and 5 mM lithium chloride.

The above tune method was applied to each lithium bound cluster ion of monolignol
and reference. For electrostatically bound cluster ions that were difficult to isolate, the tune
method was held constant and the concentration of reference and monolignol in solution
was varied to improve complex formation and electrospray efficiency. The monolignol of
interest was prepared in methanol and the reference compounds in water or methanol
depending on their solubility. References for S include proline, isoleucine and cysteine; for
G include glycine, 1,2-dimethylimidazole, and methylimidazole; and for H include
dimethyl isophthalate, methyl benzoate and 3-methylpyridine. Generally, isolation of S
complexes was successful at a final concentration of 0.2 mg/mL S and 0.4 mg/mL
reference, G complexes at 0.4 mg/mL G and 0.2 mg/mL reference, and H complexes at 0.4
mg/mL H and 0.2 mg/mL reference. All solutions were adjusted when needed to

approximately 50% aqueous, 50% MeOH and 5 mM LiCl.

Complexes were fragmented with a CID setting of 15-25% NCE. The CID setting

was plotted vs. the natural log of the ratio of unknown to reference to quantify the
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dependence of fragmentation on the degree of excitation (equation 3). The slope of this
plot is the Tes value. An average of at least five ratios of unknown to reference at
corresponding CID were averaged to calculate the change LCB (kcal/mol) using the
corresponding 1/RTes factor (equation 3). The change was then applied to the known
reference LCB to estimate the lithium cation basicity of the unknown component of the
selected cluster ion. A linear least square regression of reference LCB vs. observed change

was performed to evaluate the error in estimated LCB of unknowns.

3.3.2 Computational Methods

All calculations were done using Gaussian 09 on a DLX supercomputer cluster.
The study considered optimized structures of H, G and S monolignols and their interactions
with Li* cations. Multiple Li* starting points for each monolignol were chosen based on
previous reports of Lithium coordination tendencies.?® 1%5-10¢ The positions were first
optimized using a classical molecular mechanics method with a UFF force field, then using
a quantum chemical ab initio Density Functional Theory (DFT) with B3LYP functional
and a 6311G+ basis set.?® The DFT computations provided three primary lithium

coordination patterns consistent across all three monolignols.?®

The three primary coordination motifs were further optimized using DFT/B3LYP
methods with increasing basis sets to improve results including 6311G+(d,p) and
6311G+(2d,2p).* Each monolignol independent of lithium and a lithium ion were similarly
optimized for subsequent calculations. After optimization, the vibrational frequencies were
calculated at the same level to ensure there were no imaginary frequencies and that the

computation had reached a true minimum.%

56



Optimization energies of the monolignols and the monolignols coordinated by
lithium were then used to calculate the interaction energy of the three lithium coordination
motifs. The interaction energy or lithium cation affinity of H, G and S was calculated by
subtracting the energy of the monolignol and lithium ion from the total energy of the
[monolignol-Li]* complex.®>% Zero point energy (ZPE) correction was also calculated
with the corresponding method.®® The ZPE was added to the interaction energy to
determine a final interaction energy estimation. No corrections for basis set superposition
error (BSSE) were made due to previous reports that BSSE corrections are negligible for

lithium cation affinity calculations. 1%

3.4 Monolignol LCB Results and Discussion

3.4.1 Lithium Cation Basicity

Using Cooks’ kinetic method, the monolignols H, G and S were each evaluated by
three reference compounds to determine their relative lithium cation basicity. The values
reported in Table 3.1 were obtained using tandem MS and CID to dissociate each
electrostatically bound cluster and produce a ratio of monolignol to reference. The
uncertainty of the average LCB was calculated by a linear least square regression and the
overlap of values is reasonable for the LCB estimation of H, G and S monolignols. There
is approximately an 11% increase with each methoxy addition, which suggests that the
lithium cation basicity of these hydroxyphenyl based compounds is highly dependent on

the number of methoxy groups on the aromatic ring.
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Table 3.1 Lithium Cation Basicity of Monolignols H, G and S. All values are reported in
kcal/mol. The estimate LCB is an average of resultant LCB from each reference
comparison.®® *Entropic contributions and the error in the LCB of S monolignol is further
investigated by trimethylphosphine oxide.

Compound (B) | Reference (Ref) LCB Ref® | ALCB |LCB(B) | LCB
Dimethyl Isophthalate | 37.55 -0.77 | 36.78

H Methyl Benzoate 36.81 -0.04 | 36.77 36.9+0.3
3-Methylpyridine 36.50 0.67 |37.18
Glycine 41.60 -0.58 | 41.02

G 1,2-Dimethylimidazole | 41.80 -0.28 | 41.52 41.0+0.2
Methylimidazole 40.20 0.36 | 40.56
Proline 47.50 -0.96 | 46.54

S Isoleucine 45.30 0.38 | 45.68 46.1 £ 0.2*
Cysteine 45.20 0.94 |46.14
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Figure 3.1 LTQ CID/MS? spectra of lithiated monolignol, reference and complex post CID
with depletion of complex ion. A. H monolignol lithium adduct (m/z 157) with 3-
methylpyridine lithium adduct (m/z 100) reference to form complex (m/z 250), B. G
monolignol lithium adduct (m/z 187) with 1,2-dimethylimidazole lithium adduct (m/z 103)
reference to form complex (m/z 283) and C. S monolignol lithium adduct (m/z 217) with
proline lithium adduct (m/z 122) reference to form complex (m/z 332).
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The isolation of H, G and S under the established tune method was successful with
LTQ tandem mass spectrometry (Figure 3.1). A CID energy of only 15-25% NCE is
necessary to dissociate these electrostatically bound clusters, producing the two
competitive ions of dissociation almost exclusively and limiting fragmentation. In some
cases, a higher CID setting was required, and other fragments were observed, but the
additional fragmentation did not appear to have an impact on the observed ratio. As
discussed in the methods, at times one component had more affinity for Li* or was more
successfully ionized under the electrospray conditions and aqueous percentage.
Accordingly, | adjusted the concentration of one component to force complex formation
and improve signal. In some cases, it was also challenging to isolate the cluster exclusively.
When a higher CID setting was necessary for fragmentation, it was evident that there was
more than one compound under the selected m/z and isolation window. The window was
adjusted for the best isolation in a range of 1-3 (arbitrary units) until the fragments

produced were primarily representative of the electrostatically bound cluster ion.

In addition to primarily producing the two competitive ions of dissociation, the
spectra also reveal very few interactions between the adduct ions and neutral water in the
trap (Figure 3.2). The addition of water to the lithiated adduct ions impacts the ratios of
monolignol to reference. However, the effect of interactions is well within the LCB margin
of error. As an example, the effect of water addition has been calculated for the [S + lle +
Li]" (m/z 348) complex dissociation (Figure 3.2). The relative proportion of hydrated
adduct ions was minimal compared to the desired ion dissociation. When the addition of
hydrated ions is included in the ratio of monolignol to reference for S and Isoleucine, there

is a 0.02 kcal/mol increase in the calculated LCB of S which is well within the associated
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error implying the impact of the addition of water in the trap is insignificant. With effective
isolation of the desired complex, secondary fragmentation at the low CID energy used and

addition of water or other gas-phase interactions in the trap are consistently negligible.
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Figure 3.2 LTQ CID/MS? spectrum of S lithium adduct (m/z 217) and isoleucine lithium
adduct (m/z 138) complex [lle + S + Li]* (m/z 348) CID fragmentation. Evidence of neutral
water addition to complex dissociation product ions [S + Li + H2O]* (m/z 235) and [lle +
Li + H20]" (m/z 156).

To evaluate the accuracy of the lithium cation basicity, | performed a linear least
squares (LLS) regression fit. The relationship between reference LCB and the change in
LCB calculated by the natural log of the ratio of unknown to reference (equation 5) is linear
and can therefore be evaluated by LLS. The uncertainty was most likely largest for the H
monolignol because the reference compounds cover a small LCB range of 1.05 kcal/mol
compared to references used for the LCB determination of G and S which cover a range of
1.6 and 2.3 kcal/mol respectively. To further evaluate the accuracy of our estimation we
experimentally determined the LCB of isophorone for comparison with the published value
because it falls in the middle of the investigated LCB range for the monolignols. As
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depicted in Table 3.2, the experimentally determined LCB of isophorone was within 0.1
kcal/mol of the reported value. We obtained the LCB using reference bases that are
comparable in some ways but structurally dissimilar. Using dissimilar compounds to obtain
an LCB analogous to the reported value for isophorone further validates this method and

its application to the monolignols.

Table 3.2 Method validation using isophorone as an unknown for comparison with
reported lithium cation basicity.* Reported in kcal/mol

Compound | Ref LCB Ref | LCB Iso | Average | Reported
1,2-Dimethylimidazole | 41.80 41.77

Isophorone | Glycine 41.60 41.51 416+12|415+£1.2
Pyridazine 41.40 41.67

For H and G monolignols, a structural range of compounds were used for
experimentation. Based on the results and the method validation using isophorone, the
kinetic method provided an effective estimation of the lithium cation basicity. In the case
of the S monolignol there are few compounds that are structurally comparable with
published LCBs in the appropriate range, so we were only able to use amino acids as
reference compounds. The results for H and G suggest our LCB determination of S is very
reasonable with a consistent 11% increase. However, to further validate the method the

LCB of S was investigated using an additional reference base that is not an amino acid.
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Table 3.3 Using trimethylphosphine oxide as a reference base to determine the
experimental LCB of cysteine, isoleucine, and S monolignol. Reported in kcal/mol.

Compound Expected LCB(MesPO ref) | Ob-Ex Average
LCB Skew

Cysteine 45.20 43.16 -2.04

Isoleucine 45.30 43.54 -1.76 -1.88

S Monolignol | 46.13 44.29 -1.84

Trimethylphosphine oxide (MesPO) is one of the few compounds with a published
lithium cation basicity in the range of S monolignol that is not an amino acid. This
compound is very structurally different from both S monolignol, and the amino acids used
as reference bases. Based on the results shown in Table 3.3, the LCB determination for
cysteine and isoleucine using MesPO resulted in an LCB about 2.0 kcal/mol different than
the reported values. This is most likely because these compounds are so structurally
unrelated that the entropic contribution in cluster dissociation affects the accuracy of
results. When determining the LCB of S monolignol using trimethylphosphine oxide as
reference, a very similar skew is observed with a resultant LCB about 1.8 kcal/mol lower
than the estimation provided using amino acids (Table 3.1). Based the consistent skew for
Cys, lle, and S, we can conclude that the amino acids used to estimate the LCB of S appear
to be sufficiently structurally similar for a reasonable result using the kinetic method.
Nevertheless, if we were to consider the results from structurally unrelated
trimethylphosphine oxide, the LCB of S would be 45.2 £ 0.6 kcal/mol. While this is lower
than the estimation by amino acids, it is still significantly larger than the LCB estimate for
G. Therefore, we confidently conclude that the addition of a methoxy group has a large
impact on the lithium cation basicity for monolignols, and has the potential to create a
variance in response factor for H, G and S.
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3.4.2 Interaction Energy Computations

The quantum chemical computational results support LCB findings that the
addition of methoxy groups to the aromatic has a large impact on the electrostatic
coordination of lithium. In the empirical determination of LCB using the kinetic method,
the lithium is also coordinated to a reference compound. Therefore, the total coordination
of the lithium cation is dependent on the complex system and available coordination sites
on each reference compound and monolignol. In order to discern the lithium cation affinity
of the monolignols, Figure 3.3 depicts the most probable electrostatic interaction sites. The
interaction energy (AEint) is calculated by subtracting the energy of the monolignol and
lithium from its complex.®® More negative interaction energy values correspond to
stabilization due to lithium interaction. There are three main coordination motifs of lithium
to the monolignols including chelation at the tail phenol (Figure 3.3, C), the aromatic

(Figure 3.3, A), and the aromatic phenol and methoxy substituents (Figure 3.3, B).
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Figure 3.3 DFT 6311G+(2d,2p) optimized structures of monolignols H, G and S Lithium
cations shown in purple, oxygen atoms shown in red. Dashes represent electrostatic bonds
or coordination sites.

The geometry optimization of monolignol-Li interactions provided expected
chelation positions. The cation-pi interaction (Figure 3.3, A) has little effect on the
optimized geometry of the monolignol and sits directly above the aromatic ring at a
distance dependent on the number of electron-donating groups on the aromatic. For the
optimized structures of monolignols G and S, the chelation of Li* with the phenol and a
methoxy of the aromatic ring creates an electrostatic five membered ring and aromatic
bicyclic structure that is essentially planar as expected. Coordination position C is
consistent across the monolignols following the scorpion-effect where the cation sits
perpendicular to the plane of the tail phenol above the alkene for optimum stability.1%” This

interaction at the tail oxygen has a difference in stability between H, G and S less than 1.2
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kcal/mol and is consistent across all three monolignols, therefore it is not a large contributor

to the variability in LCB.

The addition of methoxy groups on the aromatic ring also improves the monolignol
pi-cation coordination. Cation-pi interaction energies are very sensitive to the electronic
nature of the substituent and the number of substituents.®" The effects of multiple
substituents has been shown to follow additivity, or that the total substituent effect on
interaction energy is the sum of the individual contributions.*® The methoxy and phenol
groups are electron donating and therefore increase the stability of the cation-pi interaction
energy. This is verified by DFT results shown in table 4 where the increase in substituents

on the hydroxyphenyl increases stability.

The largest contribution based on interaction energy calculations is lithium
chelation to the methoxy and phenol substituents on the aromatic ring. The computational
estimations show (Table 3.4) the substantial increase in stability with the addition of a
methoxy from H to G across all basis sets. Comparatively the change in interaction energy
is minimal at the other major sites of chelation. The preferable interaction of two sites on
the aromatic is possible for both G and S monolignols which greatly improves the
coordination distance and stability of the complex. The stability at this site appears to be
similar for G and S because the lithium can only interact with one methoxy group and
phenol at a time (Table 3.4). However, there is an additional methoxy group available for
interaction in the case of S. Therefore, it can be argued based on probability of collision
and successful interaction that it is twice as likely for the methoxy-phenol coordination to

form successfully on the S monolignol. These computational results support the
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experimental findings that there is a significant increase in lithium cation basicity with each

addition of a methoxy group.

Table 3.4 Computed DFT B3LYP interaction energies reported in kcal/mol. Comparison
across basis sets and monolignols H, G and S.

Coordination | Basis Set Interaction Energy
H G S
6311G+ -33.6 -35.9 -38.5
A 6311G+d,p -37.4 -40.7 -42.6
6311G+2d,2p | -38.0 -41.3 -43.1
6311G+ -41.8 -67.1 -70.2
B 6311G+d,p -36.1 -57.8 -61.7
6311G+2d,2p | -35.7 -56.6 -60.7
6311G+ -55.9 -55.8 -55.6
C 6311G+d,p -51.3 -52.2 -53.3
6311G+2d,2p | -50.9 -51.8 -53.2

Based on the optimization results of the monolignols with lithium, we propose that
lithium adducts have sufficient stability to reach a true energetic minimum with the lithium
coordinated at many positions to produce a population distribution of interaction sites. The
energies of the intermediate geometries are high enough that the lithium does not act as a
diffuse charge like other alkali metal cations. There is some barrier of energy to move
from one coordination position to the next, which results in a population distribution of
low and high probability lithiated geometries. We can conclude from experimental and
computational results that the interaction between lithium and the methoxy and phenol on
the aromatic ring (Figure 3.3, B) is the largest contributor to the population of coordination

positions.
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3.5 Conclusion

Recently the mass spectrometry of lithium adducted model lignin compounds has
shown promise for the improvement of analytical methods for the structural elucidation of
lignin. To expand our understanding of the impact of lithium adduct cationization, the
lithium cation basicity of H, G and S monolignols has here been successfully estimated for
the first time. The large increase in LCB with the addition of each methoxy group is
supported by the computational results which show that the largest change in stability for

H, G and S occurs at the methoxy-phenol position.

The geometry optimizations and interaction energy calculations confirm that there
is some population distribution of lithium coordinated across low and high probability
positions. In the tandem mass spectrometry results of lignin model compounds such as -
O-4' dimers discussed in previously, a distribution of chelation positions would produce a
spread of fragments with the abundance of each fragment dependent on the strength of its
lithium interaction.> When lignin model compounds are ionized using other alkali metal
ions such as sodium, comparatively weak electrostatic interactions are formed due to the
lower charge density. The sodium ion acts as a diffuse charge that can reach a consistent
equilibrium position and does not produce a distribution of sodium adducted fragments.
This explains why only one ring fragment is observed in the tandem mass spectrum of a
sodium adducted f-O-4' dimer, but both rings are observed in the tandem spectrum of the
lithium adducted dimer.>? Based on the LCB and interaction energy results, the population
distribution produced by lithium cationization clarifies the tandem MS results reported in

previous work by Asare et. al and supports the finding that lithium adduct ionization for
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tandem mass spectrometry is the most promising for the structural elucidation of lignin

compounds.>?
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CHAPTER 4: NOVEL LADDER METHOD AND LCB OF LIGNIN B-O-4 DIMERS

Sections of this chapter are excerpts from the following publication:

Reprinted with permission from Dean, K. R.; Lynn, B. C., Lithium cation basicity
estimates of lignin B-O-4 dimers by the kinetic method utilizing a novel ladder approach.
International Journal of Mass Spectrometry 2020, 457, 116416. Copywrite 2020 Elsevier

4.1 Introduction to the Ladder Method

The results of my work on the lithium cation basicity of monolignols specifies there
is a direct correlation between the number of methoxy groups on the aromatic and an
increase in LCB (S > G > H). This is due to the coordination of lithium at the methoxy and
phenol position and the effect of these electron donating groups on the lithium- =
interaction of the aromatic.1%1% We concluded that there is some population distribution
of lithium coordinated across low and high probability positions attributable to lithium’s
high charge density.? % This distribution results in a spread of lithium adducted fragments,
with the abundance of each fragment dependent on the strength of its lithium interaction.%
These findings explain why lithium adduction provides structurally relevant fragment ions
in the positive ion sequencing of lignin systems.>? 1% Here | have extended our current
understanding of lithium adducted lignin model compounds by estimating the lithium
cation basicity of all nine $-O-4 dimers by the kinetic method for the first time. These LCB
estimations are important to elucidate the thermodynamic trends that explain response
factor differences observed when lignin model compounds are analyzed by lithium
adduction.

The LCB of all nine B-O-4 dimers falls above the published lithium cation basicity

reference range (210 kJ/mol).1 859 As previously discussed, reference compounds that are
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close in LCB and structurally similar to the analyte of interest are required for Cooks’
Kinetic Method. Therefore, this work successfully overcomes reference compound
limitations by extending the LCB scale above published values. The novel method
presented in this work was inspired by Feng et. al. who proposed a ladder method for
kinetic method evaluations of amino acids.®> They hypothesized the gas-phase binding
energies of amino acids can be compared to a single reference compound, or measurements
can be made between many pairs of compounds to create a scale (ladder) against an anchor
reference.®® Since the scale is built off a single reference compound, | hypothesized that by
establishing the LCB of just one lignin dimer, an LCB scale could be built above the

published reference values by dimer-dimer comparisons.

This pairwise approach or ladder method is advantageous because it depends on
measurements between compounds of similar binding energies, and of similar structure.®
Values obtained from the ladder method are reported to deviate from standard reference
comparison values by less than 0.3 kcal/mol (1.3 kd/mol). 8The anchor point for the ladder
method will be the H-(B-O-4")-H dimer because its LCB is low enough that it can be
determined by the standard method of reference comparison. From the HH dimer, many
comparisons were made between all nine B-O-4 dimers to build the LCB scale above
available reference compounds. This study is imperative for the continued development of
lignin analysis by mass spectrometry, especially in the promising technique of positive-

mode ESI mass spectrometry of lignin by lithium adduction.
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Figure 4.1 A. B-O-4 dimer. A and B ring labeled, A ring monolignol designation always
written first. H specifies that R1 and Rz or Rz and R4 are hydrogens. G specifies that Ry or
Rs are methoxy groups. S specifies that all R groups are methoxy groups (Table 1). B.
Table of dimer designations by series

4.2 Dimer LCB Materials and Methods

Synthesis of B-O-4 dimers has been previously reported.3®* Dimers were prepared

by protection, aldol coupling, reduction and deprotection reactions.®
4.2.1 Cooks’ Kinetic Method for Dimers

The lithium cation basicity investigations by Cooks’ kinetic method were initially
carried out on a ThermoScientific LTQ linear ion trap spectrometer (ThermoScientific,
Waltham, MA, USA) in the positive-ion mode equipped with an ESI source. Samples were
directly infused for tandem MS experimentation. The instrument was first tuned to
optimize complex formation of monolignol G with a reference compound as previously
reported.'% The tune method parameters include a spray voltage of 4.0 kV, sheath gas flow
of 4.0, capillary voltage of 45.0 V and temperature of 250.0 °C, and tube lens charge of

78.0 V. This tune method was held consistent for all experimentation. The complex ions
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consisting of a reference, dimer, and lithium; or two dimers and a lithium were isolated and
subjected to CID fragmentation at a range of 13 to 20 % normalized collision energy

(NCE).

Measurements were also made on a Finnigan LCQ DECA mass spectrometer to
produce a second LCB data set to evaluate the precision of the LCB ladder method
estimates. The DECA was configured for direct infusion with an ESI source and fused
silica capillary (50 um ID, 183 um OD). The instrument was tuned using the G-(-O-4’)-
G dimer and optimized for complex formation at a spray voltage of 3.5 kV, capillary
voltage of 25.0 V and temperature of 200 °C. This tune method was held constant for all
experimentation. The complex ions consisting of two dimers and a lithium ion were

isolated and fragmented by CID in a range of 13-22 % NCE.

On both instruments, the scale of lithium cation basicity for the 3-O-4 dimers was
compiled by kinetic method CID dissociations of dimer complexes for calculation of the
ALCB (equation 5). The parent ion was not fragmented below 30% and at least four CID
settings were used with an average of at least 70 scans to determine the intensities of each
complex component. The LCB difference between a reference and unknown was
calculated by equation 2 where Tes is the effective temperature, a parameter that describes
the degree of excitation of the complex dependent on the CID setting. The Tefr was
calculated during initial investigations of lignin dimers by a plot of the CID setting vs. the
natural log of the ratio of dimer complex components. On both the LTQ and DECA, and
in our previous work on monolignols, we observed Tes values of less than 1 °C.1% The
nature of resonant CID on quadrupole ion trapping instruments generates collisionally

cooled product ions producing negligible Tefr measurements. Due to error margins that are
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significantly larger than minute Tess perturbations, effective temperature does not impact
our ALCB estimations of lignin model compounds. Consequently it has not been reported
for these estimations, and the degree of excitation was assumed to be 273.14 K.1% The
reported ALCB is the determined change at the CID setting with the lowest calculated

uncertainty.

4.2.2 Ladder Method

Initially the anchor point of the ladder was established on the LTQ and DECA
instruments. The HH dimer serves as the anchor point for the ladder, and it is the only -
O-4 dimer with an LCB low enough to be compared to the established reference lithium
cation basicity scale. The HH dimer was complexed with amino acid references tryptophan,
and glutamic acid to determine the estimate LCB by the standard reference comparison
method. The validity of estimating the LCB of lignin model compounds with amino acids
has been confirmed in our previous work (Chapter 3).1% Final concentrations for injection
were 0.25 mg/mL HH, 0.25mg/mL reference base, and 2.5 mM LiCl and solution
composition of 50% aqueous and 50% methanol. Reference amino acids have a reported
LCB uncertainty of (+) 1.3 kJ/mol and the uncertainty was propagated to obtain the error
in the HH anchor measurement.! A statistical t-test was applied to determine if there was
a significant difference between the HH LCB results on the LTQ and DECA mass
spectrometers, and the error of the measurements was propagated from uncertainties

reported for reference amino acids.
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Once the HH dimer anchor point was estimated, the ion binding energies of
subsequent dimers HH through SS (the complete series of p-O-4 dimers) were determined
by the ladder method. Deviation of the ladder method from the standard reference
comparison method has been reported as less than 0.3 kcal/mol (1.3 kJ/mol). & Final
concentrations for injection were held consistent at 0.25 mg/mL for each dimer and 2.5
mM LiCl, 50% aqueous and 50% methanol. The lithium cation basicity of each dimer was
estimated by forming a complex for CID dissociation with more than one dimer
combination to establish the estimated ladder position. Pairs were chosen based on my
understanding of how the number of methoxy group substituents effects the LCB from our
previous work on monolignols.®® Some comparisons were attempted but not included due
to lack of material, inability to effectively isolate the complex, or observation that the LCB
difference was too great for accurate measurement. Also, several of the dimers share the
same mass to charge ratio and therefore cannot be compared by the kinetic method

including GH/ HG, SH/GG/HS, and SG/GS.

Based on the above limitations, the kinetic method was performed by complexation
and dissociation to determine the ALCB between the following pairs. On the LTQ
comparisons include HH/GH, GH/SH, GH/GG, SH/HG, GG/HG, GG/SG, HG/SG,
HG/GS, SG/HS, GS/SS, and HS/SS. On the DECA comparisons include HH/GH, GH/SH,
SH/HG, SH/ SG, GG/HG, GG/SG, HG/SG, HG/GS, SG/HS, GS/HS, GS/SS, and HS/SS
(Table 4.1). Based on the HH anchor point and my knowledge of the impact of the number
of methoxy groups, dimers were arranged by increasing LCB. Measurements between
successive steps were made when possible. Many of these comparisons also overlap or

span more than one ladder step to account for cases where dimers could not be compared
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due to their isobaric nature. For example, SH and GG are successive steps but cannot be
directly compared by the kinetic method because they have the same mass to charge ratio.
Based on other higher and lower dimer LCB comparisons we found that the order of dimers
in this range by increasing LCB is SH, GG, HG. To determine the ALCB between SH and
GG overlapping comparisons of SH/HG and GG/HG can then be used to calculate the
ALCB gap between SH and GG dimers (ALCB[HG/SH] - ALCB[HG/GG]
=ALCB[SH/GG]). Mathematical determinations of ALCB based on overlapping
comparisons account for any inability to evaluate pairs of dimers that are isobaric and

allows for multiple estimations of LCB energy gaps when possible.

Upon CID dissociation of the complex, the intensity of each component was
recorded for the kinetic method calculation of ALCB. At least four CID settings were used
for each complex ranging from 13 to 20% NCE. Each component ion intensity (TIC) was
recorded and the variation in TIC over at least 70 scans was evaluated for each component
at each CID. The variation in ion intensity was transformed by the ALCB equation to a
measurement in kJ/mol and is a representation of how effectively a particular complex was
isolated and fragmented (Table 4.1). The CID setting that resulted in a calculated ALCB
with the lowest ion intensity variation was reported as the change in lithium cation basicity
for that pair of dimers. In cases where multiple overlapping comparisons were used to
determine the ALCB ladder step, the measurements were averaged, and the standard
deviation was evaluated to mathematically estimate the difference in LCB between two
dimers (Table 4.2). On both instruments, steps HH to GH and HG to SH, and the LTQ
measurement of step HS to SS only one trial was possible, therefore the uncertainty of

these step changes is assumed to be the TIC variation. Finally, once successive steps in the
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ladder were assigned a ALCB and uncertainty based on the standard deviation of
measurements, actual LCB values were reported by summing ALCB from the anchor point
onward. Uncertainties were propagated appropriately. Final lithium cation basicity values
were reported based on this method, and then averaged across instrumentation. A Bland-
Altman correlation test was applied to investigate the statistical differences between the
LTQ and DECA results. The uncertainty of the final averaged LCB estimations was

propagated based on the reported error of the LCB and DECA estimations.

4.3 Dimer LCB Results and Discussion

Nine model lignin $-O-4 dimers were analyzed by Cooks’ kinetic method. The
LCB of the HH anchor point was established by standard kinetic method reference
comparisons between HH and amino acids with the highest reported LCB, tryptophan and
glutamic acid.> ® In the previous study | extensively evaluated the validity of using amino
acids to establish the LCB of monolignols, and concluded that the entropic differences
between amino acids and lignin compounds is minimal which makes them suitable choices
as kinetic method references.® For reference, the estimated LCBs of H, G and S
monolignol from Chapter 3 are 154.4 + 1.3, 1715 £ 0.8, and 192.9 = 0.8 kJ/mol
respectively. The lithium cation basicity of the HH dimer was determined on both the LTQ
mass spectrometer and the LCQ DECA to be 225.1 + 0.9 kJ/mol and 224.2 = 0.9 kJ/mol
respectively. Statistical analysis by a t-Test (a = 0.05) revealed these two means are not

statistically different.

The estimation of the ladder anchor point could have been improved by bracketing

the HH dimer with references with lithium cation basicity’s both higher and lower than the
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unknown, however this was not possible since the LCB of the HH dimer is very high and
falls just above the published range of references. The kinetic method determination of the
HH dimer LCB on two different instruments was statistically the same, therefore | assumed
that the anchor point was estimated with sufficient accuracy to build a ladder of p-O-4

dimers above the published LCB scale.

4.3.1 ThermoScientific LTQ LCB Measurements

Once the H-(B-0-4")-H anchor point was established by amino acid comparisons,
the ladder was built by kinetic method evaluations of dimers vs. the anchor point. To start,
the order of dimers by increasing LCB was established on an LTQ (linear ion trap) mass
spectrometer. | assumed based on our previous work with monolignols that dimers with
the lowest number of methoxy groups will have lower LCB’s. This assumption does not
take into consideration interactions of lithium with the B-O-4 linkage but was an
appropriate starting point. Therefore, a comparison between HH/GH, and HH/HG was
made. | observed that the LCB difference between HH and HG was so great that it could
not be accurately measured, but HH and GH could be compared (Figure 4.2). By this
observation, | hypothesized the methoxy groups on the B ring of the dimer have a much
larger impact on LCB than the methoxy groups on the A ring. The next logical comparison
was therefore HH/SH. The LCB difference between HH and SH was just out of the range
of accurate comparison (ALCB about 8 kJ/mol) and the complex peak was difficult to
isolate. Trials of GH/SH revealed an LCB difference of 2.2 (TIC £ 0.4) kJ/mol. Since the
ALCB between HH and GH was unmeasurable, | concluded that SH must be the next step

in the ladder. These three dimers with the lowest LCB make up the B ring H series and
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increase in LCB as the number of methoxy groups on the A ring increases as expected from

our previous work: HH, GH, SH (Figure 4.1).
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Figure 4.2 LTQ CID/MS? spectrum of lithiated p-O-4 dimers HH and GH, and dimer
complex (m/z 669) post CID with depletion of the complex ion.

Based on these initial determinations, | assumed that the next three dimers in order
of increasing LCB would be the B ring G series, HG, GG, and SG. Consequently, SH was
complexed with HG and a large increase of 5.6 (TIC + 0.3) kJ/mol was observed. Then HG
and GG were complexed assuming that this was the subsequent step based on increasing
number of methoxy groups on the A ring, however | found that the LCB of GG was lower
than that of HG by 0.46 (TIC £ 0.02) kJ/mol. This was an unexpected result considering
that there are more methoxy groups on the GG dimer than on the HG dimer. There is also
the possibility that these two dimers have the same LCB since this is such a small change.
The likelihood that GG and HG dimers have the same LCB is investigated further in section
4.3.3 where the LTQ results are statistically compared to DECA (3D ion trap) results, and
the uncertainty of measurement is evaluated. The comparison of SH/GG by the kinetic

method could not be evaluated since SH and GG are isobaric dimers. Therefore, a
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comparison between HG and GG was used to establish the step change from SH to GG.
The SG dimer was complexed with HG and activated for kinetic method evaluation to
confirm that HG has a higher LCB than GG. Dimer SG has a higher LCB than both HG

and GG, but the ALCB between SG and GG is much larger than the change between SG

and HG. This confirms the B ring G series in order of increasing LCB to be GG, HG, SG.

Table 4.1 Kinetic method for -O-4 linkage dimer results. Change in LCB determined for
each complexed pair of dimers to establish the ladder on LTQ and DECA mass
spectrometers. Variation in ion signal transformed into kJ/mol given in TIC (%) column.
All values in kJ/mol.

Dimer 1 | Dimer 2 | LTQALCB | TIC (¢) DECA TIC (2)
ALCB
HH GH 4.74 0.1 7.5 0.3
GH SH 2.2 0.4 2.2 0.5
GH GG 5.8 2.3 NA NA
SH HG 5.6 0.3 4.1 0.2
GG HG 0.46 0.02 0.6 0.1
GG SG 2.7 0.2 2.23 0.09
HG SG 1.21 0.01 1.71 0.06
HG GS 4.21 0.05 7.7 0.2
SG HS NA NA 7 0.2
GS HS NA NA 0.4 0.2
GS SS 0.9 0.04 1.1 0.3
HS SS 0.8 2 0.7 0.5
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Table 4.2 Kinetic method average calculated step change for the dimer series by
increasing LCB. All values reported in kJ/mol.

Step LTQ DECA

HHtoGH |45+01 |75+0.3
GHtoSH [2.2+04 |22+05
SHto GG [4.6+0.7 |3.6+0.3
GGtoHG [1.0+0.7 |0.5+0.2
HGtoSG |1.7+0.7 |15+0.3
SGtoGS [25+0.7 [6.2+0.3
GStoHS [0.1+2.0 |0.8+0.3
HStoSS |0.8+2.0 |0.7+0.3

The final three f-O-4 dimers makeup the B ring S series. It was once again assumed
that the LCB increases with the number of methoxy groups. The SS dimer was complexed
with HS and GS, respectively to establish the order of the B ring S series, and it was found
that there is a greater negative ALCB between SS/GS, than SS/HS. Therefore, the order of
this series follows that of the B ring G series were HS has a higher LCB than GS. The
difference in LCB is very small and it may be argued that HS and GS have the same LCB.
As previously mentioned, this possibility will be explored in section 4.3.3, but for purposes
of establishing the ladder in order of increasing LCB, the final three dimers in the series
are GS, HS, SS. This approach of using kinetic method LCB comparisons of many pairs
of lignin dimers therefore successfully builds a series of increasing LCB energies upon the

HH anchor point to extend the published LCB scale.

The final order of B-O-4 dimers by increasing LCB is HH, GH, SH, GG, HG, SG,
GS, HS, SS. To determine the ALCB for pairs of dimers that are isobaric, comparisons
were made across ladder steps to produce overlapping ALCB values that can be used to

determine the gap. The two steps that require this method based on the previously
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established scale by increasing LCB are SH to GG, and SG to GS. Overlapping
comparisons were also mathematically evaluated to support experimental findings. To
calculate the ALCB for the SH to GG step, the series SH, GG, HG of the established dimer
scale was used. The ALCB was determined by the kinetic method for SH/ HG and GG/HG
to calculate the ALCB gap between SH and GG dimers (ALCB[HG/SH] - ALCB[HG/GG]
= ALCB[SH/GG]). This method was also applied to the series HG, SG, GS in a similar
manner to calculate the ALCB of SG and GS since they cannot be directly compared by
the kinetic method. The error of the calculated ALCB’s was propagated based on the

uncertainties of the experimental measurements used for calculation.

4.3.2 Finnigan DECA LCB Measurements

Once the order of dimers by increasing LCB was established on the LTQ, we moved
to the DECA (3D QIT) to repeat the dimer order experiment and to investigate more
overlapping comparisons with the limited B-O-4 dimer material when possible.
Supplementary comparisons on the DECA include SG/HS, and GS/HS. These additional
kinetic method determinations were made to increase the amount of experimental data for
the dimers with the highest LCB since they are furthest from the anchor point and their
estimations on the LTQ had the largest error values. All previously investigated pairs on
the LTQ were successfully isolated and fragmented on the DECA except for GH/GG. The
ladder was established in the same matter as the LTQ, where dimers were assumed to have
increasing LCB based on the number of methoxy groups. The trend of increasing LCB
depending on the B ring substituents was also observed on the DECA, including the

surprising result that the LCB of HG is slightly higher than GG, and HS is higher than GS.
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These differences were similarly found to be very small, 0.6 (TIC = 0.1) and 0.4 (TIC %
0.2) kJ/mol respectively, therefore these pairs of dimers may be considered to have the
same LCB. Figure 4.3 depicts the HH/GH comparison post CID on the DECA MS, notably
this spectrum is analogous to the LTQ spectrum of the same kinetic method trial of this
dimer pair (Figure 4.2). Overall, measurements on the DECA had higher variance in ion

signal than LTQ measurements most likely due to instrumental differences.
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Figure 4.3 DECA CID/MS? spectrum of lithiated B-O-4 dimers HH and GH, and dimer
complex (m/z 669) post CID with depletion of the complex ion.
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4.3.3 Instrumental Comparisons and Discussion

Isolation of dimer complexes bound by a lithium ion for CID fragmentation was
successful on both the LTQ and DECA mass spectrometers. The order of f-O-4 lignin
dimers by increasing lithium cation basicity was established on both instruments as HH,
GH, SH, GG, HG, SG, GS, HS, SS with LCB’s ranging from about 224 to 247 kJ/mol. The
LCB’s estimated by the ladder method fall well above the established reference compounds
for standard kinetic method comparison which have a maximum LCB of about 210 kJ/mol.
As depicted in Table 4.1, the TIC variation of ALCB measurements was generally less on
the LTQ mass spectrometer than on the LCQ DECA mass spectrometer. This is likely due
to instrumental differences, most prominently the mass analyzers. The LTQ has a linear
ion trap which can accommodate a higher charge volume than the 3D ion trap used in the
DECA. The complexes isolated for the kinetic method are electrostatically bound by a
lithium ion. The lithium and dimer complexes are established in solution and can be easily
fragmented during analysis which reduces the amount of complex available for isolation
and fragmentation by CID. Both instruments were consequently carefully tuned to ensure
that there was a sufficient population of lithium bound complexes for isolation and CID
fragmentation to apply the kinetic method. However, in the case of the 3D ion trap, the ion
capacity is limited and the trap can contain less ions without space-charge effects
detrimental to sensitivity, mass accuracy, and resolution.!!® Linear ion traps reduce this
impact and can contain more ions without space-charge effects. Since space charge effects
can influence ion motion and sensitivity, the higher level of TIC variation on the DECA
mass spectrometer is most likely due to the 3D ion trap and mass analyzer. The LTQ overall

provides more precise measurement of ion signal.
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There are several data points collected on the LTQ and DECA that are statistically
equivalent (Table 4.1). However, in some cases there is an observable difference in
measurement resulting in marginally different final LCB estimations on these instruments.
Possibly the most impactful is the HH to GH step in the ladder. On the LTQ this step is
calculated to be 4.5 (TIC + 0.1) kJ/mol, and on the DECA this step is 7.5 (TIC = 0.3)
kJ/mol. This first step from the anchor point is the basis upon which all other LCB
determinations are built, and the significant difference in measurement for each instrument
has a cumulative effect on all subsequent estimations. Based on previous reports that
kinetic method measurements within 1.3 kJ/mol are considered accurate estimations,
results in Table 4.1 that are significantly different depending on instrumentation are
HH/GH and HG/GS.® In each of these cases the DECA produced a larger ALCB than the
LTQ result. The outcomes were most likely variable for these pairs of dimers due to the
instrumental differences in ion trapping. The HH vs. GH pair is a lower LCB pair and
therefore forms a weaker lithium bound complex that is more likely to dissociate due to
forces other than the CID setting, especially in the DECA 3D ion trap. The HG/GS pair
most likely had the same issue, but in this case caused by steric effects. The GS dimer is
sterically hindered by the G and S substituents for lithium interaction and complexation
due to the high number of methoxy groups compared to the HG dimer. It is possible that
entropic effects of complex formation and dissociation skewed the measurement due to a
large difference in the number of methoxy groups in the complex pair, and therefore large

differences in steric availability for lithium interactions.

Upon calculation of steps in the ladder, the steps that are significantly different

depending on instrumentation are the HH to GH and SG to GS steps (Table 4.2). The HH
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to GH result is expected as described previously, this estimation is dependent on a single
kinetic method result. The averaged SG to GS step is significantly different depending on
instrumentation as a reflection of the HG/GS kinetic method ALCB estimation discussed
previously. The error in this step is also amplified by our inability to directly measure the
ALCB of SG/GS because of the isobaric nature of these compounds. Although the
aforementioned differences have a cumulative effect on the LCB estimations, when the
margin of error is considered nearly all of the kinetic method measurements and calculated

steps can be deemed equivalent, or independent of instrumentation (Tables 4.1 and 4.2).

After calculating the step changes of the ladder by averaging ALCB estimations
between many pairs of dimers as shown in Table 4.1, final LCB values were calculated.
Starting at the anchor point each average step change was added to the HH LCB estimation,
and the standard deviation was propagated to produce final LCB estimate values and
uncertainties (Table 4.3). The standard deviation of all final LCB estimations on the DECA
and LTQ overlap except for the B ring S series (Figure 4.6). The overlapping uncertainties
of LCB estimations indicates that measurements on the LTQ and DECA are statistically
equivalent. The B ring S series estimations have a higher percent difference with
uncertainties that do not overlap. This is likely because two additional comparisons were
made for the S series on the DECA, producing a more precise estimate in the very high
LCB range. A Bland-Altman correlation test was also performed to investigate statistical
differences between the LTQ and DECA LCB estimations by a plot of average LCB vs.

percent difference (Figure 4.4).
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Figure 4.4 Bland-Altman Statistical correlation test (95% limit of agreement from -2.350
—0.7424)

The Bland-Altman bias is -0.804 meaning LTQ results are on average 0.804%
lower than DECA LCB results. At most there is a percent difference of about 2% for the B
ring S series dimers which are furthest from the anchor point (Figure 4.4). We can therefore
conclude that the two instruments produced systematically equivalent results. The higher
error in LTQ estimations of dimers GS, HS and SS stems from the HS /SS dimer ALCB
measurement of 0.8 (TIC £ 2.0) kJ/mol. The high TIC variance of this result was likely
caused by an inability to effectively isolate the complex or steric effects which could affect
the CID dissociation results. Since only a single measurement of the HS to SS step was
made on the LTQ, the TIC variation is considered in the propagation of errors and results
in a higher calculated uncertainty of measurement for the B ring S series dimers. These
dimers are also furthest from the HH anchor point and therefore the compounding
uncertainty also increases the error in the estimations. Nevertheless, when both the LTQ

and DECA data is considered and averaged, the error of the GS, HS and SS LCB values
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have a reasonable uncertainty level of less than 2 kJ/mol (Table 4.3) based on previous

reports of LCB estimations with uncertainties as high as 6 kJ/mol.% 8
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Figure 4.5 LTQ CID/MS? isobaric comparison of GG/SG vs. GG/GS complex
dissociations. Spectra are post CID with depletion of the complex ion (m/z 789). A. GG
dimer lithium adduct (m/z 383) with SG dimer lithium adduct (m/z 413). B. GG dimer
lithium adduct (m/z 383) with GS dimer lithium adduct (m/z 413).
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The trend of increasing LCB dependent on the B ring substituents is consistent on
both instruments. As depicted in Figure 4.6, the lithium cation basicity trends of p-O-4
dimers based on the kinetic method and novel ladder method are consistent and
independent of instrumentation. The largest impact on LCB is the methoxy groups on the
B ring that may interact with the B-O-4 pocket and create a negative charge dense region
that coordinates strongly with a lithium cation. The A ring methoxy substituents appear to
have some small impact on LCB. In the case of the B ring H series, the A ring substituents
have a more substantial effect on lithium basicity most likely because there are no methoxy
groups on the B ring to strengthen lithium interactions in the B-O-4 pocket. Consequently,
there is more free lithium to bind independently to the A ring substituents in a manner
similar to the interaction patterns of monolignols. However, if there is a methoxy group
present on the B ring to strengthen lithium interactions in the B-O-4 pocket then it appears
that there is a much greater population of lithium ions in the B-O-4 pocket than on the
methoxy substituents on the A ring. The finding that HG statistically has the same LCB as
GG supports this theory since the addition of a single methoxy group on the A ring has no

effect on the LCB (Table 4.3).
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Figure 4.6. Lithium cation basicity trends of the nine B-O-4 lignin dimers as estimated by
the kinetic method and the ladder method. All values in kJ/mol.

Table 4.3 Final LCB Estimations. Lithium cation basicity results for LTQ and DECA
mass spectrometers including propagated uncertainties. All values reported in kJ/mol.

Dimer LTQ DECA Average
HH 22511 2242 +1 224.7 £ 0.6
GH 22981 231.7+1 230.8£0.6
SH 23201 233.9+1 232.9+0.7
GG 236.6+1 2375+1 237.0+0.8
HG 2376+1 238.0+t1 237.8+£0.9
SG 2392 239.6 1 2395+1.1
GS 242 £ 2 2458 1 243.8+1.1
HS 242 + 3 246.6 £1 244 + 2
SS 243 + 3 24731 245+ 2

90



The substantial impact of methoxy substituents on the B ring is also illustrated by
comparing kinetic method results of dimers with the same substituents on different rings.
Figure 4.5 clearly depicts the sizable difference in LCB of dimers SG and GS. When
comparing each of these dimers to the GG dimer, the GS dimer has significantly more
affinity for lithium because the S group is on the B ring and therefore can interact with the
B-O-4 bond. The final LCB estimations also support this idea with the substantial increase
in LCB with each B ring series step. The step from SH to GG is about 4.1 kJ/mol, and the
step from SG to GS is about 4.3 kJ/mol which are the largest step changes in LCB estimated
by the ladder (Table 4.3). These results support the hypothesis that lithium ionization of
lignin model compounds produces a distribution of lithium adducted positions with the
abundance of each fragment dependent on the strength of lithium interaction as discussed

in Chapter 3.

The position of lithium adduction is not only influenced by the monolignol
substituents, but more notably by the bond type and its interactions with the substituents of
a lignin model dimer or oligomer. Findings also explain fragmentation patterns of lignin
B-O-4 dimers by lithium adduction which produce abundant ion signals for the B ring
fragment, and weaker signals for the A ring fragment. These LCB estimations and the
observed impact of the f-O-4 bond on LCB strengthens evidence that lithium adduction
can provide structurally relevant fragment ions for the positive ion sequencing of lignin

compounds.>? 108
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4.4 Conclusion

The lithium cation basicity of the nine $-O-4 dimer lignin model compounds have
here been estimated for the first time. The kinetic method was applied on two types of mass
spectrometers to evaluate the efficacy of the ladder method. Based on these results, the
LCB of lignin B-O-4 dimers falls well above currently published LCB reference values.
Findings indicate that 3-O-4 dimer interactions with lithium are primarily dictated by the
negative charge dense B-O-4 pocket and the substituents on the B ring. There is also
evidence to suggest that the A ring substituents have little to no impact on the LCB when
the B ring is a G or S substituent. This is most likely because the population of lithium

positions is dominated by the f-O-4 pocket.

The LCB of B-O-4 dimers was also briefly compared with that of B-p and -5
dimers. Preliminary results of LCB determinations of the GBBG and GB5G dimers by the
standard bracketing method estimate the LCB to be 190 kJ/mol and 210 kJ/mol,
respectively. Comparisons were made between the GBBG, and isoleucine or cystine and
GB5G, and tyrosine or tryptophan on the LTQ and DECA by methods previously described.
The estimated LCB of the GG B-O-4 dimer is 237.0 £ 0.8 kJ/mol, about 47 kJ/mol higher
than the GBBG dimer and 27 kJ/mol higher than the GB5G dimer. The remarkable
difference in lithium cation basicity illustrates the potential impact of the $-O-4 pocket on
response factor and ionization methods such as alkali metal adduction discussed here.
Evaluations of the effect of LCB on response factor are therefore imperative for any

quantitative studies of lignin model compounds by lithium adduction.

In this work I successfully developed and applied a novel ladder method to estimate

the LCB of lignin B-O-4 dimers. Due to the lack of references that are structurally similar
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and in this high LCB range, the ladder method is a suitable procedure to estimate the LCB
of lignin dimers and to evaluate trends. Findings support the concept that LCB estimations
by Cooks’ kinetic method are independent of instrumentation or mass analyzer, and the
results have implications for future studies of alkali metal cation ionization methods of

lignin model compounds and response factor in mass spectrometry.
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CHAPTER 5: ESI-MS ANALYSIS OF CYCLODEXTRIN INCLUSION COMPLEXES
OF LIGNIN MODEL COMPOUNDS

Sections of this chapter are excerpts from the following publication!!!:

Reprinted with permission from Dean, K. R.; Novak, B.; Moradipour, M.; Tong, X.;
Moldovan, D.; Knutson, B. L.; Rankin, S. E.; Lynn, B. C., Complexation of Lignin
Dimers with B-Cyclodextrin and Binding Stability Analysis by ESI-MS, Isothermal
Titration Calorimetry, and Molecular Dynamics Simulations. The Journal of Physical
Chemistry B 2022. Copywrite 2022 American Chemical Society

A portion of the work presented in this Chapter was a collaborative effort with the
University of Kentucky Department of Chemical Engineering, and Louisiana State
University Department of Mechanical and Industrial Engineering. Inclusion interactions of
B-cyclodextrin and lignin model compounds G-(B-O-4’)-G, G-(B-O-4’)-truncG
(guaiacylglycerol-B-guaiacyl ether), and G-(B-B’)-G (pinoresinol) were investigated
empirically by electrospray ionization mass spectrometry (ESI-MS) and isothermal
titration calorimetry (ITC), complimented by molecular dynamics (MD) simulations.
Empirical results indicate there are substantial differences in binding stability dependent
on linkage type and are supported by molecular dynamics simulations that reveal the
capture of G-(B-B’)-G by B-cyclodextrin is promising with a 66% probability of being
bound for G-(B-O-4")-truncG compared to 88% for G-(B-B’)-G. Relevant ITC and MD
findings from our publication are summarized in the following sections for further

discussion.
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5.1 Introduction to Inclusion complexes

As reviewed in Chapter 1, lignin derived from lignocellulosic biomass is the largest
source of renewable bio-aromatics present on earth and requires environmentally
sustainable separation strategies to selectively obtain high-value degradation products. The
production of enzymatic hydrolysis lignin as biorefinery waste has continued to increase,
and therefore so has the importance of lignin as a recyclable industrial by-product.t*?
Lignocellulosic biomass is mainly composed of lignin and chain polysaccharides (cellulose
and hemicellulose) that are strongly linked through covalent and non-covalent bonds to
form the complex lignocellulosic matrix.!* One of the main challenges in biomass
processing is the presence of lignin and its phenolic compounds which deactivate
cellulolytic enzymes.!** Lignin can also inhibit the enzymatic hydrolysis of cellulose
through physical blockages such as hydrophobicity and surface changes which limit
accessibility. 1* To address these challenges various pretreatment methods have been
developed to break the recalcitrant native structure of lignocellulose and increase the
efficiency of cellulose hydrolysis for conversion to biofuels. However, sustainable and
economically viable processes are still under development since the commercial
application of current pre-treatment methods is costly and generates toxic compounds.*
Efforts are consequently focused on a green chemistry, lignin-first separation strategy to
selectively obtain high-value lignin degradation products from pre-treatments.

Supramolecular guest-host interactions have the potential to isolate lignin
compounds from biomass degradation fractions through molecular recognition materials.
Inclusion complexes can improve the aqueous solubility of guest molecules, protect guests

from heat-induced degradation during processing, and the release profile of the guest
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molecule can be controlled.!® Cyclodextrins are commonly used hosts that can capture
guest molecules in their internal hydrophobic cavity and are selective adsorbents for many
applications. The strength of supramolecular interactions between cyclodextrins and lignin
model compounds that represent potential lignocellulosic biomass degradation products
are here characterized by assessing the thermodynamics of binding stability. The
supramolecular interactions of lignin model compounds with cyclodextrin host were

investigated by ESI-MS which retains electrostatic interactions of complexation.

5.1.1 Cyclodextrin Guest-Host Complexes

Host-guest chemistry originates from biological processes of molecular recognition
through noncovalent supramolecular interactions. Inspired by the entrapping of substrates
within enzyme pockets, host-guest structures are designed to provide a unique environment
for the sequestration, transport and reaction of guests.!!’ Cyclodextrins exhibit a
remarkable ability to encapsulate molecules to form well defined guest-host complexes and
can consequently be utilized for many applications including the adsorption and separation
of organics.!'®11° They are non-toxic, biodegradable, produced on an industrial scale, and
can be used in their native solid or dissolved state.'?°

Cyclodextrins (CD) are cone-shaped cyclic oligosaccharides that are composed of
a-1,4-linked glucopyranose units; usually six, seven or eight glucose units (a, B, v,
respectively). The hydroxyl groups on the outer portions of these cyclic molecules are
hydrophilic while the cavity is hydrophobic. Analytes can enter the hydrophobic cavity to
form electrostatically bound complexes, altering the physical and chemical properties of

the guest molecule and expanding its applications.!? CDs are widely used in the food
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industry to protect lipophilic ingredients, dissolve vitamins and dyes and to achieve
controlled release of certain pharmaceutical ingredients.*?! They are also commonly used
in pharmaceutical, agricultural and biotechnical fields as selective adsorbents. 120 122-125
Separations by CD-complexation are consequently a procedure of choice and provide a
useful tool for sustainable applications. 123

Additionally, the chemical reactivity of CDs allows them to be efficiently
synthesized into innovative materials. ?° For example, porous B-cyclodextrin (B-CD)
modified cellulose nano-fiber membranes have been fabricated to treat trace bisphenol
pollutants.’?®® The stability and abundant functional groups improve the adsorption of
bisphenol pollutants through hydrophobic effects, hydrogen bonding, and r-n stacking.!?®
Similarly, a cyclodextrin functionalized separation material could selectively bind to high
value lignin degradation products such as dimers. Cyclodextrin has also been used in
conjunction with lignin to prepare low toxicity nanomaterials. Lignin is a promising
material for nanomaterial construction due to its abundance and degradability, however the
use of lignin for efficient encapsulation and drug release applications remains challenging.
Zhou et. al. grafted B-CD onto enzymatic-hydrolysis lignin and assembled hollow
nanoparticles to encapsulate an antitumor drug.'?” The B-CD improved the network
structure, increased drug loading and encapsulation efficiency, and demonstrated good
sustained-release capability.'?” Characterizations of guest-host inclusion complexes of

lignin compounds with cyclodextrin are consequently essential for application

developments.
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5.1.2 Analysis of Cyclodextrin Inclusion Complexes

The cyclodextrin host can form inclusion complexes with solid, liquid, and gaseous
molecules based on hydrophobicity and size. The most fundamental parameter in the
quantitative analysis of the binding strength between guest and CD is the formation
constant (K).!28 There are a wide number of analytical methods available for the
characterization of inclusion complexes including spectroscopic, chromatographic, and
calorimetric methods. Phase solubility measurements are performed by adding excess
amounts of guest to aqueous solutions containing various concentrations of CD that are
agitated until equilibrium.® 128 Solutions are then filtered and the amount of solubilized
guest can be determined using a number of analytical methods including HPLC and
UV/Vis. The solubility of the guest as a function of the CD concentration is then plotted to
produce a phase solubility diagram, and K values are obtained from the slope of the plot.116

The stability of inclusion complexes can also be evaluated by chromatographic
methods such as HPLC that utilize a modified mobile phase with CD since the stationary
phase adsorption of CD is very weak and does not influence the separative properties of
the column.'?® The guest is injected into the system, adsorbed by the stationary phase and
encapsulated by the CD in the mobile phase. The inclusion complexes are not adsorbed
onto the stationary phase and consequently the guests that have the most stable interaction
with CD will elute first. The retention factor of the guest is determined as a function of the
CD concentration and the binding stability constant can be calculated.

Spectrometric methods include UV/vis spectroscopy, fluorescence spectroscopy,
and NMR. Fluorescence spectroscopy methods also use titration by monitoring the

encapsulation of a fluorescent guest. By observing the variation in the fluorescence
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intensity of the guest as a function of CD concentration, an equation that relates the signal
to the total concentration of CD and guest is generated to calculate binding strength. 2
UV/Vis analysis also employs a direct titration method where one component of the
complex (usually CD) is gradually added to a fixed concentration of the other component
of the system while the variation in absorbance is monitored.1?® UV/vis spectroscopy is
thereby applied to determine the stability constants for inclusion complexes by measuring
changes in absorbance based on competing equilibria.

Spectral variations are observed upon the addition of a competing guest to a
solution containing both cyclodextrin and methyl orange (MO). *?° Initially, the absorbance
of MO with the addition of increasing concentrations of B-CD in solution is monitored in
the 500 nm range where the MO absorbs strongly, and B-CD does not absorb. With the
addition of a competing guest, the MO is substituted and thus freed from the B-CD resulting
in an increase in absorbance.®>**! The change in absorbance caused by the competing
complexation of the guest is then fitted to binding models (linear regression) and the
binding stability value is obtained from the slope and intercept of these plots.*®? In the
hopes of producing an additional empirical data set to compare with ESI-MS and ITC
studies of binding stability discussed further in section 5.5, analysis via UV/vis to elucidate
the binding stability of lignin dimers with cyclodextrin was attempted.

The zwitterionic form of methyl orange (HMO) present in the acidic region was
used as an indicator, and is the standard indicator to examine guest-host complex formation
by UV/vis.*® Previous reports indicate the absorbance of MO is highest under low pH
conditions (pH = 2) since the protonated form of MO (HMO) is the strongest absorbing

species in the wavelength range of interest (420-520 nm).*3® My collaborators and | were
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also interested in matching solvent conditions with ESI-MS experiments that require the
addition of LiCl for lithium adduct ionization of lignin model compounds. Fortunately, the
effect of alkali metal salts and solvent ionic strength on complexation has been evaluated
for the cyclodextrin/MO system and these reports indicate the binding stability is
insensitive to variations in ionic strength up to 0.26 M (NaCl) for -CD concentrations
ranging from 0.1 — 4.6 mM.**2 Consequently, UV/vis experimentation was attempted on a
Biotek Synergy H1 Hybrid Microplate Reader with an HMO concentration of 2E-5 M, 0.10
M NaCl to model the ionic strength of ESI-MS solutions, pH = 2 (HCI), and B-CD
concentrations ranging from 0 - 5 mM. During preliminary experimentation trends for MO
absorbance were established and expected changes in absorbance upon the addition of -

CD were successfully observed as depicted in Figure 5.1.
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Figure 5.1. UV/vis trial for the calculation of binding stability constants. Methyl orange
(2E-5 M) and B-CD, pH 2, 25 °C.
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As the concentration of CD increases, more of the MO is encapsulated thereby
reducing the absorbance measurement. However, upon the continuation of trials the
optimization of MO and guest concentration proved challenging. The selection of
appropriate experimental conditions plays a crucial role in the success of this analytical
method because a significant change in absorbance only occurs in a limited concentration
range unique to each guest.’*® Vashi et. al. reports in a study of B-CD complexation of
adamantane derivatives that the concentration range in which changes in absorbance due
to competitions with MO are observable is only 2 mM wide, exemplifying the importance
of simulated diagrams that model the solution matrix. Programs such as SQUAD are
accordingly required to model the proposed complex equilibrium and refine binding
stability values based on a non-linear least squares approach.'® Measurements of binding
stability of lignin dimers and standards such as eugenol and isoeugenol were also attempted
by UV-vis, however the lack of simulated diagrams limited experimentation and results for
lignin dimers were not obtained by this method.

NMR is mainly employed for the elucidation of the geometric accommodation of
the guest inside the CD cavity. For example, up-field shifts of the interior proton signals of
CDs are indicative of aromatic guest molecules located close to the observed proton.t®
NMR shift titrations are also one of the most used methods to evaluate K based
measurements of chemical shift changes when varying the concentration of CD.16: 131 An
additional method that has been widely applied to confirm the formation of inclusion
complexes is FTIR which monitors the shape, shift, and intensity of IR absorption peaks.
This procedure is similar to NMR in the monitoring of FTIR spectral changes as the guest

molecule is contained and obscured by the B-CD upon inclusion.®
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Isothermal Titration Calorimetry is the only technique that provides binding
stability values (K) with additional thermodynamic data and is the most sensitive method
available for determination of the stoichiometry of the interaction (n), K, and the enthalpy
change (AH).'* The entropy (AS) and Gibbs free energy (AG) can subsequently be
calculated from the ITC data. The ITC instrument consists of a sample and reference cell
held at a constant temperature. During experimentation, the syringe injects the titrant
analyte into the sample cell and the release or absorption of heat due to complexation is
measured by the amount of power necessary to hold the reference and sample cell at the
same temperature.'®* These heat signals are recorded as injection peaks and plotted as a
function of time. Thermodynamic parameters are then calculated by the Wiseman isotherm
for the determination of the binding stability constant.*® ITC is frequently used for the
characterization of nanoparticles carrying CD since the incorporation of CDs into
nanoparticles increases drug loading. ITC can also be used to confirm the presence of BCD
at the surface of nanoparticles by their interactions with guest molecules and to
unambiguously identify the stoichiometry.3

ESI-MS has been extensively applied as an effective analytical tool to identify host-
guest complexes.®*® The soft ionization process preserves noncovalent interactions formed
in the liquid phase and transfers them to the gas phase without disrupting complexation. In
this way, ESI can provide a ‘snap-shot’ of the distribution of species in solution where full-
scan ion intensities are directly correlated to solution-phase equilibrium concentrations.**”-
138 However, it is imperative to understand the mechanism of ion release from
electrosprayed droplets because response and therefore quantitative measurements of full-

scan ion intensities are dependent on a number of ESI factors.™*’ Response is influenced
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by the tendency of the analyte to acquire charge, the analytes ability to migrate to the ESI
droplet surface for release into the gas-phase, competitive processes between analytes that
aid or suppress ion formation, and the stability of the electrostatically bound gas-phase ion
as it traverses the source region.*” The response is further influenced by the solution
medium, instrumental settings, and lithium adduct ionization required for lignin
compounds. The impact of these factors will be explored in this work for the ESI-MS
analysis of B-cyclodextrin and lignin model compounds by extensive method development
including the manipulation of solution composition and variables that dictate spray
conditions such as temperature (Section 5.2).

The interaction of B-cyclodextrin and lignin model compounds G-(B-0-4")-G, G-
(B-O-4")-truncG (guaiacylglycerol-p-guaiacyl ether), and G-(B-p’)-G (pinoresinol) were
investigated empirically by isothermal titration calorimetry (ITC) and electrospray
ionization mass spectrometry (ESI-MS) in a collaborative effort explored in Section 5.5.
The ESI-MS method involves monitoring the relative complex intensity and the initial
concentrations of the dimer and BCD to calculate the stability constant (Ks).**® The mild
ionization procedure preserves the solution state structure and complexes are retained
during MS analysis.3® 13139 By this process, electrospray ionization MS can provide a

representation of solution established stability constants (Ks) of inclusion complexes.*3®
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5.2 Method Development for Binding Stability Analysis by ESI-MS

5.2.1 Materials and General Parameters

ThermoScientific LTQ linear ion trap mass spectrometer equipped with an ESI
source, and a ThermoScientific Q-exactive orbitrap mass spectrometer equipped with a
HESI source were utilized for the following investigations. A number of parameters were
explored, and the ranges considered are described here. On the LTQ, the inlet capillary
temperature was varied from 125 — 350 °C, QExactive inlet capillary temperatures were

evaluated at 200, 225, and 250 °C.

For the optimization of solution composition, cyclodextrin concentrations ranged
from 0.1 — 2.1 mg/mL, and LiCl concentrations of 1, 5 and 10 mM were investigated.
QExactive instrumental settings were adjusted including the HESI probe temperature from
40 — 150 °C, S-lens RF 50 — 80 (arbitrary units), and the flow rate for direct injection from

3—15 pulL/min.

While section 5.2 does not detail every investigation completed during method
development, it provides a description of my contributions to the collaborative project

presented in this Chapter.
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5.2.2 Preliminary Experimentation

My work with cyclodextrin began with investigations of monolignols H, G and S
on a linear quadrupole ion trap mass spectrometer (LTQ). The stability of inclusion
complexes formed with cyclodextrin is dependent on the size and hydrophobicity of the
cavity, the chemical structure of the guest, solvent, temperature, and the concentration of
cyclodextrin.®*° It has previously been reported that among these factors, the size of the
cavity has the largest impact on the binding stability.*> 32 Thus we hypothesized the
complexation of H monolignol with 3-CD would be more energetically favorable than the
other monolignols based on size and the presence of methoxy groups that could inhibit the
insertion. These initial attempts were completed with simple mixtures of a 1:7 ratio of

monolignol guest to B-CD host with the addition of LiCl for lithium adduct ionization.
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Figure 5.2 LTQ Full Scan of lithium adducted S monolignol (m/z 217) and B-CD (m/z
1141) at 1.7 ratio of guest to host.
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The mass spectral response of the complex was recorded for each monolignol and
B-CD mixture, and the expected trend was observed; the smallest monolignol H with f-CD
produced the most intense complex peak [H + B-CD + Li*]. A sample spectrum of the
lithium adducted ESI-MS of monolignol and B-CD is provided in Figure 5.2 We
hypothesized the H monolignol is most favorable for B-CD complexation because it lacks
methoxy groups which may sterically obstruct binding for the G and S monolignols.
However, as previously discussed the use of lithium adduction requires knowledge of the
LCB and its substantial impacts on response. Due to the large range of LCBs among lignin
compounds and potential impacts on measurements such as these, preliminary
investigations were also focused on the development of a response factor correction
procedure for investigations of cyclodextrin inclusion complexes by (Li+)ESI-MS.

Initially, a correction of the response differences based on the LCB of the
monolignols was attempted. By the analysis of equimolar concentrations of H, G, and S a
relative response ratio was calculated based on the intensity of the lithium adducted H
monolignol inclusion complex and its LCB. However, the response for binding stability
calculations cannot be corrected simply based on the LCB of the guest since the gas-phase
lithium cation basicity of the guest is surely altered upon its inclusion. This line of method
development would therefore require excessive calculations of the LCB of each guest-host
complex and so it was abandoned.

My next attempt was centered on the procedure for ESI-MS calculation of K which
is based on a linear regression and requires that the intensity of guest and complex be
monitored in the presence of excess cyclodextrin.’® | postulated that by rearranging the

equation one could monitor the host and complex in the excess of guest, thereby
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eliminating large impacts on response due to the high LCB of lignin guests (Section 5.4.1
for method details). While it would be unreasonable to negate LCB differences of the lignin
guest and the complex, it was hypothesized that by monitoring the host and complex one
could argue the LCB difference and therefore response factor differences of free host and
complexed host were negligible. This hypothesis was tested using a phenylethanol
reference guest compound in excess to the B-CD host at ratios varying from 1:1 to 1:10
(host: guest). The investigation was completed on the LTQ with the inlet capillary

temperature set to 150 °C.
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Figure 5.3 Evaluation of complex response with guest in excess. Plot of inverse of the guest
concentration (M) vs. the inverse of the relative intensity of the complex (1) calculated
by dividing the complex intensity by the sum of the host and complex intensities.

Based on reports that changes in complexation are linear when the host is at least
five times in excess, this investigation served to evaluate if the trend held with the guest
concentration in excess. Results depicted in Figure 5.3 show that the change in complex
intensity as it relates to the excess of guest is linear for ratios of host: guest above 1:4. The

final four points of the trend indicate ratios of 1:3, 1:2, 1:1.5, and 1:1 host:guest that do not
107



follow the linear trend (R?= 0.9) indicated by ratios 1:10 - 1:4 (Figure 5.3). While this is a
fascinating result, binding stability calculations with guest in excess underestimated the K
value of complexation for phenylethanol and B-CD compared to literature values.!'®
Therefore all further analysis was carried out by the standard procedure with the host at
least five times in excess for accurate calculations of K (section 5.4.1).1% With the host in
excess, the guest concentration must be accurately monitored, consequently the

development of a method to correct for response factor impacts caused by the high LCB of

lignin model compounds was essential.

At this time our collaborators at the Louisiana State University Department of
Mechanical and Industrial Engineering had completed some molecular dynamics
calculations of AG, AH, and AS of B-CD complexes with lignin dimers and were interested
in empirical evaluations for comparison. Since K is directly related to AG we hypothesized
the manipulation of experimental temperature would allow us to calculate thermodynamic
constants from ESI-MS data. Our colleagues at University of Kentucky Department of
Chemical Engineering had also started preliminary ITC experimentation, so | set out to
tackle the challenge of method development for ESI-MS binding stability studies of lignin

compounds by lithium adduction.
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5.2.3 Method Development for ESI-MS of Cyclodextrin Complexes

Initial temperature experiments were carried out by varying the inlet capillary
temperature on the LTQ mass spectrometer. The goal of this preliminary experimentation
was to observe temperature dependent changes in measurements of binding stability by
ESI-MS. It is important to note that while a correction factor was still under development
and K values presented in preliminary sections are not accurate, the trends are adequate to

draw general conclusions.
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Figure 5.4 LTQ. impact of inlet capillary temperature on estimated binding stability
constants for G-(B-0-4’)-G dimer and B-CD.

A series of four guest to host ratios for the G-(B-O-4")-G dimer with B-CD were
evaluated by direct ESI-MS to produce the required trend for K calculation at inlet
temperatures ranging from 125 — 350 °C. Based on the inverse relationship between
temperature and the equilibrium constant (binding stability) for a spontaneous reaction, we
expected the K value to decrease with an increase in temperature if the inlet could impact

the established equilibrium of complexation. However, the flaws in this hypothesis were
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revealed quickly since the results show that the calculated binding stability constant
increases with inlet capillary temperature (Figure 5.4). It was therefore concluded that the
trends resulting from increasing the inlet capillary temperature are caused by a change in
the de-solvation of ESI droplets and not the result of an equilibrium shift. Since calculations
of K are dependent on observed ion intensities, ionization efficiency has a direct impact on
the binding stability measurements by ESI-MS. The low and high temperature outliers also
indicate that temperature is directly impacting the efficiency of ionization and therefore the
stability of ion signals. The temperature region between 150 and 300 °C provides stable
and accurate ion signals and is the optimum range to retain the electrostatic interactions
required for complexation and lithium adduct ionization. This finding further justified the
need to correct not only for response factor impacts due to lithium adduct ionization, but

also ionization efficiency.

The inlet capillary temperature also has a large effect on resultant spectra especially
in regard to the retention of electrostatically bound complexes. For these guest-host
inclusion complexes ionized by lithium adduction, the temperature of the inlet may impact
the retention of the lithium adduction. If the energy barrier to remove the lithium from the
B-CD is less than that of the G-(B-O-4")-G dimer for example, then the inlet capillary
temperature could cause the degradation of [B-CD + Li]" to neutral and undetectable [B-
CD] resulting in a loss of ion signal. Potential impacts of the lithium position on

complexation will be further explored in the sections to follow.

Given that we were interested in manipulating temperature, I moved to the
QExactive Orbitrap MS equipped with a HESI source. Based on my observations of the

impact of inlet capillary temperature, preliminary testing to determine the optimum inlet
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capillary temperature was completed with cyclodextrin and the commercially available G-
(B-O-4")-truncG dimer (guaiacylglycerol-B-guaiacyl ether). The auxiliary gas (HESI) flow
and temperature settings, sheath flow settings, and solution flow rates for direct injection
were also experimentally manipulated to optimize and stabilize ion signals for cyclodextrin
complexes on the QExactive. We hypothesized that the time a flowing solution spends in
the HESI probe for electrospray ionization is sufficient for the addition of temperature to
impact the equilibrium of binding in solution. This would allow the HESI temperature to
be plotted vs. the binding stability to discern the AG, AH and AS for direct comparison

with our collaborators ITC results.

During this time, solution compositions were optimized to enhance ionization
efficiency and the retention of electrostatically bound complexes. With the exciting
prospect of an empirical results comparison with ITC data, | worked with my collaborator
Dr. Moradipour to select the optimum solution composition to match ITC experimental
conditions. An organic solvent was required to solubilize dimers due to their poor solubility
in water, so MeOH was selected for a final solution composition of 10% MeOH (v/v)
initially. However, Moradipour reported high ITC error values that we hypothesized were
caused by the protic organic solvent. Consequently acetonitrile (ACN) was selected as the
organic component, and this change successfully resolved the problem. All subsequent

experimentation was therefore carried out with 10% ACN (v/v).

Solvent conditions were also adjusted with respect to analyte concentrations. Trials
were attempted with cyclodextrin concentrations ranging from 0.1 mg/mL — 2.1 mg/mL
and ratios of guest to host from 1:5 to 1:21 based on previous reports that changes in the

relative intensity of complex are measurable with excess cyclodextrin in this range.!3
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Attempts were not made with higher concentrations of cyclodextrin due to significant
spectral impacts at B-CD concentrations of 2.1 mg/mL for a 1:21 ratio of guest to host. It
is important to note that trials were also completed with a 10-fold dilution of all
components, however the signal stability of lithium adducted B-CD was poor for 3-CD
concentrations less than 0.1 mg/mL. A comparison of the G-(B-O-4")-G dimer and 3-CD
distribution for ratios 1:21 (Figure 5.5 A) and 1:15 (Figure 5.5 B) in the complex region of
interest (m/z 1250-1650) on a QExactive Orbitrap is provided. Major peaks are the
expected lithium adducted complex of G-(B-O-4’)-G and B-CD (m/z 1518), the doubly
charged ‘earmuff motif’ or the inclusion of G-(B-O-4")-G with two B-CD (m/z 1330) and
two lithium cations, and a large triply charged complex of three B-CD with G-(B-0-4’)-G

and three lithium cations (m/z 1267).
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Figure 5.5 Spectra comparison of complex region for synthetic G-(3-O-4")-G dimer and -
CD on Qexactive Orbitrap. A. 1:21 ratio guest to host B. 1:15 finalized ratio.

As shown in the comparison, the relative intensity of the earmuff and large triply
charged complex is intensified for the 1:21 ratio. There are also a variety of more intense
multiply charged clusters along the baseline including a triply charged cluster of four j-
CD with G-(B-O-4")-G and three lithium cations (m/z 1645). The intensity of the complex
(m/z 1518) was expected to increase compared to the 1:15 ratio, however it appears that
the relative intensity of the complex decreases in respect to the extraneous cluster motifs
(m/z 1267) when the B-CD concentration exceeds 1.5 mg/mL. Attempts were also made

with a 1:18 ratio however similar clustering was observed. This finding led me to conclude
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that concentrations of cyclodextrin should not exceed 1.5 mg/mL (1:15 ratio) due to
measurable impacts of the high cyclodextrin concentration on the resultant complex
distribution. It is probable that there is some threshold where ESI impacts begin to have a
measurable effect on the calculation of binding stability based on signal intensity
observations. At this threshold, the mechanisms that govern the de-solvation of ESI
droplets and the ejection of ions significantly impact the mass spectral representation of
solution-phase conditions.

QExactive experimentation during method development was also completed
without the addition of LiCl to observe the effect of competing ions. As previously
discussed, alkali metal adduction is also successful with NaCl in the positive ion mode, so
there was some potential that ubiquitous Na* adduction may compete with Li* thereby
requiring a summation of each B-CD ion adduct to accurately represent the presence of free
B-CD in solution. This study therefore seeks to confirm the efficacy of lithium adduction
vs. standard protonation and to evaluate the potential contributions of competing
ionizations. A comparison of standard positive-ion mode ionization of B-CD vs. lithium
adduct ionization with analogous solvent and experimental conditions is provided in Figure
5.6. Notably, a trial was also attempted with the addition of 0.1 % formic acid (FA) for
protonation however FA conditions produced a spectrum analogous to the one provided in
Figure 5.6 A. The protonated B-CD ion appears at (m/z 1135), lithium adducted B-CD at
(m/z 1141), sodium adducted B-CD at (m/z 1157) and an unexpected ammonium (NH4")

adduct at (m/z 1152).
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Figure 5.6. Competing ionization of B-CD. A. 1:5 ratio of G-(B-O-4")-G guest to host with
0.1% FA for protonation B. Comparable solvent and instrumental settings with 1:6 ratio
and lithium adduction.

Under standard protonation conditions, B-CD forms a stable and sufficiently
abundant [B-CD + H]* adduct as depicted in Figure 5.6 A (m/z 1135). However, the relative
abundance of the proton adduct is in almost equal abundance to the sodium adduct while
the ammonium adduct outcompetes protonation. It is surprising that publications
describing the use of ESI-MS for binding stability evaluations rarely discuss competing
cations and the potential impacts on calculations since the total ion intensity measurement
is the basis for all binding stability calculations.'3 40 With the addition of LiCl for lithium

adduct ionization, the lithium adduct greatly outcompetes other cation adducts including
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standard protonation (Figure 5.6 B). This result suggests that lithium adduction may
augment binding stability measurement by ESI-MS due to a reduction in the loss of total
ion count caused by competing cation adducts. Outcomes presented in this dissertation
verify the efficacy of lithium adduct ionization for binding stability measurements of B-CD
with lignin model compounds. Subsequently, the LiCl concentration was optimized and

the effects of lithium cation basicity on response were evaluated.
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Figure 5.7 QExactive comparison of LiCl concentrations for solvent optimization for trials
of G monolignol and B-CD (1:12 ratio). This is the doubly charged region therefore clusters
are separated by m/z 21 with each LiCl addition. A. 10.0 mM LiCl and B. 1.0 mM L.iCl
This final step of solvent optimization was completed during trials of G monolignol
and B-CD (1:12 ratio) on the QExactive Orbitrap equipped with HESI probe. The LCB of

the G monolignol is significantly lower than that of the lignin dimers (Chapters 3 and 4),
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so these investigations were initially carried out with a higher concentration of LiCl than
was previously tested in the hopes of enhancing Li* adduction. During experimentation a
distribution of lithium adducted clusters in the doubly charged p-CD range were noted. As
shown in Figure 5.7 A, for a 1:12 ratio of guest to host with 10.0 mM LiCl, a series of
doubly charged peaks separated by (m/z 21) including (m/z 659), (m/z 680), (m/z 701), and
(m/z 722) are observed. The (m/z 21) change is indicative of an LiCl addition in the doubly
charged range (LiCl =m/z 42, 42/2* = 21). Therefore, this distribution indicates subsequent
additions of LiCl to a doubly charged lithium complex. For example, (m/z 659) is a [B-CD
+ guest + 2 Li]?*, and the addition of neutral LiCl results in a [B-CD + guest + 2 Li + LiCI]?*
at (m/z 680) and so on. Upon the 10-fold reduction of the LiCl concentration to 1.0 mM,
LiCl clustering was not detected as shown in Figure 5.7 B. This finding again illustrates a
threshold where the solvent conditions begin to measurably influence the ESI process and
mass spectral representation of solution phase interactions. All subsequent evaluations
were consequently made with a 1.0 mM concentration of LiCIl. While this concentration of
LiCl does not significantly impact the ionization process and mass spectral result, lithium
adduct ionization is directly related to the lithium cation basicity and therefore the response

of lithium adducted analytes that will be discussed further in Section 5.2.4.

Final solutions were prepared by a serial dilution for solvent conditions of 1.0 mM
LiCl, 10 % (v/v) ACN, 0.1 mg/mL guest, and concentrations of B-CD ranging from 0.7 —
1.5 mg/mL (1:7 — 1:15). First, a stock solution of 0.1 mg/mL guest with 1.0 mM LiCl and
at 10% ACN was made. This ‘guest stock’ was then used to solubilize the required amount
of B-CD for the highest ratio concentration of 1.5 mg/mL B-CD. The solution was then

serially diluted with the ‘guest stock’ to produce a series of mixtures with equivalent
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concentrations of LiCl, guest and ACN. The five guest to host ratios of 1:7, 1:9, 1:11, 1:13,
and 1:15 were selected based on the established optimum range and the culmination of my

observations up to this point.

Instrumental settings were also evaluated and optimized during preliminary
investigations. The ThermoFisher Scientific heated electrospray ionization (HESI-II)
probe utilized in this work applies a heated coaxial stream of nitrogen to improve ionization
and minimize in-source activation processes that can lead to unintended dissociations of
complexes. We hypothesized that the time a flowing solution spends in the HESI probe for
electrospray ionization is sufficient for the addition of temperature to impact the
equilibrium of binding in solution. This would allow the HESI temperature to be plotted
vs. the binding stability to discern the AG, AH and AS for direct comparisons with our

collaborators results.

The time in the heated capillary and thus the flow rate determines the resident time
of heat transfer. As the HESI temperature setting is increased, the pressure in the capillary
increases thereby raising the boiling point of the flowing solvent so heat is transferred
without evaporation. However, at some temperature threshold, some of the solution
towards the end of the capillary will be in the gas phase before exiting the needle. This
causes the de-solvation and ion ejection process to happen too far from the inlet of the mass
spectrometer resulting in a loss of ion signal. If the HESI probe setting is too low and the
flow rate is slow, large solvent heavy droplets are emitted that are not de-solvated in time
for ion ejection, also causing a loss in ion signal. The optimization of flow rate and HESI
settings is therefore essential to optimize the position of desolvation/ionization and

therefore ion signal.
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HESI probe temperature experimentation was carried out on the QExactive
Orbitrap mass spectrometer with 1:5, 1:6, and 1:7 ratios of G-(B-O-4")-G to BCD host and
inlet capillary temperature of 200 °C. HESI probe trials were completed with temperature
settings of 47 (lowest possible), 60, 75, and 105 °C. Binding stability values were evaluated
and the relationship between HESI probe temperature and binding stability was plotted in
the hopes of calculating the change in enthalpy and entropy based on standard Gibbs
relationships (AG = - RT (In (K)), AG=AH -TAS). To apply these relationships, we must
assume that the HESI probe temperature setting is indicative of the temperature of the
solution flowing through the capillary. This investigation therefore serves to determine if
the resident time in the HESI probe is sufficient to impact solution phase equilibrium and
therefore the binding stability (K). As depicted in Figure 5.8, a good trend was obtained
for temperature settings up to 75 °C (346 K), however the trial completed with temperature
setting of 105 °C was unsuccessful due to variations in total ion count (signal) up to 30 %.
Generally, the TIC should not vary more than 15 % for stable and accurate measures of ion

signal.
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Figure 5.8. Plot of HESI probe temperature vs. estimated Gibbs free energy based on
binding stability calculation for G-(B-0O-4")-G and BCD.

It was also noted that while the signal for the complex [guest + BCD] increased
when the temperature setting was adjusted from 47 to 60 °C, the signal decreased upon
raising the temperature from 60 to 80 °C. These results indicate that the HESI temperature
has a large impact on the electrospray ionization efficiency and likely is not reflective of a
shift in solution phase equilibrium. A series of experiments were then performed to ensure
the optimization of temperature setting by heating the probe to the threshold of signal
stability (about 105 °C) and allowing the probe to cool to 50 °C while monitoring changes
in TIC variation. For the final solution compositions previously presented, the TIC
variation was optimized (~10 %) with the HESI probe set to 70 °C. Then the flow rate was
optimized at 5.0 uL per minute and all subsequent experimentation was carried out under

these temperature and flow conditions.

Finally, the S-lens setting was adjusted in the hopes of improving the retention of

large electrostatically bound BCD complexes. The S-lens is a radio frequency only device
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that captures and focuses ions into a tight beam and propels them forward. It consists of a
series of flat electrodes to which opposite phase RF voltages are applied in series
generating confining electric fields that focus the ion beam as it travels through the
device.’*! The S-lens can therefore be tuned for certain m/z ratios and acts as a bandpass
filter that may eject ions of a certain m/z range depending on its setting. The S-lens was
adjusted from 50 — 80 (arbitrary units) and was optimized at an RF level of 75 for these

investigations.

5.2.4 Response Factor Correction

As previously described, binding stability measurements by ESI-MS require that
the host be in excess while the guest and complex intensity is accurately monitored.
Consequently, calculations of K are dependent on observed ion intensities directly
impacted by ionization efficiency and signal stability. Since lignin model compound guests
do not readily accept protons for positive mode analysis, these investigations were carried
out via lithium adduct positive-ion mode ESI-MS. As detailed in Chapters 3 and 4, the
lithium cation basicities of lignin dimers are remarkably high, causing substantial impacts
on response factor. The response of lithium adducted analytes is not only affected by
lithium cation basicities, but also electrospray ionization settings that must be optimized to
retain electrostatic interactions required for measurements by alkali metal adduction.
Preliminary investigations highlight the need to correct for response factor impacts on ion
abundance measurements. There appears to be a threshold where ESI efficiency and
instrumental settings have a significant effect on the representation of solution phase

interactions.
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The extensive method development presented in section 5.2.3 ensures that
conditions have been optimized by describing some of the parameter bounds for the
preservation of solution-phase properties. It is important to note that while these conditions
have some effect on the binding stability quantification, ESI-MS results have been obtained
in good agreement with solution-phase studies involving noncovalent interactions.'36 138
Upon the optimization of parameters, the method was finalized by developing a correction
factor procedure to account for response factor differences. As depicted in Figure 5.5, the
ESI process can induce the production of large clusters of B-CD and guest, especially at
higher B-CD concentrations required for the 1:13 and 1:15 ratios. Although conditions are
optimized and the intensity of these compounds is very low, at times large clusters were
still observable. To account for these observations, it was assumed that clusters are a result
of the droplet de-solvation processes that lead to the ejection of ions. Therefore, clusters
that composed less than 1% of the TIC were not included in the ‘count’ of ion signals for

the guest and host.

The question of whether mass spectral peak intensities can be used as direct
measures of solution-phase concentrations has been extensively evaluated.!*® To adjust for
the response factor difference between lithium adducted guest and complex, a correction
factor was applied. For a compound X, a transfer coefficient (tx) that accounts for all
instrumental and chemical effects that may decrease or enhance the mass spectrometric
signal can be defined (Ix = tx [X]). Since the concentration of the guest and host is known,
a transfer coefficient was calculated for the guest and host and it was assumed that the free
host and the guest-host complex have equivalent transfer coefficients.}*® To calculate the

transfer coefficient, the ion signals for the guest and host were summed respectively,

122



negating signals indicative of clusters <1% TIC. For a 1:7 ratio of guest to B-CD for

example, the total ion signal for the host was divided by 7 to obtain a representation of total
ion signal for a 1:1 ratio of guest to host. It can then be assumed that if the response factor
is equal for the guest and host, the ratio of signal intensities should reflect the 1:1
concentration ratio (tx = 1). The transfer coefficient is therefore calculated by dividing the
total signal intensity of guest by the ratio of total signal intensity of the host vs. the
multiplicity factor of the guest:host complex (1:n, tx = le/(I+/n)). The transfer coefficient
was then applied to adjust measurements of guest and complex signal for the calculation
of K via linear regression as described in section 5.4.1. With the application of the transfer

coefficient, trends for K calculation were obtained with R? > 0.95 for G-(B-0-4")-G, G-(B-

0-4’)-truncG (guaiacylglycerol-B-guaiacyl ether), and G-(B-B’)-G (pinoresinol).
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Figure 5.9 Calculation of binding stability for G-(B-O-4")-truncG dimer and B-CD where
(1) is the relative intensity of the complex with respect to free guest. The uncertainties of
the slope and intercept values used to calculate K are an acceptable 8% and 1% error,
respectively (LLS).
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5.3 Introduction to Collaborative Measurements of Binding Stability

The primary aim of this work was to further our understanding of the selectivity of
inclusion complexes of model lignin dimers with B-cyclodextrin (3-CD). Cyclodextrins are
commonly used as selective adsorbents for many applications 12 122125 gnd have the ability
to capture guest molecules in their internal hydrophobic cavity, while the hydrophilic
exterior improves stability and the water solubility of a complex relative to the unbound
guest molecule. 1*¢ Differences in B-CD complexation for two primary lignin dimer bond
types were evaluated. As previously discussed, current techniques for the isolation and
degradation of lignin from lignocellulosic biomass degrades the complex polymer to yield
a mixture of aromatic monomer, dimer and oligomer compounds.#>1%3 These dimers were
selected based on the prevalence of bond type in lignocellulosic biomass and commercial
availability. The inclusion interactions of B-CD and model lignin compounds G-(B-O-4’)-
G, G-(B-O-4’)-truncG (guaiacylglycerol-B-guaiacyl ether), and G-(B-B’)-G (pinoresinol)
were characterized empirically by electrospray ionization mass spectrometry (ESI-MS)
and isothermal titration calorimetry (ITC). These experiments were complimented by

molecular dynamics (MD) simulations.

ESI-MS is routinely used to study noncovalent host-guest inclusion complexes of
cyclodextrins, and provides a representation of their solution-state stability.136: 138-139
Isothermal titration calorimetry (ITC) was also employed and is an exceptionally sensitive
technique that can measure enthalpies, entropies, and equilibrium association constants of
complex formation. It has been widely used to investigate the interaction of cyclodextrins

with guest molecules and measures the thermodynamic values and stability constants of
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complexation for the selected lignin dimers. 41 Theoretical studies of inclusion
complexes of B-CD with G-(B-0-4’)-G, G-(B-0O-4’)-truncG, and G-(B-B’)-G via MD
simulations are incorporated to further our understanding of the inclusion modes and
mechanisms, and the binding free energies of the inclusion interaction. 1% These findings
detail interactions between model lignin dimers and 3-CD as a basis of knowledge for the
potential application of cyclodextrins for selective separations of heterogenous lignin

mixtures.
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Figure 5.10 Structure of molecules used in the experimental and molecular dynamics
investigations of binding stability for f-CD host.
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5.4 Collaboration Materials and Methods
5.4.1 Mass Spectrometry Methods and Calculation of the Stability Constant

The G-(B-O-4’)-truncG (guaiacylglycerol-B-guaiacyl ether) was obtained from
TGI, and G-(B-B’)-G (pinoresinol) was obtained from Sigma Aldrich. The natural G-(B-O-
4)-G' dimer was synthesized as reported previously.*®? Lithium chloride was purchased
from Alfa Aesar, and Fisher Chemical Optima (LCMS) grade acetonitrile (ACN) and water

were used.

Experimentation was carried out on a ThermoScientific Q-Exactive Orbitrap mass
spectrometer equipped with a heated ESI probe (HESI) set to 70 °C with an auxiliary gas
flow rate of 1 (arbitrary units). Additional parameters include an inlet capillary temperature
of 225 °C, 3.8 kV spray voltage, and S-lens RF level of 75.0 (arbitrary units). Data was

acquired and processed using the ThermoScientific Xcalibur software.

Stock solutions were prepared for each lignin dimer with B-cyclodextrin in excess.
Lignin dimers analyzed include G-(B-0-4’)-G, G-(B-O-4’)-truncG (guaiacylglycerol-B-
guaiacyl ether), and G-(B-B’)-G (pinoresinol). Alkali metal adduction by lithium
cationization was used for ESI-MS since lignin compounds do not readily accept protons
in the positive-ion mode.>> % Analyte ratios were 1:7, 1:9, 1:11, 1:13, and 1:15 dimer to -
cyclodextrin, respectively by serial dilution. Final solution concentrations were 0.1 mg/mL
dimer guest, the appropriate amount of B-cyclodextrin for the desired ratio (0.7 mg/mL -
CD for a 1:7 ratio, 0.9 mg/mL B-CD for 1:9 ratio, ect.), ImM LiCl, and 10% ACN by
volume to match ITC solvent selection. Solutions were directly infused by a syringe pump

with a flow rate of 5.0 uL per minute. Acquisitions were collected over 10 minutes, and at
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least 40 scans were averaged to quantify the intensity of each complex component. The
intensity (total ion count, TIC) of lithium adducted -cyclodextrin host, lignin dimer guest,

and guest-host complexes were recorded.

The stability constant (Ks) was calculated for each lignin dimer by a double
reciprocal linear equation that correlates the observed differences in the relative complex
intensity and the initial total concentrations of the dimer and B-cyclodextrin.?*® Stability
constants were calculated from the least-squares regression fit of the reciprocal of the
observed B-CD concentration vs. the reciprocal of the relative complex intensity (equation
6). The regression equation is shown below where I, is relative intensity, K¢ is a
proportionality constant, G: is the total concentration of guest, and CDy is the total
concentration of B-cyclodextrin. The total intensity (l;) is defined by the sum of the
intensity of the complex (I¢) and guest (lg), and the relative intensity (Iy) is the intensity of

the complex divided by the total.

1 1 1 1
Iy KcGeKse ([CDt]) t ke 6)

At each analyte ratio, the ion intensities of lithium adducted host B-CD, guest dimer,
1:1 complex, and 1:2 complex (guest + 2 B-CD + 2 Li*) were recorded. Unexpected lithium
bound complexes other than the 1:1 or 1:2 complex were only recorded if their signal
intensity composed greater than 1% of the TIC. The calculation of stability constant was
performed by observing the ESI-MS signal intensity; therefore, it was imperative to correct
for differences in response due to lithium cation basicity (LCB) and ionization efficiency.
Our previous work on lithium cation basicity provides evidence that the LCB of these

dimers is exceptionally high, causing substantial disparities in response factor.%® 108
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Additionally, the high concentrations of cyclodextrin necessary to observe changes in
complexation dependent on guest and host concentration has an impact on the ESI
efficiency of all analytes as the concentration of B-CD increases.'®® These variations have
been considered by the application of a correction factor that compares response factors of
the guest and host analyte. This response factor correction was applied to each MS
acquisition to adjust the relative intensity, which describes the amount of guest complexed
vs. the total amount of guest analyte available. The inverse of the corrected total relative
intensity of complex was then plotted vs. the inverse of the B-CD concentration to produce
a plot whose slope and intercept provide values for the calculation of stability constant and
Gibbs free energy change upon complexation (equation 6). Uncertainty of the Ks
measurement was evaluated by an LLS regression and propagation of slope and intercept

error.

5.4.2 Isothermal Titration Calorimetry Methods

Isothermal titration calorimetry (ITC) measurements were conducted in a low
volume Nano-ITC instrument (TA Instrument). An organic solvent was used to solubilize
the three lignin dimers due to their poor solubility in water for a final solution composition
of ACN/water (10 % ACN v/v). Both B-CD and lignin dimer solutions were therefore
prepared in 10 % ACN/water solutions to minimize heat of dilution and were degassed for
15 minutes before starting the ITC experiments. The reference cell of the ITC device was
filled with DI water. In a typical ITC experiment, 48.1 uL of the B-CD solution (5 mM)
was injected into the ITC cell containing 200 pL of a lignin dimer solution (0.5 or 0.7 mM
for G-(B-O-4’)-G and G-(B-B’)-G, or G-(B-O-4’)-truncG dimer respectively) with 13
distinct injections (3.7 pL per injection) consecutively with a stirring rate of 350 rpm. The
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cell temperature was maintained at 298 K. Prior to starting the injections, adequate time
was given for the baseline of the heat signal to stabilize to diminish noise. Raw heat data
(1J/s) per injection were recorded with ITCRun™ software (TA Instruments) as a function
of time. Dilution experiments were conducted by injecting B-CD solution (5 mM) in a cell
containing 200 pL of corresponding solvent (ACN/water). Raw data thermograms are
presented after correction for baseline drift in heat signal using NanoAnalyze™ software

(TA Instruments).

The integrated heats (J) for each injection peak were calculated using NanoAnalyze
software from the peak’s starting point to the return of the heat signal to the baseline.
Integrated heat profiles referred to as isotherms were produced by dividing integrated heats
with dilution heat subtracted at each injection point, by the number of moles injected. As a
conventional procedure to avoid artifacts caused by mixing effects of syringe contents into
the cell, the first injection point was removed 3. Independent single thermodynamic
binding models were fit to uniphasic binding curves of the isotherms using NanoAnalyze
software. Thermodynamic parameters of binding (association constant (Kz), number of
binding sites (n), and enthalpy change (AH)) are determined by non-linear least squares
regression where there are three fit parameters per binding site. Based on the values of AH
and Ka, the Gibbs energy of complex formation (AG) and the entropy of complex
formation (AS) have been calculated using the thermodynamic relation presented in
equations 2 and 3 where T is the isothermal temperature of the experiments and R is the

gas constant (J/mol/K).
AG = - RT x In (Ka) (7)

AG= AH - TAS (8)
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5.4.3 Summary of Molecular Dynamics Methods

Molecular Dynamics (MD) simulations were also performed by our collaborators
at LSU. A summary of relevant methods has been provided here for further discussion and
comparisons to empirical findings. Please refer to the aforementioned publication for

further MD details.

For MD simulations, the G-(B-O-4')-G and G-(B-B’)-G dimer structures and
topologies were created via LigninBuilder.’>* The G-(B-O-4')-truncG dimer coordinates
were modified based on the G-(B-O-4")-G dimer by removing atoms in the tail. Similar
atom types were adopted to apply the topology parameters from LigninBuilder, although
some charges were redistributed to create a neutral molecule. Crystal properties of G-(B-
0-4")-truncG were compared with the Cambridge Structural Database'* to validate these
parameters. For G-(B-O-4)-G and G-(B-O-4')-truncG dimers only one isomer was
simulated with the chiral center nearest the head group (Ca) assigned S, and the other center

(CB) assigned R (Figure 5.10).

All MD simulations were performed with the GROMACS 2018.3 package. The van
der Waals and electrostatic interaction short-range cutoff was 1.2 nm, and the force-switch
modifier was applied to the van der Waals interactions. The TIP3P water model was used
with approximately 2100 water molecules leading to an equilibrated cubic simulation box
with a dimension of about 4.07 nm on average. Initial configurations with water and 3-CD
were prepared using Packmol.?*® The lignin dimer was then placed in the water, and water

molecules within 0.18 nm of any lignin dimer atom were eliminated using VMD.®’
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Unbiased simulations were completed by initially placing the lignin dimers within
proximity of the B-CD so binding would occur quickly. Repeated binding and unbinding
of the lignin dimers to -CD was observed. Therefore, unbiased simulations with the lignin
bound to B-CD could be used to estimate potentials of mean force (PMF). To determine
whether enthalpy difference (AH) or entropy difference (AS) had the largest impact on
binding, the change in PMF for binding was calculated and then decomposed into the
enthalpic and entropic terms (equation 9).

APMF = AH — TAS 9)

In addition, molecular docking was carried out via AutoDock Vina 1.1.2.2%® Since these
simulations are much less computationally expensive than MD simulations all isomers
were considered. The default dihedral angles in the lignin dimers were flexible, and the -

CD was rigid.

5.5 Results and Discussion
5.5.1 Stability Constant Calculation by ESI-MS

Electrospray ionization mass spectrometry (ESI-MS) has been routinely used to
study noncovalent ‘guest-host’ inclusion complexes of cyclodextrins.*® The formation of
inclusion complexes in solution is driven by the desolvation of the nonpolar parts of the
guest molecule, and the mild ionization procedure allows for the survival of their solution-
state structure.’3® 13139 By this process, electrospray ionization MS provides a

representation of solution established stability constants (Ks) of inclusion complexes.*3®

The binding stability constants for inclusion complexes of -CD and lignin dimers
were evaluated by ESI-MS on a ThermoScientific Q-Exactive Orbitrap mass spectrometer.
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The change in conditions and influence of temperature when analytes are transferred to the
gas phase by ESI has been extensively investigated for the potential to affect the mass
spectral representation of solution-phase interactions. For example, the hydrophobic effect
which originates from the gain in entropy of solvent molecules released from the solvation
shell upon complexation is absent in the gas-phase, and guest-host interactions that are
competitive in solution such as hydrogen bonding are altered.*** ¥>° However, while these
environmental conditions have some effect on the conformation of inclusion complexes,
ESI-MS results have been obtained in good agreement with solution-phase studies
involving noncovalent interactions.'3 3 The impact of electrostatic interactions in the
high-vacuum environment of a mass spectrometer has also been investigated due to
potential "false positives” or adducts that are electrostatically bound but not considered
solution based inclusion complexes. Still, there is significant evidence to conclude these
interactions are likely also inclusion rather than nonspecific complexes due to selectivity
in the gas phase.'® The possibility of erroneous representations of solution phase
interactions attributable to the ESI-MS process has been considered by negating complexes

that compose less than 1% of the total ion count (TIC).

To determine the binding stability constant of the lignin dimer and B-CD inclusion
complexes by ESI-MS, the linear equation derived by Dotsikas et al. which correlates
changes in complex intensity and initial total concentrations of guest and host was applied
(equation 6).1*® By varying the concentration of excess p-CD and monitoring changes in
complex intensity, the binding affinity or binding stability constant (K) was calculated. To
overcome ionization limitations of lignin compounds which do not readily accept protons

for positive-mode analysis, lithium adduction was used.>® 6
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Figure 5.11 Full scan of lithium adducted B-CD complexation of lignin dimers. Lithium
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Each dimer was solubilized in ACN and complexed in solution with B-CD to
produce a final solution composition of 10% ACN and 1.0 mM LiCl for direct injection.
The potential impacts of alkali metal salts on complexation have been investigated in terms
of solution ionic strength for UV-vis spectroscopy studies of B-CD.* Tawarah et. al.
varied ionic strength using NaCl and concludes binding stability values (K) are insensitive
to variations in ionic strength up to 0.26 M for 3-CD concentrations ranging from 0.1 — 4.6
mM.**2 Since the B-CD concentrations used in this work fall in this range (0.13 mM B-CD
maximum) and the [LiCl] is orders of magnitude less than the reported threshold (1.0 mM

LiCl), we assume that the impact of LiCl on solution phase interactions is negligible.

As depicted in Figure 5.11, the expected 1:1 and 1:2 complexations or [dimer + [3-
CD + Li]" and [dimer + 2 B-CD + 2 Li]** were observed as supported by our molecular
dynamics work (Section 3.3). The 1:2 complexations appear as doubly charged lithium
adducts at m/z 1329, 1301, and 1320 for the G-(B-0O-4")-G, G-(B-0-4’)-truncG, and G-(B-
B’)-G dimers, respectively (Figure 5.11). In this ESI-MS method for binding stability
determination, we have assumed based on MD simulation results that the prevalence of 1:2
complexes in solution was low, therefore it is likely that our observation of a 1:2 complex
in near equal abundance to the 1:1 complex is a result of the ESI process and lithium
adduction (Section 5.2.4). Consequently, the TICs for the 1:2 complex peaks were doubled
under the assumption that in a solvent system each of the cyclodextrins in the 1:2 complex
would have formed individual inclusions with a dimer analyte, and that the insertion of

both a dimer head and tail into B-CD has been amplified by the ESI-MS method.

Additional observations include a lithium bound dimer-dimer complex for all three

analytes. The high lithium cation basicity (LCB) of these lignin dimers allows for the
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sharing of a lithium ion to produce this electrostatically bound complex (Figure 5.11).%°
The TIC was also doubled for those peaks that represent a lithium bound dimer-dimer
complex to accurately portray the ion signal of the guest. For the G-(B-O-4")-G dimer,
peaks including doubly charged B-CD [B-CD + 2 Li]** and a doubly charged 1:1 inclusion
complex [guest + B-CD + 2 Li]** were observed at greater than 1% of the TIC and are
therefore included in the host and complex TIC summations. An unexpected 2:1 complex
[2 guest + B-CD + 2 Li] 2 was also noted in the G-(B-O-4")-G dimer spectrum, although
this peak composed less than 1% of the TIC and was therefore excluded from Ks
calculations. This unexpected complexation could be explained by the high LCB of the
dimers, and observation of lithium bound dimer-dimer systems that could insert one head
or tail into a B-CD face. These complexes could also be impacted by the de-solvation
process during ESI, where dimers are more likely to share a lithium and seek stability in

the B-CD interior.

Table 5.1. Stability Constant ESI-MS results and AG estimations in kJ/mol. Error values
evaluated by LLS regression and propagation of error (equation 6).

Dimer Kst (M) x103 Log(K) AG (kJ/mol)
G-(B-0-4)-G 6.54 +0.10 3.81 236
G-(B-0-4’)-truncG 8.81 +£0.69 3.94 -24.4
G-(B-p)-G 9.83+ 131 3.99 24,7

Pinoresinol (G-(B-B’)-G) has a significantly lower LCB and a larger binding
stability constant producing a considerably different B-CD complexation spectrum (Figure

5.11 C). % Doubly charged B-CD (m/z 574), 1:1 complex (m/z 753), and the unexpected
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2:1 complex (m/z 932) each comprised greater than 1% of the TIC and were therefore
included in the binding stability constant calculation for the G-(B-B’)-G dimer. The
increased number of TIC summations contributes to an increase in uncertainty for this
measurement, however the RSD of K is an acceptable 13.3 % for the G-(B-B’)-G dimer.
These empirical observations are supported by our MD work in section 5.5.3 which
concludes the fraction of bound states with two bound B-CD is much higher for complexes
with the G-(B-B’)-G dimer. Findings are also complemented by MD simulations which
reveal considerable differences in binding motif for G-(B-B’)-G which completely inserts
into the B-CD system. In contrast, -O-4" bond type dimers are bound only by the head or
tail group with the linkage incompletely encapsulated by the B-CD (Figure 5.14).
Isothermal titration calorimetry results in section 5.5.2 also indicate an increase in Log (K)

compared to dimers with a B-O-4’ linkage (Tables 5.1 and 5.2).

Final determinations of binding stability Log(K) values for direct comparison with
ITC results, and estimated AG values for comparison with both empirical and MD findings
are provided in Table 1. For the calculation of AG, a solution temperature of 50 °C upon
infusion was assumed based on a radiant heat measurement of the HESI source. During
initial experimentation, the HESI probe temperature was varied drastically (40 — 150 °C)
to evaluate if the resident time in the probe was long enough to cause a shift in solution
phase equilibrium. However, based on initial experimental calculations of K over this
wide temperature range, we concluded the HESI probe setting primarily influences the ESI
efficiency. Therefore, we assume that solution phase equilibrium is not significantly
impacted during the rapid addition of heat by the HESI probe. The AG energy values at 50
°C are provided as estimations to assist in the comparison of binding energy trends across
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all methods presented. Gibbs free energy trends indicate f-CD inclusion complexes with

B-B’ linkage dimers are more energetically favorable than those with a B-O-4" linkage.

5.5.2 Collaborative ITC Results

An isothermal titration calorimetry study of the inclusion process was completed
by Dr. Moradipour for comparison with ESI-MS empirical results. ITC provides a
comprehensive thermodynamic description of the inclusion process while simultaneously
measuring binding parameters (K, AH, AG, AS, n). The ITC instrument consists of a
sample and reference cell held at a constant temperature. During experimentation, the
syringe injects the titrant analyte into the sample cell and the release or absorption of heat
due to complexation is measured by the amount of power necessary to hold the reference
and sample cell at the same temperature. These heat signals are recorded as injection peaks.
The cyclodextrin solution was placed in the syringe as the titrant and the guest solution

was placed in the sample cell 144,

ITC titration curves of the binding interaction between lignin dimers and 3-CD are
illustrated in Figure 3. Heats of dilution were also considered by subtracting the integrated
heats for the addition of §-CD into blank solvent from the observed heat of 3-CD into
dimers. The heat profiles for the titration of B-CD into lignin dimer solutions are all
exothermic (AH < 0) with decreasing peak size indicating the released heat is directly
proportional to the amount of B-CD added to the guest solution (Figure 3). As the
concentration of free guest molecules in solution decreases and the solution becomes

saturated with the B-CD, the heat signal plateaus progressively as expected. 34 162
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Figure 5.12 Raw heat rate with time for B-CD (5 mM) interaction with lignin dimers a) G-
(B-B’)-G (0.5 mM), b) G-(B-O-4")-truncG (0.7 mM), and c) G-(B-0-4’)-G (0.5 mM) in 10
% ACN/water mixture at 298 K.

The heat of complex formation was evaluated by fitting a curve to the isotherms.
The raw heat peaks were integrated, corrected for the heat of dilution, and presented as a
function of the molar ratio of B-CD to the dimers (Figure 5.12). The thermodynamic
parameters of complex formation were calculated by the Wiseman isotherm model of a
single set of identical sites for all the investigated inclusion complexes (Table 5.2).
Generally, a parameter (c) governs the shape of the binding curve and geometrical features
of the Wiseman binding isotherm (equation 10) where n is the number of binding sites per

receptor, K, is the association constant, and [M], is the total receptor concentration 16316,
c=nXxXK, X [M]; (10)

For the complexation of G-(B-B’)-G with B-CD, c is greater than 5 (c~8), therefore the

shape of the binding curve (Figure 5.13a) is the appropriate sigmoidal shape for fitting the
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Wiseman isotherm.263-168 However, for low affinity complexes with G-(B-O-4’)-truncG
and G-(B-0-4°)-G, Log(Ka) is less than 4.0 % and the c values are small (~2.8 and ~3,

respectively) resulting in large uncertainties for enthalpy measurements (Figure 5.13b-c).
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Figure 5.13 Integrated heat profiles after subtraction of dilution heat plotted against molar
ratio of B-CD to the lignin dimers: (a) G-(B-B’)-G (b) G-(p-O-4")-truncG (c) G-(B-0O-4’)-
G. First injection points were eliminated from thermodynamic analysis.

The AG values for binding of all three dimers to f-CD is negative indicating that
regardless of differences in chemical structure and levels of hydrophobicity, all three
dimers bind to the B-CD spontaneously.'®* In guest-host complex formation, a combination
of forces including van der Waals, hydrogen bonding, hydrophobic, electrostatic and
charge-transfer interactions occur simultaneously.®”-1%8 The Gibbs free energy describes
these interactions and is composed of enthalpic and entropic terms that provide information

about the forces involved in binding.
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Table 5.2 Thermodynamic parameters for B-CD interaction with lignin dimers as
determined using a one-binding site model through ITC at T = 298 K. (n is mol $-CD/mol
dimer, confidence level=95%).

Dimer n Ka (M) x10° | Log(K) | AG AH -TAS
(kJ/mol) (kJ/mol) (kJ/mol)
G-(B-O-4')-G |1.4+07 6.31+2.00 |3.8 -21.7+08 |-236+448 | 2+45
G-(B-0-4")- 3.98+1.26 19415
truncG 1.00£0.97 3.6 -205+08 | -1.3+149
G-(B-B’)-G 1.60+0.14 | 14+9 4.1 -24 12 -5.8+0.8 -19+£2

Based on chemical structure, G-(B-B’)-G is thought to be the most hydrophobic
dimer investigated in this work. Previously we studied the partition coefficient of G-(B-O-
4’)-G and G-(B-O-4")-truncG dimers in DPPC lipids and aqueous solutions and concluded
the partition coefficient is lower for the G-(B-O-4’)-G dimer corresponding to less
hydrophobicity. 3% 1%° As shown in Table 2, the inclusion complex between the relatively
hydrophilic G-(B-O-4")-G dimer and 3-CD has a significantly larger |[AH| value compared
to the other two analytes. This large change in enthalpy may indicate that electrostatic and
hydrogen bonding interactions attributable to polarity primarily contribute to the
complexation of this analyte with B-CD, rather than hydrophobic interactions.4
Yamamura et al. studied the 1:1 complex formation of y-CD with 2-carboxybenzoyl-d-
glutamic-I-tyrosine and similarly observed a large negative enthalpy value resulting from
strong van der Waals and n-7 interactions between the guest's aromatic rings and the CD

interior walls 17°,

In contrast, interactions of the more hydrophobic G-(B-O-4")-truncG and G-(B-p’)-
G dimers with B-CD have large |TAS]| values. It has previously been reported that large

negative entropy values are caused by significant translational and conformational
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restriction of the host and guest molecules upon complexation. 14> 170 Molecular dynamics
findings presented in section 5.5.3 support this idea based on analyte insertion into the p-
CD host. Results indicate the tail of the natural G-(B-O-4")-G dimer remains free outside
of the complexation, where G-(B-0O-4’)-truncG does not have the long free tail, and G-(j3-
B’)-G is constricted deep in the B-CD cavity. This could explain the inconsistency in |TAS]|
empirical measurements for the natural and truncated p-O-4' linkage dimers. The sizeable
change in entropy measurements for G-(B-0-4’)-truncG and G-(B-p’)-G complexations
also suggests that dehydration and hydrophobic interactions play a large role in their

complex formation which may be related to their relative polarity. 14146

Despite the disparities in enthalpic and entropic term measurements for G-(j-O-
4)-G and G-(B-O-4")-truncG, ITC results indicate the binding affinity of dimers with a -
0O-4’ linkage are similar (Log(K) within 0.2), and the binding affinity of pinoresinol is
significantly higher. Although error values are large, the simple observation that the G-(B-
B’)-G dimer ITC heats of complex formation can be fit to the Wiseman binding isotherm
while low affinity complexes with G-(B-O-4’)-G and G-(B-O-4’)-truncG dimers have
insufficient ¢ values is evidence that the fundamental motifs of binding are dependent on
linkage type. This empirical observation is further supported by our ESI-MS work which

also indicates the G-(B-B’)-G dimer forms the most stable inclusion complex with 3-CD.
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5.5.3 Summary of Collaborative Molecular Dynamics Results

Our collaborators at LSU completed MD simulations on the cyclodextrin
supramolecular system. To accelerate binding, lignin dimers were initialized with their
head or tail near the primary and secondary face of a -CD. Over long time scales, multiple
binding and unbinding events were observed for G-(-O-4')-G and G-(-O-4")-truncG, but
only two unbinding occurred for the G-(B-p’)-G dimer. In addition to the single B-CD
simulations, unbiased simulation with two B-CD molecules and one lignin dimer were
completed since the stoichiometry of guest/B-CD complexes formed in aqueous solution is
frequently 1:1, 1:2 or 2:1.17%172 These simulations also began from configurations with one

B-CD bound to the lignin dimer head and a second B-CD placed near the lignin dimer tail.

The different bound states were explicitly counted during unbiased simulations. For
the G-(B-0-4")-truncG there was approximately a 49% chance of observing the lignin head
bound through the 3-CD secondary face, a 14% chance of the tail bound through the B-CD
secondary face and a 2% chance of the lignin center bound to the B-CD secondary face.
Under-sampling of tail bound and center bound states may have resulted in the

overestimation of the magnitude of binding energies in comparison to empirical results.

The binding energies and entropies obtained from MD simulations and docking
calculations are presented in Table 5.3. The distances corresponding to the PMF minima
from umbrella sampling and those corresponding to the most favorable configurations are
also shown. The docking results indicate that the binding energies for different isomers do
not vary significantly, justifying the simulation of only one isomer with MD. The lowest
energy configurations found with docking for G-(-0O-4')-G had B-CD bound to the dimer

head for RS and SR isomers and 3-CD bound to the dimer tail for RR and SS isomers. The
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lowest energy configurations for G-(B-0-4")-G included those with the head, center, or tail
bound through the secondary B-CD face and one with the head bound through the primary
B-CD face. The lowest energy configurations for G-(B-O-4')-truncG included those with
the head or center bound through the secondary B-CD face or the head bound through the
primary face. For G-(B-B’)-G, eight of the nine lowest energy states had the dimer center
closer to the secondary B-CD face, and one had the dimer center closer to the primary f-
CD face. Although docking has more severe approximations than MD, most states were
also observed in unbiased MD simulations confirming the configurations presented are
reasonable. The only exception is that states with the G-(B-O-4')-truncG tail bound through
the secondary B-CD face were only observed in MD, while states with the G-(B-O-4')-
truncG tail bound through the primary B-CD face were observed in docking. This
discrepancy could be due to the rigid B-CD in docking or the force field parameters for the

tail end of G-(B-O-4")-truncG, which were modified from G-(3-0-4')-G.
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Table 5.3 Binding energies (PMF,;, APMF, AG, AH, —TAS), entropies (AS), and distances
between dimers and f-CD corresponding to the global minimum free energy (d,,) from
MD simulations and docking. For docking, the upper row is for RS and SR isomers, and
the lower row is for RR and SS isomers. The SR numbers are in bold since this isomer
corresponds to the one used in MD simulations. Uncertainties are half the widths of the
95% confidence intervals. Units are nm for d,,, kJ/mol for energies, and J/mol-K for AS.
Note that the global minimum in the PMF profile from MD (PMF,,) is comparable to AG
from docking, while APMF is comparable to empirical results.

MD Docking

dimer dy PMF, APMF AH  —TAS A4S dyy AG

0.25,0.24 -234,-243

G-(p-0-4)-G | 027 2593 2546065 -37.63 1217 3478 | 0 OO

G-(B-0-4)- 0.20,0.15 -23.0,-24.7
HUNCG 0.15 -27.07 26.63 +0.56 39.94 1331 38.04 019,011 -22.6,-25.1
G-(B-p’)-G | 0.05 -2799 -27.06+0.17 -29.84 2.79 -7.97 0.19 -27.2

The magnitudes of the binding energies (PM F);, APMF, AG) from MD simulations
and docking are larger than the empirical measurements in most cases. This is expected
since these calculations are based on pure water and do not include acetonitrile, which
likely weakens the binding between the lignin dimers and 3-CD. The trends in the binding
energies from simulations are consistent with the empirical results; the binding energies
for G-(B-O-4')-G and G-(B-O-4')-truncG are similar while the binding energy for G-(B-p’)-
G is stronger. Observations of the unbiased distance trajectories and explicit counting of
bound states reveals a 66% probability of being bound for G-(p-O-4')-truncG compared to

88% for G-(B-p’)-G.
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Figure 5.14 Inclusion complexes of (a) G-(B-0-4")-G, (b) G-(B-O-4")-truncG, and (c) G-(B-
B’)-G with one B-CD. Lignin dimer atoms are shown as spheres, and the B-CD is
represented as a transparent surface.

Configurations of the dimers bound to 3-CD near their most probable distances are
depicted in Figure 5.14. For G-(B-O-4')-G, there is a large hydrophobic area that cannot be
accommodated in the center of a single 3-CD and those hydrophobic groups often stick to
the edge of the B-CD which may be more favorable than complete immersion in water. For
G-(B-O-4")-truncG, the tail end also tends to stick to the edge of the -CD. The region
connecting the rings in G-(B-p’)-G is lacking the B-O-4 bond and is therefore less
hydrophilic than the other dimers, allowing G-(-p’)-G to move deeper into the B-CD.
Although the center of mass distance for G-(B-O-4")-G and G-(-O-4")-truncG to the B-CD

are different, their head groups are at similar positions inside the p-CD.

Unbiased simulations with two 3-CD were also analyzed to estimate the probability
of each face interaction by estimating the fraction of bound states with two p-CD bound to
one guest. Since the fraction of center bound states was low and observations of one 3-CD
bound to the center of a lignin dimer was unlikely, the center bound state was ignored. The
fraction of G-(B-O-4")-truncG bound states with two bound B-CD was only 0.12, however

this fraction for G-(B-p’)-G was 0.484 which provided evidence for strong binding to two
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B-CD. These results support our empirical finding that pinoresinol has the largest n (mol
B-CD/mol dimer) value of 1.60 £ 0.07 by ITC, and observation of more potential bound

states impacting the complexation ESI-MS spectrum.

5.6 Conclusion

The application of supramolecular interactions of lignin dimers with B-cyclodextrin
to form variable inclusion complexes has the potential to improve the environmental
sustainability of selective isolation of lignin compounds from biomass degradation
fractions. The binding stability constants and thermodynamics of B-CD interactions have
here been characterized for two primary lignin dimer bond types with analytes G-(f-0-4’)-

G, G-(B-O-4")-truncG (guaiacylglycerol-p-guaiacyl ether), and G-(B-p’)-G (pinoresinol).

Empirical results and MD simulations indicate the G-(B-’)-G dimer as the most
energetically favorable B-CD guest. Investigations by ESI-MS illustrate an abundant
distribution of bound states with substantial TIC for 1:2 and 2:1 complexation, and a
binding stability constant of about 9830 M. The G-(B-0-4’)-G and G-(B-O-4’)-truncG
dimers did not produce this distribution and resultant binding stability constants were
substantially lower. These results directly correlate to the ITC study which also concludes
G-(B-B’)-G has a large binding affinity for B-CD, while lower affinity interactions of dimers
with a f-O-4’ linkage did not produce suitable sigmoidal shapes for fitting the Wiseman
isotherm. Empirical findings were further compared to MD simulations which indicate
about 80% G-(B-O-4')-G dimer and G-(B-O-4')-truncG dimer will find a host, while each
individual G-(B-p’)-G dimer can be captured by one or two B-CDs. Simulations also reveal
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the hydrophilic p-O-4' bond prevents adequate inclusion of B-O-4' linkage dimers.
However, lignin dimers with a B-p’ linkage may be completely encapsulated by the B-CD

host for optimum complexation.

These outcomes indicate cyclodextrin as a promising material to assist in the
separations of short lignin oligomers from heterogeneous mixtures, and bond type as a
primary factor in separative success. The application of lithium adduct ESI-MS for analysis
of lignin compounds is also highlighted through the method development highlighted in
section 5.2. ESI-MS measurements of binding stability for lignin compounds would not

have been possible without the application of lithium adduction techniques.
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CHAPTER 6: CHROMATOGRAPHIC METHOD DEVELOPMENT FOR LIGNIN
MODELS AND LIGNANS

Sections of this chapter are excerpts from the following publication:

Reprinted with permission from Asare, S. O.; Dean, K. R.; Lynn, B. C., The study of the
chromatographic behavior and a mass spectrometric approach to differentiating the
diastercomer pair of the B-O-4 lignin dimer series. Anal. Bioanal. Chem. 2021, 413 (15),
4037-4048.%° Copywrite 2021 Springer

6.1 Introduction to Lignans and Chromatographic Separations

Our previous work has focused on the evaluation of synthetic model compounds to
improve ionization and mass spectrometric methods for the analysis of lignin degradation
products. Access to novel compounds selectively synthesized by my colleague Dr. Asare
including all nine B-O-4 dimers, H-B5-H, G-p5-G, G-BB-G, S-pB-S dimers, 5 B-O-4 trimers
and a tetramer, presented a unique opportunity to develop methods for compounds related
to the lignin polymer.?® Several of these synthesized lignin model dimers are also
chemically analogous to many biologically active plant secondary metabolites or lignan
dimers. Coniferyl neolignans in particular are identical to lignin p-O-4 dimers.®® The
synthetic B-O-4, B5, and Bp models utilized in this work are therefore also ideal models

for improving the analysis of lignans.t’

Lignans are secondary plant metabolites or naturally occurring plant phenols that
most often exist as phenylpropanoid dimers throughout the plant morphology.'”® They can
possess multiple chiral centers and have recently become of great interest due to their
numerous pharmaceutical activities including antitumor, insecticidal, and antioxidant
functions.!® 1" For example, Kordbacheh et. al. isolated lignans from soybean xylem sap
and identified pro-angiogenic lignan stereoisomers that were found to enhance cell
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proliferation.?® This study reports that coniferyl neolignans identified as erythro-
guaiacylglycerol-8-0-4' (RS/SR) ether and threo-guaiacylglycerol-8-O-4'-(RR/SS) ether,
exhibit different degrees of pro-angiogenic activity depending on the diastereomer.
Findings suggest that the threo diastereomer has more pro-angiogenic activity compared to
the erythro diastereomer,?® however, methods for characterization of these products
especially in the separation of diastereomers are still being developed. While traditional
analytical methods like NMR can differentiate the diastereomer pair by first performing
enantioselective synthesis or preparative column chromatography to separate the pairs
before NMR analysis?*, methods are time-consuming and extensive since pure isolate of
each diastereomer is required for analysis. The improvement of analytical techniques for
diastereomer separations of lignans is therefore essential for the continued study of

biologically active plant derived compounds.?

Although lignin research has historically focused on developing degradation
methods!’#1"" to break down lignin and analytical methods*®: 101 178-181 to characterize
products, the work presented here investigates reverse phase UHPLC separations and
MS/MS identification of diastereomers applicable to biologically active lignan compounds.
Three reverse phase UHPLC columns coupled to high-resolution mass spectrometry were
compared to evaluate the separative capability of this LC-MS method for diastereomer
separations of lignin B-O-4 dimers. Efficient separation prior to mass spectral analysis is
imperative considering many pairs of dimers are isobaric.

The partition coefficient and impact of column temperature were evaluated to
further our understanding of column selectivity. Lipophilicity (hydrophobicity) is generally

expressed by the logarithm of the octanol/water partition coefficient (log (Pow)) and is an
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important parameter used in quantitative structure-activity relationships (QSAR) for
bioactive compounds.t®218 QSARs encode chemical information of molecules by
quantitative numbers and are applied to model biological activity and toxicity endpoints.'84
Lipophilicity plays an important role in governing kinetic and dynamic aspects of drug
actions and is especially important for the development of pharmaceuticals or natural
products, and for evaluating the health risks of environmental pollutants.®2 A number of
experimental methods have been developed for measurements of the partition coefficient
including direct methods where the concentration of a neutral compound is partitioned
between n-octanol and water phases under slow stirring.!8® While these methods are
accurate in determining log (Pow) Vvalues, they are labor consuming and require large
amounts of pure compounds. Alternatively, separation strategies such as reverse phase
HPLC offer practical advantages including speed, reproducibility, and insensitivity to
impurities.'® The most common indirect method for evaluating log (Pow) is HPLC and it
will be applied in this work establish novel measurements of lipophilicity for lignin model
compounds.

This study serves to advance biological studies of lignans by introducing a more
efficient method for the separation and identification of lignin compounds and their
diastereomers. Here we present the optimum HPLC reverse phase column for separations
of B-O-4 dimer diastereomers, and report measures of hydrophobicity to advance
biological studies. A temperature program experiment and partition coefficient trends
indicate the chromatographic retention mechanism is hydrophobically driven and
correlates with the number of methoxy group substituents. The separative method

presented here can be coupled with mass spectrometry and post column addition of salts
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such as LiCl for alkali metal adduct ionization of lignin compounds. A mechanistic study
based on the ion abundance of ‘sequence-specific ions’ was also used to assign a

configuration for each diastereomer pair in the nine 3-O-4 dimer series.
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Figure 6.1 Diastereomers of 3-O-4 dimers.

6.2 Materials and Methods

6.2.1 Chemicals and Reagents.

Lithium chloride and ammonium chloride salts were purchased from Alfa Aesar
and Fisher, respectively. HPLC/MS grade acetonitrile, methanol, and water were
purchased from Sigma Aldrich. Calibration standards for log (Pow) investigations in section
6.2.2 include benzyl alcohol (Sigma Aldrich, ACS), 4-methoxyphenol (Sigma Aldrich,
98%), p-cresol (Sigma Aldrich, 99%), anisole (Sigma Aldrich, reagent plus 99%), toluene
(Fisher, ACS) and ethyl benzene (Sigma Aldrich, anhydrous 99.8%). All chemicals were
used without further purification. The synthesis of the nine -O-4 dimers used for this study

has been reported previously.®
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6.2.2 Instrumental Specifications

Chromatographic separations were performed using a Shimadzu Nexera X2
modular UHPLC system (Torrance, CA) consisting of the following modules: SIL-30AC,
LC-30AD, CTO-20A, CBM-20A, and DGU-20A. The UHPLC effluent was coupled to a
ThermoScientific Q-exactive orbitrap mass spectrometer equipped with a HESI source.
The HESI conditions were 4-4.5 kV spray voltage, sheath auxiliary gas flow of 22
(arbitrary units) and mass spectrometer inlet temperature of 250 °C. Data was acquired
using the ThermoScientific Xcalibur software in the full scan mode or the parallel reaction
monitoring mode. When necessary, an inclusion list made up of ions of interest was
created. The Q-exactive mass spectra were obtained at a mass resolution of 140,000. To
ensure the efficient generation of ions, a zero dead-volume stainless steel tee was inserted
between UHPLC eluate and the HESI source. The third leg of the tee was connected to a
Fusion 100T syringe pump (Chemyx, TX) that delivered either 10 mM lithium chloride
(positive ion mode)®® aqueous solution or 10 mM ammonium chloride (negative ion

mode)*® aqueous solution at a flow rate (3 uL/min).

The synthesis of the nine B-O-4 dimers used for this study has been reported
previously.®® Stock solutions were prepared for all analytes at a final concentration of 1.0
mg/mL in acetonitrile. For HPLC/MS analysis, the stock solutions were further diluted to
get the working solutions of 250 pug/mL with a 90:10 (v/v) water/acetonitrile mixture.
Where necessary, a mixture of two or more working solutions was made by adding equal

volumes of each working solution.
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6.2.3 Separations of Complex Mixtures

Three different UHPLC columns were evaluated: a Kromasil Eternity phenylhexyl
column (100 mm x 2.1 mm, 2.5 um spherical particle size, 100°A pore size, Akzo,
Brewster, NY), a Pinnacle DB C-18 (octadecyl) (100 mm x 2.1 mm, 1.9 um spherical
particle size, 140°A pore size, Restek, Bellefonte, PA) and a Pinnacle DB PFPP
(pentafluorophenyl propyl) column (100 mm x 2.1 mm, 1.9 um particle size, and 140°A
pore size, Restek, Bellefonte, PA). A gradient system of water and acetonitrile was used
for this study. From time 0 to 2 min mobile phase composition was 5% ACN, then from 2
to 15 min a linear gradient from 5 to 50% ACN was applied. From 15 to 22 min organic
percentage was linearly increased from 50 to 95% ACN, then mobile phase composition
was held constant at 95% ACN until 23 min. Finally, mobile phase organic percentage was
decreased linearly from 95 to 5% ACN from 23 to 24 min and held at 5% to complete the
25 min elution time. A flow rate of 0.3 mL/min and an injection volume (sample) of 5 uL
was used. For the UHPLC discussion, all models were analyzed as to their lithium adduct

ions in the positive ESI mode.

6.2.4 Column Temperature and Enthalpy

The effect of column temperature was studied using the instrumentation and
methods described in section 2.2 with a temperature range of 25 to 45°C with 5°C
increments. At the beginning of each run, the HPLC system was allowed to equilibrate and
adjust to the new column temperature. An isocratic elution system containing 15 %

acetonitrile and 85 % water was used for the temperature gradient experiments. A series of
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van’t Hoff plots were produced for each diastereomer by plotting In (k) as a function of

1/T. Corresponding AHC values were determined from the slope of the van't Hoff plot.

6.2.5 Partition Coefficient Methods

The octanol water partition coefficient (log (Pow)) for each dimer diastereomer pair
was calculated using an Agilent 1100 HPLC system (Santa Clara, CA) equipped with a
Kromasil Eternity XT C18 column (4.6 x 150 mm, 5um particle size (Brewster, NY)). The
HPLC system was coupled with an HP LC/MSD mass spectrometer (Santa Clara, CA).
The partition coefficient is the ratio of the equilibrium concentrations of a substance in a
two-phase system of immiscible solvents octanol and water. It is therefore a measure of
polarity with a higher partition coefficient indicating more hydrophobicity. This method is
based on the relationship between the octanol/water partition coefficient and the capacity

factor, k (equation 11).18°
Log (Pow) = a + b*(log (k)) (12)

The HPLC measurement of log (Pow) utilizes a calibration curve created by relating
the partition coefficient values of reference compounds to their corresponding empirical
hydrocarbon-water partition coefficient, log (Kw). The log (Kw) value was determined
experimentally by a plot of the mobile phase organic percentage vs. log of the capacity
factor (log (k). The hydrocarbon-water partition coefficient (log (Kw)) of the calibration
standards were then plotted vs. their corresponding log (Pow) reference values to create a

calibration curve for the dimer unknowns.
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For each compound, multiple runs were completed with an isocratic mobile phase
consisting of methanol and water. Mobile phase organic percentages ranged from 20-80%
organic depending on the analyte and were selected experimentally to provide adequate
separation within a reasonable run time. Four mobile phase conditions were evaluated for
each analyte with correlations (R?) greater than 0.98 for log (Kw) calculation. Solutions for
injection consisted of 5 mg/mL foramide (void volume marker), 10 ug/mL analyte, and
10% MeOH. Calibration compounds were chosen based on availability, partition
coefficient and structural similarity to the B-O-4 dimers. Upon completion of the calibration
curve relating empirical log (Kw) to log (Pow) reference values of the six calibration
standards (R?= 0.990), the retention behavior of each B-O-4 dimer was investigated (Figure
6.4). The log (Kw) values were then plotted on the calibration curve to establish

experimentally determined log (Pow) values for the nine B-O-4 dimers.

6.2.6 Diastereomer Classification by Tandem MS

For each dimer analyzed, a pair of diastereomers were observed and these were
designated as D1 and D2 based on their respective elution. The percent abundances for D1
and D2 from each dimer were calculated from the peak area in each chromatogram using
the phenyl hexyl column. The percent abundance of each diastereomer peak was calculated
by summing the total peak areas corresponding to the dimer, and then dividing the peak
area of each diastereomer by the summed total.

Next, the tandem mass spectrum was investigated for each diastereomer peak. The

instrumental set up was consistent with methods described in section 6.2.2. The
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diastereomer was identified by percent abundance and fragmentation patterns to identify
the threo and erythro peaks for each dimer. The mass spectrometer was operated in a
parallel reaction mode (PRM) with an inclusion list containing the mass of interest. To
obtain results that were comparable to literature, tandem experiments were conducted using
the chloride adduct ionization technique in the negative ion mode. The normalized collision

energy was set at 35 during the PRM experiment.

6.3 Chromatographic Results and Discussion

6.3.1 Stationary Phase Comparisons

To study the chromatographic behavior of synthetic lignan model compounds
containing a mixture of diastereomers (erythro and threo, Figure 6.1), three different
reverse phase HPLC columns were compared. The nine-studied compounds H-(3-0-4’)-
H, H-(B-0-4’)-G, H-(B-0-4’)-S, G-(B-0-4’)-H, G-(B-0-4’)-G, G-(B-0-4’)-S, S-(B-0-4°)-
H, S-(B-0-4’)-G, S-(B-O-4’)-S were analyzed individually on the three selected HPLC

columns.

A C18 column was chosen because of its wide-spread application in HPLC analysis
of compounds containing different functional groups. A PFPP column was chosen for its
compatibility with compounds containing highly electronegative groups and its ability to
function at high aqueous mobile phase percentage. Finally, phenylhexyl column (PH) was
selected because of its capability to separate aromatic compounds. In order to evaluate the
separative behavior of the model lignin dimers and their diastereomers, a mixture of H-(B-

0-4’)-H, G-(B-0-4")-G and S-(B-0O-4")-S dimers were studied on each column as shown in
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Figure 6.2. Each dimer was also analyzed individually on all three columns for
observations of baseline separation and retention time. A series of runs were made to
determine the optimum gradient solvent system. Solutions containing one or more analytes
were studied on the selected UHPLC column using the acetonitrile/water gradient system
and detected as lithium adducts in positive mode mass spectrometry using a high-resolution

Q—exactive mass spectrometer.
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Figure 6.2 A comparison of separations of H-(B-0-4’)-H, G-(B-0-4’)-G, and S-(B-O-4’)-
S dimers on three column phases (C18, PFPP, and phenylhexyl (PH)) detected via
lithium adduct ESI-MS. Diastereomer peaks D1 and D2 indicated for each dimer.
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The selectivity and efficiency of each column for B-O-4 dimers and their
diastercomer pairs was evaluated by selectivity (o), asymmetry factor and the full-width
half-maximum (FWHM). These measures assess the separative capability of this HPLC
method on the three column types. The C18 columns dominant interaction with analytes is
induced by the hydrophobic effect, therefore significant differences in the analyte’s
chemical structure and hydrophobic content are essential for successful separations.
Although structural differences are minimal, the position and number of methoxy groups
does appear to have a sufficient impact on polarity (log (Pow)) for effective separations
(Table 6.1). Comparatively, we expect the PFPP column to have improved selectivity by
hydrogen bonding interactions. This functionalized silica phase column composed of
pentaflouorophenyl rings attached to the silica via propyl chain can exhibit both reverse
and normal phase properties.'® While the mechanism of separation on the PFPP column
is not completely understood, it has been reported to exhibit a reverse-phase mode
separation via the alkyl chain unit, an ion-exchange mode via the ionized silanol surface,
and m-stacking interactions. It consequently offers improved selectivity for polar
compounds compared to the C18 column. However, larger peak widths were observed for
the dimers perhaps indicating a loss of separation efficiency. It is likely that increased
access to silanol groups on the silica surface resulted in strong and delocalized electrostatic
interaction with the phenolic hydroxyl group on each dimer. These enhanced interactions
with the stationary phase increased the resistance to mass transfer term from the van
Deemter equation resulting in peak broadening and reduced efficiency while improving

selectivity (Figure 6.3).
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Like the C18 column, the separative power of the phenyl hexyl column is largely
dependent on hydrophobic interactions, with the addition of a pi-electron rich phenyl group
that associates with the aromatic moieties of the analytes.'®’-188 The r-stacking increases
interactions with the stationary phase, while the lack of hydrogen bonding improves
efficiency compared to the PFPP column. We therefore proposed the phenyl hexyl column

to be most suitable for separations of lignin $-O-4 dimers and other lignan compounds.
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Figure 6.3 Asymmetry Factor (A) and FWHM (B) plots constructed for dimer mixture H-
(B-O-4’)-H, G-(B-0-4")-G, and S-(B-0-4’)-S. Dimers abbreviated HH, GG, and SS,
respectively.

Asymmetry and FWHM were evaluated as depicted in Figure 6.3, to further our
understanding of separations on each column type for lignan model dimers. Asymmetry
factor evaluations reveal the significant impact of the PFPP column interactions on tailing,
with factors greater than 1.1 for five of the six observed peaks. The C18 column produced
more symmetric peaks with a factor distribution between 0.9 and 1.1, and the PH column
also produced peaks with acceptable symmetry although fronting was observed for the H-

(B-O-4’)-H D1 peak. FWHM calculations also depict the negative impact of column
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efficiency on the PFPP column separations, while the C18 and PH columns provided

similar levels of efficiency.

Selectivity of the column for each diastereomer pair was also calculated and while
the diastereomer selectivity was slightly improved on the PFPP column, this did not
overcome the loss of efficiency, so the PFPP column was removed from further
consideration. Both the C18 and PH columns showed similar selectivity’s for the dimers.
However the efficiency of the PH column was better than the C18 consistent with literature
reports of HPLC columns where functionalized phenyl surfaces efficiently separated polar
aromatics.!”® The PH column was determined to be the most promising for separations of

lignan model compounds and their diastereomers.
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Table 6.1 Phenyl hexyl column individual retention times, diastereomer peak area counts,
enthalpy (uncertainty < + 0.1 kJ/mol), and log (Pow) results for the nine 3-O-4 dimers.

Compound Phenyl Hexyl (PH) | PH
Name MW | Diastereomer | Retention | Area % AH° Log (Pow)
(min) (kJ/mol)
H-(B-O-4’)-H | 316 D1 7.63 23 -19.1 2.059
D2 7.79 77 -20.1 2.237
H-(B-O-4’)-G | 346 D1 9.34 66 -19.5 2.442
D2 9.50 34 -21.4 2.570
H-(B-0-4’)-S | 376 D1 10.79 85 -19.8 2.553
D2 11.31 15 -23.1 2.932
G-(B-O-4')-H | 346 D1 9.37 55 -17.1 2.280
D2 9.60 45 -17.8 2.392
G-(B-0-4")-G | 376 D1 9.44 57 -15.6 2.481
D2 9.71 43 -17.3 2.648
G-(B-0-4")-S | 406 D1 10.86 76 -16.5 2.787
D2 11.43 24 -20.3 3.096
S-(B-0-4')-H | 376 D1 10.79 62 -14.3 2.291
D2 11.31 38 -14.9 2.409
S-(B-0-4')-G | 406 D1 9.28 65 -12.9 2.444
D2 9.59 35 -15.1 2.649
S-(B-0-4')-S | 436 D1 10.73 70 -15.5 2.680
D1 11.30 30 -19.5 2.936

6.3.2 Chromatographic Thermodynamic Characterizations

After selecting the phenylhexyl column, we studied the effect of column
temperature on the chromatographic behavior of the dimers. Five different column
temperatures ranging from 25 — 45 °C with 5 °C increments were used. Several initial
experiments using different isocratic elution conditions were completed, and a system of
15:85 ACN/water was found to be the most effective. Urea was used as the non-retained

analyte. In general, increasing the column temperature resulted in improved peak shape,
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width, and an overall decrease in retention times. While the retention times of the non-
retained peak (urea) remained constant across all temperature ranges, the retention times
of the peaks corresponding to the diastereomer pair decreased with increasing temperature.
This observation is consistent with literature reports which state that a decrease in retention
time, a function of increasing temperature, is caused by an exothermic enthalpy change
associated with the transfer of solutes from the mobile to stationary phase.'8-11 At high
temperatures, the hydrophobicity of the mobile phase increases, subsequently causing low

retention of analytes in reverse phase chromatography.:

Corresponding AH® values were determined from the slope of the Van't Hoff plot.
The Van’t Hoff plots of In (k) as a function of 1/T were linear and highly correlated (r* >
0.993) for all the studied analytes. Enthalpy values and uncertainties are presented in Table
1 and range between 15 — 23 kJ/mol. Larger AH values were observed for compounds
with an “S unit” as the “B ring” and correlate directly with log (Pow) measurements of
hydrophobicity. In general, the larger the standard enthalpy values, the more the
hydrophobic character of the retention process. The AH® values reported here and linear
dependence of capacity factor vs. inverse temperature indicate that the retention
mechanism occurs via hydrophobic interaction and the retention mechanism does not

change with temperature. 9% 193

Hydrophobic interactions were further investigated by determinations of the
partition coefficient, log (Pow), Of the nine p-O-4 dimers by the HPLC method. By this
method analytes are retained on a C18 column in proportion to their hydrocarbon-water
partition coefficient (log (Kw)). A calibration curve was created by determining the log

(Kw) of six reference compounds including benzyl alcohol, 4-methoxyphenol, p-cresol,
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anisole, toluene, and ethyl benzene. These compounds were selected based on their
reported partition coefficient and structure to correlate with the retention behavior of the
B-O-4 dimers. The calibration produced a linear relationship between log (Kw) and log

(Pow) with an R? of 0.990.
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Figure 6.4 Calibration of log (Kw). Standards in order of increasing log (Pow) are benzyl
alcohol, 4-methoxyphenol, p-cresol, anisole, toluene, and ethyl benzene (LLS 5% error in
slope).

The hydrocarbon-water partition coefficient was then assessed for each dimer and
plotted on the calibration curve to find the corresponding log (Pow) value based on the
calibration. Partition coefficients of both eluting peaks were calculated, and results indicate
that an increase in the number of methoxy groups on the “B ring” has the greatest impact
on the hydrophobicity of these lignin model compounds. The order of increasing
hydrophobicity for the nine dimers is HH, GH, SH, HG, SG, GG, HS, SS, GS (Table 6.1).

The addition of methoxy groups increases the capacity factor of the dimers as observed in
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the retention behavior of all three investigated columns with G-(3-0-4’)-S D2 peak having
the longest retention time, and the largest AH®. These results indicate the position of the

methoxy groups and perhaps the steric availability of the “A ring” aromatic have the largest

effect on hydrophobic and structural interactions with the column.

6.4 Summary of Diastereomer Abundance Distributions and Fragmentation Patterns

The nine dimers (18 compounds, two diastereomers per dimer) exhibited different
retention behavior on the PH column. For each dimer analyzed, a pair of diastereomers
were observed and these are designated as D1 and D2 based on their respective elution
order. The percent abundances for D1 and D2 from each dimer were determined from the
peak area in each chromatogram (Table 6.1). To accurately verify the percent of D1 and
D2, complete baseline separation of the diastereomers was essential. The overall percent
abundance for the first peak D1, was higher in eight out of the nine analyzed compounds
except for the H-(B-O-4’)-H dimer whose second diastereomer pair peak D2 was more
abundant (Table 6.1). This finding suggests that either the diastereomers reversed elusion
order, or the lack of methoxy substituents changed the product distribution during
synthesis. The synthesis of dimers occurs via a general aldol addition reaction and therefore
a racemic mixture is expected if there are no asymmetric induction effects. However, the
intermediate formed upon the abstraction of a proton dictates the ratio of the diastereomer
pairs erythro vs. threo (Z-conformer or E-conformer of the deprotonated carbonyl).*® Under
certain reaction conditions (strong base, polar aprotic solvents, and cold temperature < -70

°C), the E-conformer is predominantly formed. 1%4-1%
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The impact of synthetic conditions and intermediate enolate could explain the
general trend for the distribution of diastereomers in our dimer series. In the case of the H-
(B-O-4")-H dimer, an E-conformer enolate is expected to be the predominant intermediate
enolate because of the reaction conditions®® and therefore the threo diastereomer is
expected to dominate the product distribution. This synthetic justification could explain the
surprising diastereomer abundance result of a 23:77 percent ratio (erythro: threo) observed
for the H-(B-O-4)-H dimer.

Following our investigation of diastereomer peak abundance trends and the
surprising result for the H-(B-O-4")-H dimer, tandem mass spectrometry fragmentation
patterns were studied. The electrospray ionization behavior and fragmentation pattern of
B-O-4 lignin compounds has been extensively studied and documented.®® 53 In this study
we subjected the each diastereomer of the nine lignin model dimers to tandem mass
spectrometry. Fragmentation patterns were proposed based on chloride adducted tandem
mass spectrometry of lignin dimers by direct infusion reported by Asare et. al..%®
Consequently, these fragmentation patterns were originally observed, and mechanisms
proposed based on a mixture of all enantiomers. Upon separative explorations of tandem
fragmentation patterns, two motifs emerged as the most common fragmentation pathways
for diastereomers D1 and D2.

During tandem experimentation, two fragmentation mechanisms were observed,
mechanism F-1 is defined by the loss of H,O-CH>O from the deprotonated analyte ion to
produce a “m/z -48” ion, and mechanism F-2 produces ‘sequence-specific’ fragment ions
indicative of the monolignol constituents (Figure 6.5).%° For dimers with an ‘H unit’ as the

‘B-ring’ (H-(B-0-4’)-H, G-(B-0O-4")-H, and S-(3-0-4’)-H), the tandem mass spectra of the
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first eluting diastereomer (D1) was consistent with the F-2 mechanism, and the tandem
mass spectra of the second diastereomer (D2) followed the F-1 mechanism. For all other
dimers in the B-O-4’ series, the opposite trend was observed where D1 is indicative of F-1
fragmentation and D2 follows the F-2 mechanism based on interpretations of ion

abundance.
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Figure 6.5 Fragmentation mechanisms F-1 and F-2 for the diastereomers of 3-O-4’

dimers.
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The literature reports that the first diastereomer D1 is the erythro conformer (E) and
the second diastereomer D2 is the threo conformer (T). We have previously discussed the
possibility that the synthetic reaction conditions and substrates could influence product
distributions depending on the number of methoxy groups. However, based on
fragmentation pattern results it was hypothesized it may be possible for the E and T
diastereomers to switch elution order. Generally, the erythro conformer prefers to fold and
form a torsion angle of 60° between the bulky aryl and aryloxy groups. The threo however,
adopts a linear conformation with the two aromatic groups laying very far from each other
forming a torsion angle of about 176°.%" The threo conformer likely follows the F-1
mechanism to product the “-48” ion due to its stability and resistance to extensive
fragmentation. The literature indicates the erythro conformer is less stable and therefore
more likely to undergo the F-2 mechanism to produce the "sequence-specific" fragment

ions.

Based on the proposed fragmentation pathway and our tandem mass spectrometry
data, we concluded that the conformation of D1 diastereomer is erythro and the D2
diastereomer is threo for 6 of the dimers (H-(B-0-4’)-G, H-(B-0-4°)-S, G-(B-0-4")-G, G-
(B-O-4")-S, S-(B-0O-4")-G, S-(B-0-4’)-S). On the contrary, the conformation of the first and
second eluted diastereomers in the first group of dimers (H-(B-O-4")-H, G-(B-O-4")-H, S-
(B-O-4")-H) appears to be threo (T) and erythro (E) respectively, based on their tandem
mass spectra. In total these results produce two alternative hypotheses. Either the elution
order of erythro first followed by threo is consistent across all dimers and H “B ring”

dictates the tandem fragmentation pathway or tandem fragmentation is consistent for all
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dimers (erythro follows F-1 and threo follows F-2) and the elution order of the three H “B

ring” dimers reversed.

6.5 Conclusion

In this work we have successfully demonstrated a more efficient method for the
diastereomer separation and characterization of lignan and lignin model compounds by
HPLC-MS. The chromatographic behavior of nine B-O-4 lignin model compounds was
evaluated on three commercially available HPLC columns using a water/acetonitrile
gradient system with a post-column lithium chloride addition for ionization. The separation
capabilities of each column as well as a characterization of stationary phase interactions
based on retention observations, selectivity, and efficiency indicate that the phenylhexyl

column provides the best blend of separation characteristics for the tested dimers.

The chromatographic retention mechanism of these diastereomers was confirmed
to be hydrophobically driven with analytes having more methoxy groups exhibiting higher
AHC values. This finding was further validated by successfully assigning octanol-water
partition coefficients to the nine B-O-4 model compounds. Partition coefficients are an
important parameter for QSAR relationships and the development of methods for
biological activity studies. These measurements therefore serve to advance potential
pharmaceutical applications of lignans that have shown exciting antitumor, insecticidal,

and antioxidant functions.

The fragmentation pattern of the individual diastereomers from all nine dimers was

also studied using chloride adduction and tandem mass spectrometry. Diastereomer
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specific fragmentation patterns consistent with threo and erythro conformers were
observed for 12 of the 18 diastereomers. Remarkably, the H “B ring’ dimers appear to be
outliers and these dimers are under further investigation. Continued improvements in
separation science and mass spectrometry will enhance our understanding of lignans and

their potential to improve human health.
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CHAPTER 7: CONCLUSIONS

Lignocellulosic biomass is a potential renewable source for the production of
bioethanol and high-value phenolic compounds. The lignin component of biomass is a
large feedstock of platform aromatic chemicals that are sustainable alternatives to
petroleum-derived constituents, therefore it is a crucial resource to lessen the exploitation
of fossil fuels. However, potential applications of lignin are limited due to its undefined
chemical structure and currently available lignocellulosic biomass separation processes
that result in complex high molecular weight lignin degradation product mixtures.
Consequently, efforts are focused on the development of analytical techniques for the
structural elucidation and sequencing of lignin linkages and monomeric units to improve

depolymerization and separation procedures.

To elucidate the structure of lignin, a variety of degradation processes have been
developed such as pyrolysis and hydrolysis. However, these methods result in complex
high molecular weight mixtures unsuitable for the isolation of high value aromatic
moieties. Lignin compounds are also prone to repolymerization and condensation due to
their instability, impacting measurements of molecular weight distributions and the
efficacy of structural elucidations. Accordingly, lignin model compounds have been
developed to study the degradation of intramolecular linkages for the valorization of lignin.
Model compounds range from monolignols and dimers to larger oligomeric systems. While
model compounds reduce the complexity of lignin systems under investigation, they are
not readily available on a commercial scale and analytical methods are inadequate for the

clarification of structural details.
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Access to lignin model compounds due to the synthetic work of my colleagues
afforded me a unique opportunity to develop analytical methods and to fundamentally
characterize the supramolecular interactions of lignin monomers and dimers. While
spectroscopic methods such as NMR provide quantitative checks for the frequency of
linkages and the relative composition of monomeric units (H/G/S), spectra for complex
mixtures are difficult to interpret and unsuitable for sequencing purposes. Tandem mass
spectrometry is the only analytical method for structural elucidation of complex mixtures
without extensive purification and is therefore the most promising tool for the evaluation
of lignin compounds. However, the optimization of ESI processes essential for mass
spectrometric analysis is ongoing based on observations of extensive in-source
fragmentation under negative-mode conditions and the lack of basic sites for protonation

under positive-mode conditions.

Alkali metal adduct ionization has the potential to overcome standard positive and
negative mode limitations, and lithium adduction was recently confirmed to retain
sequencing features during tandem MS.>® Therefore, the mode of lithium adduction was
investigated via tandem ESI-MS measurements of LCB for a series of model lignin
compounds. Lithium adduction was then applied to evaluate additional gas-phase and
supramolecular properties of lignin model compounds such as the binding stability of
guest-host complexes, partition coefficients (hydrophobicity), and stationary phase
interactions for the optimization of HPLC-MS separative methods. The findings presented
in this dissertation are significant for a variety of lignin and lignocellulosic biomass
applications including (1) lignin sequencing by lithium adduct ESI-MS for the

improvement of degradation procedures to obtain aromatic moieties, (2) the development
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of lignin separation strategies such as sustainable cyclodextrin molecular recognition
materials, and (3) to establish QSARs for biological activity studies of lignans and lignin

degradation products.

Initially the lithium cation basicity of the three monolignols was empirically
evaluated by ESI-MS and Cooks kinetic method on a linear ion trap mass spectrometer as
presented in Chapter 3. The validity of the kinetic method was investigated by confirming
the LCB of a reference compound, and by complexing a lignin monomer with a structurally
unrelated compound to assess potential entropic contributions to the measurement.
Gaussian computations confirmed the theory that the lithium interacts strongly with the
methoxy substituents on the aromatic based on interaction energy assessments. Results
indicate that lithium adducts have sufficient stability to reach an energetic minimum with
the lithium coordinated at a variety of positions. There appears to be an energy barrier to
move from one position to the next, which results in a population distribution of low and
high probability geometries. Consequently, lithium (Li*) does not act as a diffuse charge
like sodium (Na*), preserving sequence specific information upon CID dissociations

required for structural elucidation.

Next, LCBs of lignin model $-O-4 dimers selected for the abundance of this linkage
type in lignocellulosic biomass (60-75%) were evaluated to extend our understanding of
lithium adduction for ESI-MS sequencing of lignin compounds.>® LCB estimations are
important to elucidate the thermodynamic trends that explain response factor differences
observed when lignin model compounds are analyzed by lithium adduction. These
measurements required the development of a novel ladder method because the LCB range

of lignin B-O-4 dimers lies above the published scale of reference compounds. The scale
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was built by pairwise comparisons of lignin dimers anchored by a standard kinetic method
evaluation (reference comparison) of the H-(B-O-4")-H dimer. To validate this method,
measurements were made on two trapping instruments, a ThermoScientific LTQ and a
Finnigan LCQ DECA. Estimations of LCB by the ladder method on these two instruments
were found to be statistically equivalent for all but the ‘B ring’ S series (HS, GS, SS). This
outcome is not surprising since LCB values for ‘B ring’ S series dimers are the largest and
therefore furthest from the anchor point established by standard reference comparisons. A
Bland-Altman test was also performed and reveals at most there is a 2% difference in
measurement, therefore it was concluded the two instruments produce systematically
equivalent results. The methoxy groups on the ‘B ring” may interact with the p-O-4 linkage
creating a negative charge dense pocket optimum for Li* coordination. The position of
lithium adduction is therefore not only influenced by the monolignol substituents (number

of methoxy groups) but more notably by the bond type.
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Figure 7.1 QExactive response factor comparison via lithium adduct ESI-MS (2 mM LiCl),
equimolar mixture of G-(B-0O-4’)-H (m/z 353), G-(B-5)-G (m/z 365), G-(B-0O-4’)-G (m/z
383), S-(B-0-4")-S (m/z 443).

173



To depict the effect of lithium adduction on response factor, a full scan spectrum
was collected for an equimolar mixture of G-(B-O-4")-H (m/z 353), G-(B-5)-G (m/z 365),
G-(B-0-4’)-G (m/z 383), and S-(B-O-4")-S (m/z 443) dimers (Figure 7.1). Analysis was
carried out on the QExactive Orbitrap mass spectrometer with HESI probe set to 50 °C,
syringe pump for direct injection flowing at 5 plL/min, 250 °C inlet capillary temperature,
and S-lens RF of 50. Solutions were prepared with 2 mM LiCl for lithium adduction at 40
% ACN (v/v) with 0.1 mg/mL of each dimer. A comparison of full scan signal intensities
reveals the abundance of lithium adducted G-(B-0-4’)-G dimer is twice that of the lithium
adducted G-(B-O-4")-H dimer. The observation of large response factor differences for -
0O-4’ linkage dimers with the addition of a methoxy group to the ‘B ring’ (H vs. G ‘B ring’)

is confirmed by LCB findings presented in Chapter 4.

In addition, it was hypothesized that linkage type has the largest influence on the
relative response of lithium adducted lignin model compounds. The LCBs of ‘G type’ B-B
and -5 dimers were estimated for comparison with the G-(B-O-4")-G dimer. The estimated
LCB of the G-(-0O-4")-G dimer is 237.0 + 0.8 kJ/mol, about 47 kJ/mol higher than the G-
(B-B’)-G dimer and 27 kJ/mol higher than the G-(B-5)-G dimer. This remarkable difference
in lithium affinity is illustrated in Figure 7.1 where the signal intensity of G-(f-0-4’)-G is
more than an order of magnitude (about 13 times) greater than the ion signal of lithium
adducted G-(B-5)-G dimer. Studies of LCB effects on response are therefore critical for the
development of quantitative sequencing techniques for lignin compounds because the
resultant distribution of fragments obtained via tandem MS sequencing efforts are

dependent on the adduct and its mode of interaction.>
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For example, recently the fragmentation patterns of lignin model compounds with
an a-O-4 linkages were investigated via lithium adduction by Sheng et. al.>® They
erroneously report that monomers such as coniferyl alcohol and dimers with a B-5 or B-8
linkage do not show lithium cation adducts in (+)ESI while they were able to observe
lithium adducts for a-O-4 dimers.>! This statement is even disproved in their own tandem
MS data for the sequencing of lignin model compounds. In figure S10 they depict the (Li*)
ESI-MS? spectrum for a lignin model compound that produces an abundant (m/z 186)
fragment which is indicative of a lithium adducted coniferyl alcohol unit (G monolignol).
The erroneous report was likely caused by a lack of understanding of the large differences
in response caused by LCB. The response of a -O-4’ vs. coniferyl alcohol (G monolignol)
for example is at least an order of magnitude different, therefore the lithium adduct
detection limit of each lignin model should be carefully considered for the analysis of
mixtures. The lithium concentration should also be adjusted to ensure that there is sufficient
excess to overcome competing equilibria due to LCB variations. Findings presented in this
dissertation not only show that lignin model compounds are well suited to lithium
adduction, but their LCBs can be accurately quantified by Cooks’ kinetic method and are

remarkably high, often falling above the published range of reference compounds.

Large differences in response can be adjusted by an internal standard and relative
response factors, or by a transfer coefficient as described in Chapter 5. Alternatively, it
may be possible to assign an LCB contribution to each bond type and monomeric unit to
adjust for response factor impacts of (Li")ESI-MS. Tandem fragmentation patterns
elucidate structure by (Li*)ESI-MS, so the structural components could be assigned a

representative LCB based on linkage types and monomeric units. The LCB of any
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unknown lignin compound could thereby be calculated to adjust for the impact of Li*
adduction on response, allowing lignin degradation products to be sequenced and
quantified in a complex mixture by (Li*)ESI-MS. This method would allow unknown
lignin compounds from complex degradation mixtures to be sequenced and quantified.
While the assignment of LCB based on structural components negates tertiary interactions
which may be especially important for higher order lignin oligomers, the accuracy of
thermodynamic measurements by the kinetic method proves that good estimations can be
made under the assumption that entropic effects are negligible. The LCB findings presented
in this dissertation are therefore vitally important to advance ESI-MS sequencing of lignin

degradation product mixtures for the valorization of lignin.

Lithium adduct ESI-MS was then applied to study supramolecular interactions of
lignin model compounds essential for the continued development of separation strategies,
materials, and pharmaceutical applications of lignocellulosic biomass. In Chapter 5,
lithium adduct ESI-MS was utilized to determine the binding stability of lignin model
dimers with B-CD for comparison with collaborative ITC and MD results. Cyclodextrins
feature a hydrophobic internal cavity for the stable inclusion of a variety of organic
molecules and B-CD bonded materials that can be employed for separations. Many
investigations have shown the efficacy of B-CD materials for the separation of organics,
such as polystyrene nanofiber membranes with 3-CD that can remove up to 84% of phenol
in water.'?® The effective adsorption of analytes by cyclodextrin materials is consequently
an environmentally friendly approach for the advancement of lignin degradation product

separations.?°
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Binding stability measurements were made possible by the previously established
understanding of properties that govern (Li*)ESI-MS, exemplifying the importance of
fundamental investigations of ionization. Findings indicate there is a significant difference
in the binding stability of ‘G type’ dimers dependent on linkage type. Molecular dynamics
simulations also reveal the hydrophilic B-O-4' bond prevents adequate inclusion of B-O-4'
linkage dimers while the B-B’ bond may be completely encapsulated by the B-CD host for
optimum complexation. Therefore, it may be possible to develop a B-CD material that
binds selectively to a lignin linkage type. These results are accordingly significant for the
development of lignocellulosic molecular recognition materials such as porous B-CD

membranes that can capture high value phenolics.

Although it has previously been reported that the effect of alkali metal salts or
solvent ionic strength on complexation is negligible up to 0.26 M for B-CD guest-host
complexes, there is still some question of how the addition of LiCl for (Li*)ESI-MS could
be impacting the measurement. The lithium interaction would be strengthened in the gas-
phase as hydrophobic interactions dependent on the solvation shell are removed during the
electrospray process. Based on the estimated LCB of lignin dimers presented in Chapter 4,
the lithium most likely resides on the dimer guest that approaches the hydrophobic interior
of free B-CD. If cyclodextrin also forms an abundant lithium adduct in solution we would
assume the Li* cation resides on one of the hydroxyl groups on the exterior of the p-CD.
Therefore, the inclusion may be affected by repulsion if both guest and host approach
carrying a positive charge. The effects of the lithium cation on solution phase complexation
could be assessed by isolating the components before the addition of LiCl for (Li*)ESI-

MS. Excess lithium might be removed by dialysis to ensure all Li* is bound, eliminating
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extraneous measurements due to free lithium. Continued investigations of alkali metal
adduction for (+)ESI-MS will advance analytical methods for recalcitrant biological

compounds unsuited to standard proton addition or negative mode deprotonation.

In Chapter 6, supramolecular interactions of lignin model dimers were further
characterized by evaluating partition coefficients and interactions with a number of HPLC
stationary phases to optimize HPLC separations. Lithium adduction was employed for
(+)ESI-MS detection, and tandem fragmentation patterns were proposed to identify
diastereomers. These characterizations are important to advance biological studies of
lignans, secondary metabolites with structural similarity to lignin model dimers. Lignans
have recently become of great interest due to their numerous pharmaceutical activities
including antitumor, insecticidal, and antioxidant functions. Hydrophobicity is an
important parameter for quantitative structure-activity relationships (QSAR) or regression
models. The quantification of physicochemical properties (QSARS) can be used to develop
mathematical expressions to predict the biological response of other chemical structures.
The novel partition coefficient measurements presented in this work and the method
development for HPLC-MS separations of biologically active diastereomers therefore

advance potential biological applications of lignocellulosic biomass.

Mass spectrometry is the most promising analytical method for the structural
elucidation of lignin to improve applications of lignocellulosic biomass. This dissertation
supports the development of analytical methods for lignin degradation products and
secondary metabolites (lignans) that have shown exciting biological activities. The
fundamental investigations of lithium adduct ionization exemplify the potential of

(Li)ESI-MS for the structural elucidation of lignin compounds. The efficacy of this

178



ionization technique extends to a variety of analytical applications including the
sequencing of lignin compounds, gas-phase thermodynamic studies, and the optimization
of separation techniques. Continued improvements in this field will reduce our exploitation
of fossil fuels and advance the sustainable conversion of lignocellulosic biomass into fuels

and platform aromatic chemicals.
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